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Abstract In tissue engineering, the recapitulation of
natural sequences of signaling molecules, such as growth
factors, as occurring in the native extracellular matrix
(ECM), is fundamental to support the stepwise process of
tissue regeneration. Among the manifold of tissue engi-
neering strategies, a promising one is based on the creation
of the chrono-programmed presentation of different sig-
naling proteins. This approach is based upon the integration
of biodegradable microspheres, loaded with suitable pro-
tein molecules, within scaffolds made of collagen and, in
case, hyaluronic acid, which are two of the fundamental
ECM constituents. However, for the design of bioactivated
gel-like scaffolds the determination of release kinetics must
be performed directly within the tissue engineering tem-
plate. In this work, biodegradable poly(lactic-co-gly-
colic)acid (PLGA) microspheres were produced by the
multiple emulsion-solvent evaporation technique and loa-
ded with rhodamine-labelled bovine serum albumin (BSA-
Rhod), a fluorescent model protein. The microdevices were
dispersed in collagen gels and collagen-hyaluronic acid
(HA) semi-interpenetrating networks (semi-IPNs). BSA-
Rhod release kinetics were studied directly on single
microspheres through confocal laser scanning microscopy
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(CLSM). To thoroughly investigate the mechanisms gov-
erning protein release from PLGA microspheres in gels,
BSA-Rhod diffusion in gels was determined by fluores-
cence correlation spectroscopy (FCS), and water transport
through the microsphere bulk was determined by dynamic
vapor sorption (DVS). Moreover, the decrease of PLGA
molecular weight and glass transition temperature (T,)
were determined by gel permeation chromatography (GPC)
and differential scanning calorimetry (DSC), respectively.
Results indicate that protein release kinetics and delivery
onset strongly depend on the complex interplay between
protein transport through the PLGA matrix and in the
collagen-based release media, and water sequestration
within the scaffolds, related to the scaffold hydrophilicity,
which is dictated by HA content. The proper manipulation
of all these features may thus allow the obtainment of a fine
control over protein sequential delivery and release kinetics
within tissue-engineering scaffolds.

1 Introduction

Ideal scaffolds for tissue engineering should provide spatial
confinement to the ingrowing tissue as well as exert an
active control over the cellular events, namely attachment,
migration, proliferation and differentiation, occurring dur-
ing tissue regrowth [1-3]. This could be realized by a
continuous sequestration and chrono-programmed delivery
of signaling molecules, such as growth factors, according
to known sequential patterns with the aim of recapitulating
the cascade of morphogenetic factors stimulating the
regrowth of the highly organized structures of complex
tissues. In particular, the regenerative capability of a
scaffold strongly relies upon the engineered, chrono-

@ Springer



2118

J Mater Sci: Mater Med (2009) 20:2117-2128

programmed delivery of growth factors [4-6]. Indeed,
growth factors must be released locally and for long times
(days to weeks) to prevent their enzymatic deactivation and
diffusion out of the target site [7, 8]. Thus, bioactive
scaffolds able to provide the prolonged and/or sequential
release of growth factors are promising to control cellular
behaviours and build functional neo-tissues. In this per-
spective, tissue engineering is considered a particular case
of controlled delivery aiming to control the presentation of
morphogenetic factors [6, 8—11].

Scaffolds made of collagen and hyaluronic acid (HA)
are attractive as tissue equivalents because both compo-
nents are fundamental constituents of native extracellular
matrix (ECM). Collagen is a fibrillar protein playing a
main role in cell-ECM interactions, fibroblast activation
and tissue morphogenesis [12, 13], while HA is a main
constituent of loose connective tissues involved in the
transport of metabolites/nutrients, tissue morphogenesis
and molecular signaling [14, 15]. We have recently dem-
onstrated that the integration of protein-releasing mic-
rodepots within collagen and collagen-HA scaffolds may
enable the tuning of protein release kinetics by properly
modifying microsphere formulation and scaffold compo-
sition [16]. The aim of this work was to elucidate the
multiple transport phenomena governing protein release
kinetics from biodegradable poly(lactic-co-glycolic acid)
(PLGA) microspheres integrated within collagen-based
scaffolds. To this end, a model protein, rhodamine-labelled
bovine serum albumin (BSA-Rhod), was encapsulated in
different PLGA microsphere formulations, which were
dispersed in collagen gels and collagen-HA semi-inter-
penetrating networks (semi-IPNs) [17] to obtain scaffolds
in which the dispersed microdevices act as single point
sources of the signaling molecule. Release kinetics from
microspheres were studied directly in the scaffolds at the
single microsphere level by confocal laser scanning
microscopy (CLSM) through the quantification of micro-
sphere unloading. Furthermore, the transport of water
inside microspheres and of the protein within the gels was
evaluated by dynamic vapor sorption and fluorescence
correlation spectroscopy, respectively. Finally, the tempo-
ral trends of T, and molecular weight of microsphere in
solution were assessed by differential scanning calorimetry
(DSC) and gel permeation chromatography (GPC).

2 Materials and methods
2.1 Materials
Uncapped poly(b,L-lactide-co-glycolide) (PLGA) (Resom-

er® RG 504 H; lactide/glycolide ratio 50:50 Mw 41.9 kDa;
inherent viscosity 0.5 dl/g) was purchased from Boehringer
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Ingelheim (Germany). Rhodamine-labelled bovine serum
albumin (BSA-Rhod; Mw 66 kDa) and rhodamine (Rh6G)
were obtained by Molecular Probes Europe BV (The
Netherlands). Analytical grade methylene chloride and
hydrochloric acid were provided by Carlo Erba (Italy).
Poly(vinyl alcohol) (PVA, Mowiol® 40-88), tetrahydro-
furan (THF), polystyrene standards for GPC calibration
and sodium hydroxide were purchased from Sigma Aldrich
(USA). Type I collagen (Vitrogen®; 3.0 mg/ml; pH 2;
Nutacon, The Netherlands), hyaluronic acid (HA) (Mw
155 kDa; initial concentration 10 mg/ml; Fidia Advanced
Biopolymers, Italy) and Phenol red-free Dulbecco’s Mod-
ified Eagles Medium (DMEM, Hyclone, Germany) were
used.

2.2 Microsphere preparation and characterization

PLGA microspheres encapsulating BSA-Rhod at the the-
oretical loading of 0.25% (0.25 mg of BSA-Rhod per
100 mg of microspheres) were produced by the double
emulsion-solvent evaporation technique as previously
reported [16]. Briefly, BSA-Rhod was dissolved in 0.30 ml
of water and poured into 3.0 ml of a PLGA solution in
methylene chloride (10-15-20% w/v, respectively, corre-
sponding to formulations PLGA10, PLGA15 and
PLGA20). The primary emulsion was generated by a high-
speed homogenizer (Diax 900 equipped with a tool 6G,
Heidolph, Germany) operating at 15,000 rpm for 2 min.
The double emulsion was formed by adding the primary
emulsion to 30 ml of 0.5% (w/v) aqueous PVA and
homogenizing for 1 min at 8,000 rpm (tool 10F). The
organic solvent was removed by evaporation under mag-
netic stirring for 3 h at room temperature (MR 3001K,
Heidolph, Germany). Subsequently, the hardened micro-
spheres were washed 3 times with distilled water by cen-
trifugation at 9,000 rpm (Universal 16R, Hettich
Zentrifugen, Germany), lyophilized for 24 h at 0.01 atm
and —60°C (Modulyo, Edwards, UK). Triplicate batches of
each formulation were produced and stored at —20°C until
use.

Scanning electron microscopy (SEM) (Leica S440,
Germany) was employed to analyze microsphere external
shape and morphology after production. The samples were
prepared by gold-sputtering under vacuum. Laser light
scattering (Coulter LS 100Q, USA; 4 = 750 nm) on a
dispersion of freeze-dried microspheres in 0.5% w/v
aqueous PVA enabled the determination of microsphere
mean volume diameter and size distribution. Analyses were
performed in triplicate.

The actual loading of BSA-Rhod in microspheres was
determined by dissolving microparticles in 0.5 N NaOH
(0.5% wi/v) under stirring for 24 h. Samples were centri-
fuged at 5,000 rpm and 4°C and then analyzed by
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spectrofluorometric detection (LS 55 Luminescence spec-
trometer, PerkinElmer, USA) performed in 96-well white
flat-bottom plates (BD FalconTM, Becton, Dickinson &
Co., USA) after centrifugation of the solution at 4°C
(5,000 rpm) (Zex = 553 nm; Ae,, = 577 nm. The slits were
5 and 8 nm for excitation and emission, respectively). The
relation between fluorescence and concentration was linear
in the 0.25-10.0 pg/ml concentration range (r> > 0.98).
Results were averaged over three batches.

Protein distribution within the microspheres was studied
through CLSM (LSM 510 Zeiss confocal inverted micro-
scope; Zeiss 20X/3 objective lens; Carl Zeiss, Germany;
Aex = 543 nm; Ao, = 572 nm) by visualizing equatorial
cross-sections of microspheres.

2.3 Kinetics of water absorption in microspheres

Water uptake in microspheres was gravimetrically mea-
sured by dynamic vapor sorption analysis carried out in
inert nitrogen atmosphere through a high-sensitivity elec-
tronic microbalance (resolution: 10™% g), comprising a
humidity chamber in which the sample is lodged (Q5000
Sorption analyzer, TA Instruments, USA). Known amounts
of microspheres (approximately 20 mg) were placed on the
microbalance pan and pre-programmed trends of water
activity were superimposed. First, in the drying phase, the
samples were placed in 0% relative humidity until a con-
stant weight was reached (13.9 & 0.3 h). The succeeding
sorption phase was carried out by increasing relative
humidity (RH) from 0 to 90% (step 10%). At each step,
mass increase was recorded as a function of time up to a
plateau weight. Sorption isotherms as a function of time
were built from water content at equilibrium. All tests were
performed in triplicate at 37°C.

2.4 Degradation studies

Morphological variations occurring during microsphere
degradation were studied by suspending the devices in
phosphate buffer saline solution (PBS, containing 120 mM
NaCl, 2.7 mM KCl, 10 mM phosphate salts; pH = 7.4) and
incubating the suspensions at 37°C on an undulating rocker
platform (15 rpm) (Stovall LifeScience Inc., USA). At
scheduled time intervals, microspheres were centrifuged,
washed 3 times, lyophilized and analyzed by SEM as
described in Sect. 2.2. PLGA microsphere degradation
studies were performed on ultra-dilute particle suspensions
(0.01% w/v) in PBS incubated at 37°C on a rocker platform
under gentle agitation (15 rpm) (Stovall LifeScience Inc.,
USA). At scheduled time intervals, microsphere suspensions

were washed 3 times and freeze-dried. The lyophilized
product was dissolved in THF (approximately 0.6% w/v) and
40 pl-samples analyzed by gel permeation chromatography
(GPC) to assess the evolution of PLGA molecular weight
distributions over time. GPC analysis was performed by a
high-performance liquid chromatograph system from Shi-
madzu (Japan) consisting of a LC-10ADvp solvent delivery
module equipped with a Rheodyne® syringe loading sample
injector (model 77251), a RID-10A refractive index detector
and a SCL-10Avp system controller. A CLASS-VP software
for Windows (Shimadzu, Japan) was used to acquire
instrument data. As a stationary phase, two Phenogel® col-
umns (300 x 7.8 mm) (Phenomenex, USA) with pore sizes
of 500 and 5000 A (molecular weight range 0—10,000 KDa,
respectively) were used in series. The mobile phase was
tetrahydrofuran (THF) at a flow rate of 1 ml/min. The col-
umns were calibrated with polystyrene standards with nar-
row molecular weight distribution ranging from 400 to
70,000 Da. Natural logarithm of molecular weight was
found to be dependent on retention time according to a
quadratic law (correlation factor: 0.999). Results are
expressed as the natural logarithm of weight-average and
number-average molecular weight as a function of time, as
obtained from the average on three batches. PLGA is known
to undergo pseudo-first order degradation kinetics. Thus,
molecular weight data were fitted to the following equations:

{ In[M,, (1)] = In[M,0] — ket

In[M,,(1)] = In[M,0] — k- ut (m)

where M,,(¢) and M, (t) are, respectively, weight-average
and number-average molecular weights, expressed in
Dalton, at time t, M, and M,, weight-average and
number-average molecular weights at time zero, k-,, and
k- , the degradation rate constant of the polymer referred to
weight-average and number-average molecular weights
[dayfl].

2.5 Determination of glass transition temperature

The temporal trends of the glass transition temperature T,
were determined by differential scanning calorimetry
(DSC) (modulated DSC TA 2920 Instruments) under a
constant nitrogen flow of 100 cm®/min. Microspheres were
placed in an incubator at 37°C for degradation studies (as
described in Sect. 2.4). At predetermined time points, the
suspensions were washed 3 times, centrifuged and the
microspheres lyophilized. Approximately 10 mg of par-
tially degraded microspheres were placed in sealed alu-
minum pans and dynamic DSC tests carried out
(temperature range: 10-80°C; heating rate: 5°C/min; two
heating cycles).
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2.6 Release kinetics of BSA-Rhod in microsphere-
integrated collagen scaffolds

Release kinetics in gels were studied by CLSM as previ-
ously described [16]. Collagen scaffolds were prepared by
diluting collagen with phenol-red free DMEM to a final
collagen concentration of 1.2 mg/ml (Colll.2 scaffold).
The pH was adjusted to 7.4 £ 0.2, and, when employed,
hyaluronic acid (HA) was added at 2.5 and 5.0 mg/ml
(CollHA2.5 and CollHA5.0 scaffolds, respectively).
Microspheres were placed in non-gelled collagen (0.01%
w/v) and loaded in microslides (VitroCom Inc., USA)
which were incubated at 37°C to induce collagen fibrillo-
genesis (30 min) and the subsequent BSA-Rhod release. At
scheduled time intervals, triplicate samples for each time
point were collected and analyzed by CLSM.

For release studies, CLSM settings (laser power, pinhole
aperture, detector gain and amplifier offset) were optimized
at time zero after 30 single microsphere observations, and
were kept constant during the entire release phase. The effect
of microsphere position in the observation plane could be
neglected because the instrumental error due to the virtual
reconstruction of the real image is regulated by the Point
Spread Function (PSF), which is invariant under translation
[18]. To assess the fluorescence—concentration relation of
the protein, standard aqueous BSA-Rhod solutions (0.2—
2.0 mg/ml) were prepared, loaded in microslides and ana-
lyzed by CLSM with optimized settings. A linear response
(r2 > 0.99) was found at each detector gain used for release
studies. Protein release kinetics were determined by deriving
fluorescence intensity in the equatorial planes of micro-
spheres at scheduled time intervals, and by monitoring the
decrease of average fluorescence and correlating it with
BSA-Rhod depletion within the microsphere.

Mean fluorescence intensities at time zero, ¢, and at
different time points, ¢(¢), were determined and averaged
on 30 microspheres. The linear dependence of fluores-
cence intensity on protein concentration in fluid phase
suggested that the time-dependent dimensionless BSA-
Rhod concentration in microspheres, y(¢), could be iden-
tified with time-dependent ratio of fluorescence intensities
as follows:

_ Cisalt) _ &(

1) = )

ot
— =, 2
7 (2)

where Cgsa(t) and CYg, are BSA-Rhod concentrations in
microspheres at time ¢ and time zero, respectively. Release
percentage is immediately obtained (Rg = 100[1 — y(¢)]).
The absence of photobleaching on BSA-Rhod in
microspheres was ascertained by exposing the microspheres
to the laser at maximum power and for times much longer than
observation times, and no fluorescence loss was observed
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under these conditions. Since tetramethylrhodamine is known
to be a pH-insensitive dye [19], no fluorescence loss could be
correlated to the pH drop occurring within microspheres
during PLGA degradation. Therefore, fluorescence decrease
was ascribed only to BSA-Rhod release from microspheres.
Release data were fitted by a phenomenological equation, in
which the rate of variation of BSA-Rhod dimensionless
concentration in microspheres is assumed to be proportional to
the residual BSA-Rhod fraction according to a kinetic
constant, k. The equation also accounts for both an
incomplete and delayed release:

Dk pH 1), o)

t

where ¢ is the time [day], k the overall kinetic constant
[day '], 7 the dimensionless BSA-Rhod concentration in
microspheres, 7., the unreleased BSA-Rhod fraction in the
experimental time frame, H the Heaviside function and #;
the lag time [day].

2.7 Diffusion studies of BSA-Rhod

Fluorescence correlation spectroscopy (FCS) in combina-
tion with CLSM was employed to determine transport
properties of BSA-Rhod in collagen-based gels. The
method is based on the count of spontaneous fluctuations of
the emitted fluorescent light, which correspond, in absence
of chemical reaction, to the diffusion of fluorescent species
in a very small volume of the sample (order of magnitude:
femtoliter). Protein concentration in the gels was optimized
at 0.44 uM. Samples of 200 pl of protein-loaded pre-gels
(0.44 uM) were poured in 8-well coverglasses (Lab-Tek,
Germany), incubated at 37°C and analyzed by FCS after
collagen fibrillogenesis (about 30 min). A Zeiss 40x
Apochromat water-immersion objective (Carl Zeiss, Ger-
many) was used and laser power was set at 7% in all FCS
experiments (L.x = 514 nm). Protein transport was studied
by observing the spontaneous molecular fluctuations
derived from Brownian motion. Transport parameters were
derived from the normalized autocorrelation function [20]:
Glr) = (F(1)F(t —iz- 7)) _ <5F(t)5F(t2+ 7)) ey @)
(F(1)) (F(r))

Autocorrelation describes the time-dependent tiny fluctua-
tions of fluorescence intensity, 0F(r) = F(t) — (F(¢)) and
OF(t+ 1) =F(t+ 1) — (F(t + 1)) around the mean values
(F(t)) and (F(t + 1)), respectively.

The autocorrelation function provides information on
the dwell time, tp, in the control volume [21], which is a
prolate spheroid having axes w,, and w,, with a variable
structure parameter S = w, / yy. The diffusion coefficient
was calculated as follows: (i) it was assumed that the
control volume is determined by the confocal parameters
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(i.e. pinhole aperture, laser power) and the nature of the
fluorescent dye only; (ii) the confocal volume was calcu-
lated taking into account the well-known diffusion coeffi-
cient of rhodamine (2.8 x 10~° cm?/s at room temperature
[22]) and that it iS Wy, = \/4DRhodTD,Rhod> Where Dgpoq 1s
rhodamine diffusion coefficient and tp gpoq the residence
time of the diffusing species in the confocal volume, as
determined by FCS. After calibration of FCS on standard
rhodamine solutions (0.418-2.09 uM), the confocal vol-
ume is immediately calculated:

4
Vconf = ?nswiv; (5)

(>iii) dwell times of BSA-Rhod in the detection volume
were used to calculate the diffusion coefficient of BSA-
Rhod, after allowing the gel to reach thermal equilibrium
with the surrounding environment, from:

0)2

(©)

Dpsa—Rhoa = T e o
TD,BSA—Rhod

where Dpsa_rioqand Tp psa—rhod are, respectively, diffusion
coefficient and dwell time in the control volume of BSA-
Rhod.

3 Results
3.1 Microsphere properties

As previously reported [16], the adopted formulation con-
ditions allowed to achieve homogeneously distributed
microspheres, with a mean diameter around 20 pm, able to
encapsulate BSA-Rhod with high efficiency (=93% for all
formulations). Just after production, all microspheres were
spherical and possessed a smooth and non porous surface
(Fig. 1). On the contrary, SEM images obtained from
partially degraded particles showed that after 15 days of
incubation microspheres start losing their spherical shape
and, after 30 days, total loss of structural integrity occurs
(images not shown).

3.2 Water absorption in microspheres

Water transport through the bulk of microspheres was
studied through DVS by performing isothermal experi-
ments at 37°C. Table 1 displays that the amount of
absorbed water as a function of RH was not dependent on
microsphere formulation, being variable between 1.42%
and 1.44% of the dry microsphere mass at equilibrium,
with 90% RH. Moreover, the kinetics of water absorption
were assessed by correlating sample weight increase with
time. Weight increase was found to be linearly dependent

on time (1r2 > 0.99 for all formulations), while the time
necessary to reach equilibrium at 90% RH ranged between
303 and 310 min, irrespective of microsphere formulations.

3.3 Microsphere degradation studies

Degradation kinetics were studied as a function of micro-
sphere formulation. The time trends of the logarithm of
number-average and weight-average molecular weight for
each formulation are plotted in Fig. 2, and the corre-
sponding kinetics constants shown in Table 2. Degradation
starts immediately after the incubation in the release
medium and, in all cases, a good agreement between
experimental data and an exponential fitting function was
found until day 35. For longer times (42 and 58 days)
bimodal molecular weight distributions were detected (data
not shown).

Changes in the T, of the polymer after exposure to the
release medium are reported in Fig. 3. For all formulations,
a sigmoidal trend of the drop of T, was observed, and the
trends were substantially the same irrespective of micro-
sphere formulation. T, was found out to be basically con-
stant until day 14 (approximately 43-48°C), while a
relatively rapid drop in the temperature was observed
afterwards to about 28°C after 30-35 days of release.

3.4 Release kinetics of BSA-Rhod in microsphere-
integrated collagen-based scaffolds

In vitro release profiles of BSA-Rhod from microspheres,
as assessed through CLSM-based technique in different
collagen-based scaffolds and from different microsphere
formulations, are reported in Fig. 4. The corresponding
kinetic parameters as calculated by Eq. 4 are listed in
Table 3. Independently from the collagen scaffold
embedding the microspheres, it was found that the for-
mulation strongly influences release kinetics. In fact,
PLGAI10 formulation evidenced an immediate, two-step
release characterized by a significant initial burst effect
followed by a slower release stage. In the case of PLGA15
and PLGA20 formulations a # (time-lag), increasing with
increasing polymer concentration in the organic phase of
the emulsion, was found. The effect of scaffold composi-
tion on BSA-Rhod release kinetics was evaluated for all
formulations in collagen/HA semi-IPNs. Release data also
showed that HA plays an important role in determining
BSA-Rhod release kinetics. In the case of PLGA10, HA
addition within the scaffold induced a progressive drop of
release rate as evidenced by the reduction of the kinetic
constant k. For PLGA15 and PLGA20, k was found to be
basically independent on HA concentration, which has a
prominent effect on the release onset delay (Table 3).
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Fig. 1 SEM images of microspheres at time 0 (a—c) and degrading microspheres after 8 (d—f), 15 (g-i) and 21 (j-1) days of degradation.
Microsphere formulations: PLGA10 (a, d, g, j), PLGALS (b, e, h, k), PLGA20 (c, f, i, )

3.5 BSA-Rhod diffusion in collagen-based scaffolds

The effect of release environment on BSA-Rhod transport
properties was evaluated by measuring BSA-Rhod diffu-
sion coefficients (Dpsa—gnoa) in collagen and collagen/HA
semi-IPNs. Structure parameters were found to range
between 7.6 and 10.8 in all experiments. The presence of
HA within collagen scaffolds was demonstrated to induce a
significant reduction of Dpgga_gnod, With values ranging

@ Springer

between 4.39 x 10~/ (in collagen) and 2.42 x 1077 cm?/s
in CollHAS.0 (Table 3).

4 Discussion
In our previous work, protein-loaded PLGA microspheres

were integrated within collagen-based gels with the aim to
obtain bioactivated scaffolds for tissue engineering [16].
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Table 1 DVS results. Percentage of mass variations and the corresponding time point

RH? (%) PLGA10 PLGAL15 PLGA20

t + SD® (min) Am® + SD® (%) t + SD® (min) Am® + SDP (%) t + SD® (min) Am® £+ SD (%)
0 0 0 0 0 0 0
10 30.0 + 0.3 0.093 £ 0.007 310+ 1.4 0.093 £ 0.007 30.6 + 1.7 0.088 + 0.002
20 67.5 + 10.6 0.199 + 0.006 68.9 + 13.2 0.201 =+ 0.003 76.4 + 3.2 0.197 £ 0.008
30 82.5 &+ 10.3 0.309 + 0.004 86.4 + 16.1 0.315 £ 0.016 939+ 55 0.312 + 0.019
40 143 £+ 10 0.460 + 0.010 140 + 15 0.466 & 0.018 148 + 13 0.473 £ 0.028
50 165 + 21 0.606 £ 0.010 161 + 15 0.607 & 0.011 176 £ 9 0.614 £ 0.011
60 195 + 11 0.772 £ 0.005 195 + 21 0.779 + 0.015 210 + 14 0.782 4 0.013
70 225 4 30 0.952 £ 0.009 226 + 22 0.959 + 0.039 241 + 11 0.965 £ 0.047
80 278 4+ 22 1.157 &+ 0.018 280 + 7 1.170 & 0.037 273 + 24 1.183 £ 0.021
90 308 + 11 1.419 £ 0.010 310 + 26 1.437 4+ 0.026 303 + 14 1.438 + 0.096

? Relative humidity
® Standard deviations calculated on three batches

¢ Percentage of mass increase

Microsphere formulation conditions were optimized to
produce particles with a mean diameter higher than the
mesh size of collagen gel (which is known to be around
1 um [23]), and thus considered immobile within the
scaffold. Release kinetics of the model protein BSA-Rhod
were assessed directly inside collagen scaffold by a CLSM-
assisted technique. Results demonstrated that protein
release rates can be tuned by varying microsphere formu-
lation and scaffold composition. It was postulated that the
formulation affects the initial internal porosity of micro-
spheres, thus regulating the hindrance to the diffusion of
the encapsulated protein through microspheres bulk. On the
other hand, scaffold composition, as regulated by collagen/
HA ratio, was found to influence mainly the onset time of
protein release.

The aim of this work was to get an insight into the
multiple phenomena governing protein release from PLGA
microsphere-integrated collagen scaffolds. Release kinetics
of BSA-Rhod from different microsphere formulations in
collagen gels containing varying amounts of HA (0-2.5-
5.0 mg/ml) were assessed and interpreted by evaluating the
specific contribution of both microspheres and scaffold to
the overall protein transport phenomena occurring in the
integrated system. To this end, water absorption and deg-
radation kinetics of PLGA microspheres in water as well as
protein diffusion within the gels were studied.

It was immediately apparent from release data that both
microsphere formulation and scaffold composition signifi-
cantly affect BSA-Rhod release profiles (Fig. 4). This
effect can be described on the basis of the two parameters
introduced in data fitting, that is the time-lag # and the
kinetic constant k (Table 2). The first accounts for the time
necessary for water to penetrate into the microparticle and
activate BSA-Rhod diffusion through microsphere and

release, while the second gives an estimate of the overall
protein release rate. As previously observed [16], micro-
sphere formulation primarily affects protein release delay.
An immediate delivery was associated to PLGAI10 irre-
spective of HA content in the gel, while PLGA15 and
PLGA20 showed an increasingly delayed release as com-
pared to PLGA10. In addition, increasing # values were
observed when increasing HA concentration in the colla-
gen scaffold for the two formulations prepared at higher
PLGA concentrations. Also release rates could be varied as
a function of scaffold composition. In particular, in the case
of PLGA10 formulation, characterized by an immediate
release of the protein, release rate (i.e. k value) was found
to be steadily decreasing with increasing HA concentration
within the scaffold. Contrariwise, k does not substantially
change for PLGA15 and PLGA20 independently upon
scaffold composition, i.e. overall protein release basically
occurs with the same course.

It was previously observed that release profiles of BSA-
Rhod in collagen scaffolds were similar to those obtained in
solution, suggesting that similar release mechanisms occur
in water and collagen [16]. Thus, the effect of microsphere
formulation on the main phenomena controlling protein
release, that is microsphere water adsorption rate and
polymer degradation kinetics, were studied in an aqueous
release environment. As well known, protein release from
biodegradable polyester-based devices in an aqueous milieu
is governed by a combined diffusion-degradation-erosion
mechanism triggered by water intrusion within the poly-
meric matrix [24-26]. PLGA degradation occurs in the bulk
[27] by the hydrolytic cleavage of the ester bonds in the
polymer backbone, which is further enhanced by the accu-
mulation of acidic products in the polymeric bulk, thus
establishing an autocatalytic degradation mechanism

@ Springer
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Fig. 2 Effect of microsphere formulation on PLGA degradation
kinetics upon exposure to PBS (pH = 7.4). a PLGA10; b PLGAL1S5; ¢

PLGA20.

Weight-average molecular

triangle):

(Right angled

weights, (diamond): Number-average molecular weights. Data were

fitted according to Eq. 1 (Solid lines: fitting results)

pringer

as



J Mater Sci: Mater Med (2009) 20:2117-2128 2125
50 , A 100
L —
. .y 80 T g
Y 3 § ;/( | %1 J»
E = }V '
Q
40 \ g o0 M 4
P L /. I L
e /
3} B
= 35 E 2 40 A
= s f ) /
- ] {
L 20
¥ ¥y %
25 Ot
0 5 10 15 20 25
t [day]
20 B 100
0 5 10 15 20 25 30 35 40
t [day]
80 T T
Fig. 3 Temporal trend of glass transition temperature in PBS at 37°C = ﬁ :%’—'”’“
under gentle agitation (15 rpm) as a function of microsphere & l, o
formulation. (diamond): PLGAI10; (circle): PLGAILS; (inverted '031 60 I/
triangle): PLGA20 g g
5
: ﬁ/
[28, 29]. The protein is solubilized by the water intruded in S 40
microspheres and migrates through the interconnected pore > % T
network in the degrading polymer matrix [30, 31]. Release M 20 J
rates can be generally regulated by selecting adequate for- :
mulation conditions, such as polymer concentration in the
. . L . . 0L
organic phase, wh1ch‘affect initial hydrat.lon phase, internal S s 10 15 20 25 30 35 a0
morphology and erosion rate of the matrix. t [day]
It was previously observed that release profiles of BSA-
Rhod in collagen scaffolds were similar to those obtained C 100
in solution by the same technique, suggesting that similar —
release mechanisms occur in water and collagen [16]. %0 1 /Y}/ /%T»
Thus, the effect of microsphere formulation on the main (‘%—3; gl
phenomena controlling protein release, that is microsphere 4@ /f/
water adsorption rate and polymer degradation Kkinetics %1

were studied in an aqueous release environment.

Release onset is triggered by microsphere hydration
phase and therefore depends on water transport within
microspheres, which activates protein solubilization and
diffusion outwards as well as polymer degradation. Water
intrusion kinetics inside microspheres as evaluated by DVS
highlighted that the trends of mass increase as a function of
time were similar for all microsphere types, thus showing
that PLGA degradation is triggered with the same velocity
irrespective of the formulation variable. These results were
confirmed by GPC data, which showed that the evolutions
of number-average and weight-average molecular weights
upon microsphere degradation are essentially superimpos-
able for the three microsphere formulations, with randomly
variable polidispersity indices (ranging from 1.30 to 2.62).
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Fig. 4 In vitro protein release kinetics from PLGA microspheres as a
function of microsphere formulation and hyaluronic acid content. a
PLGA10 (data reported for comparison) [16]; b PLGA15; ¢ PLGA20.
(Circle): Colll.2 scaffold; (diamond): CollHA2.5 scaffold; (square):
CollHAS.0 scaffold. Data were fitted according to Eq. 4 (Solid lines:
fitting results)
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PLGA10 PLGA15

PLGA20

Fig. 5 Confocal images of PLGA microspheres loaded with BSA-Rhod in collagen scaffolds prior to microsphere degradation. The bar is 10 pm

Table 3 Degradation parameters calculated for PLGA microspheres

PLGA10 PLGAI15 PLGA20
2o £ SDP 382+35 404+ 18 345+ 32
[kDa]

Segmw = SD° 0.102 + 0.006 0.102 =+ 0.004 0.0961 + 0.0071
[day~"]

M2, + SDP 24.0 +£2.8 25.0 + 3.5 23.1 + 4.4
[kDa]

Seen = SD° 0.110 + 0.007 0.109 + 0.003 0.106 + 0.008
[day "]

* Initial weight-average molecular weight

® Standard deviations calculated on three batches
©¢ Degradation constants

9 Initial number-average molecular weight

This strongly suggests that the transport of water (which
triggers polymer degradation) and of acid oligomers
(which catalyze polymer degradation) are not affected by
the internal microstructure of microspheres (Fig. 5). Thus,
it can be assumed that microsphere internal porosity plays a
role in determining protein release rate only in the early
diffusive phase, when the contribution of polymer degra-
dation is not relevant.

Once activated, protein release from microsphere-inte-
grated scaffold will be strongly contributed by microsphere
hydrolytic degradation. As underlined above, degradation
studies performed in water demonstrated that PLGA deg-
radation kinetics are not affected by the formulation vari-
able. No significant difference in the evolution of PLGA
molecular weights upon microsphere degradation was
observed (Fig. 2). In each case, degrading PLGA micro-
spheres showed a progressive loss of the spherical shape
from day 15, while the external surface remained basically
intact independently of formulation conditions (Fig. 1).
This can be related to the progressive formation of large,
randomly dispersed cavities within the microspheres [32],

@ Springer

and indicates the occurrence of the well-known autocata-
lytic PLGA degradation, which is promoted in the micro-
sphere bulk. The degraded region of the microsphere,
evolving outwards, leads to an extensive loss of physical
integrity of the device in 30-35 days as confirmed by a
strong decrease of T, upon time (Fig. 3), which was again
similar for all formulations. The progressive molecular
weight decrease of degrading microspheres resulted in a
loss of mechanical properties after 30-35 days of release
due to the progressive decrease in PLGA chain entangle-
ments. This further indicates that formulation variable does
not affect the changes in the mobility of PLGA molecules.

In the case of microsphere-integrated scaffolds, the
chemico-physical properties of the template (e.g. hydro-
philicity, composition) may also affect the release kinetics
and should be taken into account. Thus, in the case of
collagen/HA semi-IPNs, the presence of HA chains should
be considered. Actually, HA is a twisted molecule due to
the secondary hydrogen bonds along the polymer chains,
which generate hydrophobic patches and therefore an
expanded random coil containing extensive entanglements.
Moreover, HA is an extensively swollen macromolecule
and displays an extraordinary capability to sequester water
[14]. DVS results achieved on microspheres in water
clearly indicate that the strong dependence of #, upon HA
content of the collagen gel detected for PLGAIS5 and
PLGA20 formulations can be attributed only to scaffold
composition, i.e. HA addition. Thus, while pure collagen
essentially behaves as water, the presence of increasing HA
concentrations in the collagen gel is likely to produce a
progressively more hindered water transport in the gel and,
consequently, a progressively more delayed protein
release.

Scaffold influence on release rate can be immediately
gathered from FCS results (Table 4), which indicate that
increasing HA amounts in the collagen gel impose
increasing obstacles to macromolecular transport, likely
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Table 4 Diffusion coefficients of BSA-Rhod collagen gels and col-
lagen-HA semi-IPNs as measured by FCS

(Dpsa_rioa = SD)* x 107 [em?/s]

Coll 4.39 £ 0.69
CollHA2.5 2.78 £ 0.70
CollHAS.0 241 £ 0.44

% Standard deviations calculated on five batches

ascribable to a shrinkage of collagen meshes in the pres-
ence of HA [14]. Thus, the diffusional hindrances due to
the steric exclusion effect imposed by HA appear to pri-
marily govern protein delivery within collagen-based
scaffolds in the case of PLGA1O. It should also be under-
lined that in HA-free scaffold, the k value of PLGA10 is
about 5-fold higher compared to k for PLGALS5 and
PLGA20 formulations, due to the higher superficial and
internal interconnected microporosity [33] promoting pro-
tein release. Notably, protein release basically occurs with
the same rate for PLGA1S5 and PLGA20 independently
upon scaffold composition. This suggests that, for these
two formulations, the transport resistance is much more
significant in microspheres than in the scaffold, thus
implying that microsphere erosion at the micropore level
primarily governs the velocity of protein discharging. On
the contrary, in the case of PLGA10, initial microporosity
is high enough to allow immediate protein delivery.

Taken all together, results showed that autocatalysis is
not the only mechanism governing protein release from
biodegradable polymers. When microspheres are integrated
in collagen gels and in collagen-HA semi-IPNs, water
activity in the gel significantly contributes to protein
release. While microsphere formulation primarily influ-
ences the release duration and rate, the amount of HA in
the scaffold mainly influences the time necessary for
release onset. Therefore, the engineering of protein release
kinetics in terms of amount and microsphere discharge rate
can be modulated by microsphere formulation and HA
concentration in the scaffold. This allows to obtain a pre-
determined and possibly sequential delivery of different
proteins from PLGA microspheres.

5 Conclusions

The CLSM-assisted release technique, properly associated
to diffusion and degradation kinetics studies, allowed to get
an insight into the factors governing protein release rate
from biodegradable microspheres within collagen-based
scaffolds. Results clearly indicate that polymer degrada-
tion, protein transport through degrading microsphere bulk
and within the gel, together with water diffusion/seques-
tration in the polymer template, contribute to determine

protein release kinetics. In particular, the proper manipu-
lation of microsphere formulation and HA content within
collagen-based scaffold may enable a fine engineering of
protein release kinetics, meaning the presentation of cor-
rect morphogenetic factors according to a predetermined
temporal sequence.
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