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The first decade of the 21st century saw an increasing interest in the development of devices and bio-
materials for delivery of bioactive substances that can be controlled by external stimuli. Herein we
report the production of smart partially biodegradable scaffolds that exhibit pH- and temperature-
responsive behavior and their effects on the release of a model protein and a drug of low molecular
weight. Chitosan (CHT) scaffolds (pH sensitive) were coated/impregnated with a thermoresponsive poly-
mer, poly(N-isopropylacrylamide) (PNIPAAm), by in situ synthesis of PNIPAAm within CHT micropores.
Microarchitectural analysis by scanning electron microscopy and mercury intrusion porosimetry demon-
strate that the coating of the pores inner structure could be efficiently achieved without a considerable
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gﬂlﬁiﬁf\'ﬁn loss of porosity of native CHT-scaffolds. Two different strategies were used to impregnate the polymeric

Drug delivery devices: supercritical fluid impregnation for scaffold uptake with a model low molecular weight drug

Ibuprofen (ibuprofen) and bulk loading to impregnate a model protein (bovine serum albumin, BSA). The release

BSA profiles showed a specific pattern according to pH and temperature. PNIPAAm temperature responsive-
ness is able to control BSA release but ibuprofen (Ibu) release is only mediated by pH environmental
conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Specific delivery of drugs to a target site is essential to increase
their efficacy and decrease their side effects. The development
of external regulated delivery systems designed to deliver drugs
and/or active agents at a constant rate over a certain period of time
results from the demand of better control and also from the need
of prolonged drug administration [1,2]. During the last years sev-
eral devices were presented as being able to control the release of
drugs with different stimuli: pH[3-5], temperature [6-8], magnetic
[9,10] and electric fields [11]. Particular interest has been given to
pH or temperature responsive materials because these two factors
can be easily controlled and applicable both in vitro and in vivo
conditions.

For biomedical applications it is important to circumvent,
whenever possible, harmful solvents during polymer synthe-
sis/processing and the accumulation of toxic low molecular weight
compounds. In this work supercritical carbon dioxide (scCO,) was
used to prepare dual stimulus chitosan (CHT) scaffolds coated
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with a thermoresponsive polymer, poly(N-isopropylacrylamide)
(PNIPAAm) leading to highly pure materials without any organic
residues. PNIPAAm is a thermosensitive hydrogel that has a lower
critical solution temperature (LCST), around 32 °C in aqueous solu-
tions, close to the body temperature, so that it has a potential use
for drug delivery in humans [2,12,13]. The LCST of this polymer is
the result of a fine balance of hydrophilic and hydrophobic groups
in their molecular structure [14]. At temperatures lower than 32 °C,
the gel is swollen whereas at temperatures higher than 32 °C, the
gel dehydrates to the collapsed state due to the breakdown of the
delicate hydrophilic/hydrophobic balance in the network structure
forming a separate phase [15,16]. Chitosan is a derivative of chitin, a
natural polysaccharide, which exhibits a variety of physicochemical
and biological properties, therefore it has found a series of appli-
cations in the medical field including dialysis membranes, contact
lenses, antitumor uses, drug delivery controlled release devices and
tissue engineering [17-21].

The combination of smart surfaces with porous structures for
a controlled drug delivery device is a desired goal. Temtem et al.
[22,23] has demonstrated that scCO, can be used as a carrier to
homogeneously distribute the hydrogel monomer, NIPAAm within
the micropores of CHT scaffolds as well as inside microporous struc-
ture of polysulfone membranes, and there it can act as solvent to
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Fig. 1. High-pressure apparatus for scaffold reticulation: (1) Gilson 305 piston pump, (2) high pressure cell with cross-linker, (3) high pressure cell with the scaffolds, (4)
pressure transducer, (5) temperature controller, (6) recirculation pump, (7) thermostated water bath, and (8) back pressure regulator.

perform the in situ polymerizations. Herein the same methodology
is extended to prepare smart devices for controlled drug release.
The performance of the CHT scaffolds coated/impregnated with
PNIPAAm as controlled release devices was investigated using a
low molecular weight drug (ibuprofen) and a model protein, bovine
serum albumin (BSA). Two different strategies were tested to incor-
porate the model compounds into the scaffolds: (i) supercritical
fluid impregnation of a low molecular weight model drug, ibupro-
fen (Ibu), and (ii) scaffold bulk loading with bovine serum albumin
(BSA) by adding the model protein to the polymeric solution before
freeze-drying. The in vitro Ibu and BSA release profiles were ana-
lyzed together with an extensive physicochemical characterization
to evaluate the effects of pH and temperature environment condi-
tions on the delivery performance of these PNIPAAm-coated CHT
dual stimuli responsive scaffolds.

2. Experimental
2.1. Materials

Chitosan (75-85% deacetylated, medium molecular weight),
N-isopropylacrylamide (NIPAAm, 97% purity), N,N-methyl-
enebisacrylamide (MBAm, purity >85%), 2,2’-azobis(isobuty-
ronitrile) (AIBN, 98% purity), bovine serum albumin (BSA, purity
>98%), glutaraldehyde (GA, 50wt.% in water), ibuprofen (99%
purity) and acetic acid (purity >99%) were purchased from
Sigma-Aldrich. Carbon dioxide was obtained from Air Liquide with
99.998% purity. All materials and solvents were used as received
without any further purification.

2.2. Cross-linked chitosan scaffolds preparation

Scaffolds were prepared following the procedure described by
Madihally and Matthew [24]. In a typical procedure 3% (w/w total)
chitosan solutions were prepared by dissolving the polymer in
diluted acetic acid aqueous solution (1% v/v). The solution was
placed in glass tubes and freezing was accomplished by immersing
the tubes, containing 3 mL of solution, in freezing baths maintained
at —20°C. The samples were then lyophilized (Telstar cryodos-50)
until dry. The 3D structures were reticulated using a CO, flow sat-
urated with GA applying an apparatus schematically represented
in Fig. 1. Typically, a GA solution 1% v/v in water is placed in an
11 mL high pressure vessel (2), which contains two sapphire win-
dows on the top and on the bottom allowing the inner view of the
cell and the scaffolds are located in a similar high pressure visual
cell (3) with a capacity of 11 mL [25]. During 10 min, a constant
CO, flow rate of 9.8 g/min (saturated with GA) passes through the

vessel containing the scaffolds inducing their cross-linking. After
this procedure, a pure CO, flow is passed through the vessel where
the scaffolds are placed during 1 h to remove any traces of GA. The
pressure in the apparatus is monitored using a pressure transducer
(Setra Systems Inc., Model 204) and controlled to 20 MPa using back
pressure regulator (8) (Jasco 880-81). The temperature is also main-
tained constant (40 °C), by means of a controller (5) (Hart Scientific,
Model 2200), during the whole process. At the end of operation, the
system is slowly depressurized during 10 min.

2.3. Coating of cross-linked chitosan scaffolds with PNIPAAm

Coating with the thermoresponsive polymer was undertaken
in a high pressure apparatus already described in previous works
[22,26]. The high-pressure view cell interior is divided in two parts
by a porous plate in order to avoid any direct contact between the
CHT scaffolds (located in the top part of the cell) and the monomer
added to the bottom of the cell. In a typical polymerization pro-
cedure, monomer, scaffolds, cross-linking agent (MBAm, 1% w/w)
and initiator (AIBN, 2% w/w) are loaded into the high pressure cell
which is then sealed and nitrogen is added to purge the cell and
to test possible leaks. The nitrogen is slowly released and liquid
carbon dioxide is loaded into the cell using a high-pressure com-
pressor. The cell is immersed in the water bath and temperature
and pressure are allowed to rise to the required experimental con-
ditions. Additional CO, may be added to reach the exact desired
pressure. The reactions were performed at 65°C and 20 MPa. At
these experimental conditions there is a homogeneous phase with
all the reactants completely soluble in the supercritical medium.
CO, is used as a carrier of the monomer/initiator/cross-linker into
the porous structure as well as areaction medium. The reaction pro-
ceeded for 24 h under stirring. After this period, the reaction was
stopped and the resulting PNIPAAm-coated scaffolds were washed
with fresh pressurized CO, (65°C, 20MPa), for 1h, in order to
extract the remaining residues of unreacted monomer and cross-
linking agent.

2.4. Scaffolds characterization

Scaffolds before and after coating were characterized using
Scanning Electron Microscopy (SEM) from Hitachi S-2400, with an
accelerating voltage set to 20 kV. For cross-section analysis, scaffold
samples were frozen and fractured in liquid nitrogen. All samples
were coated with gold before analysis. Fourier transform infrared
(FT-IR) was used to study the interactions between chitosan and
PNIPAAm after impregnation. FT-IR spectra of the materials were
carried out using KBr tablets (1% w/w of product in KBr) with a
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resolution of 1cm~! and 16 scans per sample on a Winfirst Lite
equipment.

Equilibrium hydration or swelling degree (W, %) of scaffolds
impregnated/coated with PNIPAAm was determined as defined by
Eq.(1):

Water content, W (%)= (M> x 100 (1)
Wy
where W, is the weight of the dried polymer sample and W; is
the weight after a certain time (t). The measurements were per-
formed with 3 replicas in order to verify the reproducibility of
the experimental data. Phosphate-buffered solution (pH 7.4) and
acetate-buffered solution (pH 5.5) with the same ionic strength
were used. The oscillatory swelling experiments were conducted
to investigate whether the scaffolds presented any response to the
environmental pH and temperature changes and if these changes
were reversible and to examine how fast the scaffolds could
respond to the stimuli.

Mercury intrusion porosimetry (micromeritics, autopore IV)
was used to study the scaffold porosity and pore size distributions
before and after coating with PNIPAAm.

The in vitro biodegradability of the scaffolds was followed in
20mL 0.1 M PBS at pH 7.4 and 37 °C containing 2 j.g/mL lysozyme.
The initial weight of each sample was determined (W;). Every
three days, samples were removed from the medium, washed with
distilled water, lyophilized for 4h and then weighted (Wy). The
lysozyme solution was refreshed weakly to ensure the continu-
ous enzyme activity over the scaffolds degradation. The extent of
the in vitro degradability was expressed as percentage of weight
loss of the dried scaffolds (n=3 after each scaffold) after lysozyme
treatment. To separate between the enzymatic degradation and the
dissolution of the porous structure, control samples were stored
for 24 days under the same conditions as the previous ones, but
without adding lysozyme [27]. Percentage weight remaining was
calculated using Eq. (2):

Wi — Wy
Water content, W (%)= 100 — —w ) 100 (2)
i

where W; is the dry weight of the sample before starting the
degradation experiment, Wy is the dry weight of the sample after
degradation at a certain moment of time since the starting of the
degradation test. Values are expressed with the mean + standard
deviation.

2.5. Bulk drug loading

BSA was loaded into the chitosan scaffolds by co-dissolving it in
the solvent (acidified water) with the polymer and the scaffolds
were prepared in the same mode as reported above in Section
2.2. Due to the negligible solubility of the BSA in scCO, it was
assumed that the amount of protein placed in the solution remained
unmodified in the smart “scaffolds” after the reticulation and
impregnation/coating procedures.

2.6. Drug loading by supercritical fluid impregnation

CHT scaffolds were impregnated with ibuprofen using the same
high-pressure cell used for the in situ polymerizations. The impreg-
nations assays were performed at 40 °C and 20 MPa using an excess
of Ibu. After 24 h of continuous stirring the high pressure vessel was
rapidly depressurized (approximately 4 MPa/min).

2.7. Controlled release studies

Small portions of the scaffold (around 20 mg) were placed
inside 100 mL buffer solutions at different pH (7.4 or 5.5) and

temperatures (37 and 20°C). 1 mL aliquots were withdrawn peri-
odically from the solutions and collected. 1 mL of fresh medium was
added in each process. Quantification of the released drug takes into
account the portion of solution that was removed from the released
solution. Ibuprofen was quantified by UV spectroscopy (Helios
Alpha Double-Beam UV/VIS Spectrophotometer) using maximum
absorbance around 220 nm and BSA at 280 nm.

3. Results and discussion
3.1. Scaffold preparation and morphological characterization

In this study, an environmentally friendly methodology is
applied to produce thermoresponsive devices using supercritical
fluid technology. The incorporation of a fraction of a thermore-
sponsive polymer can provide other properties to the scaffolds
including improved or switchable release control of impregnated
bioactive agents, such as growth factors, or control of the cell adhe-
sion/detachment. ScCO, was used as a carrier to homogeneously
distribute the monomer, initiator and cross-linker within the pores
of the scaffold which act as micro-reactors. Fig. 2 presents SEM
images of the materials prepared in this work before and after the
coating procedure (Fig. 2a vs b). Fig. 2c and d shows the magni-
fied views of the coated pores highlighting the different coverings.
Micrographs show that a visible hydrogel layer is uniformly dis-
tributed along the walls of the pores. A very small number of pores
were completely full with the hydrogel (Fig. 2c).

The FT-IR spectra of CHT, PNIPAAm and PNIPAAm-coated CHT
scaffolds are depicted in Fig. 3 for the region 1200-2200cm~!.
The absorption band of PNIPAAm at 1643 cm~! and 1539 cm™! are
assigned to amide I and amide II vibrations, respectively [28]. The
main contribution to amide I band is the carbonyl stretching mode,
whereas the amide II is mainly due to the in-plane N-H bending.
In the FT-IR spectrum of PNIPAAm-coated CHT scaffolds the amide
I band shifts to lower wavenumbers indicating that the carbonyl
group of PNIPAAm was additionally engaged in H-bonding with
the free primary amino group (-NH;) of CHT. Additionally, there is
also a small shift of the amide II band to higher wavenumbers for
the PNIPAAm-coated CHT scaffolds comparing to pure PNIPAAm,
as it was expected due to the high desacetylation degree of CHT.

Mercury intrusion porosimetry (Fig. 4) was used to characterize
surface area and porosity. Before coating, the raw scaffolds pre-
sented a median pore diameter of 17.9 wm while after reaction this
value decreased to 16.3 m. No major differences were observed for
porosity data; raw and coated scaffolds show an average porosity of
85% confirming that the coating procedure was efficient enough to
cover the outer and inner surface of the scaffolds without blocking
the pores or dramatically changing the pores interconnectivity.

The swelling degree of the dual stimulus scaffolds is also an
important property to be characterized because it will determine
properties such as the adsorption and diffusion of solutes through
the hydrogel, the mechanical properties under wet conditions and
the water uptake ability. Fig. 5a shows the swelling behavior, at
20°C and 37°C, for the smart devices produced in scCO,. As it
was expected the swelling increased with a decrease in the tem-
perature [22]. It is well known that the hydrophilic/hydrophobic
balance of the PNIPAAm hydrogels is due to the existence of the
amide hydrophilic groups and the isopropyl hydrophobic groups
in the side chains [29]. When the temperature is above the LCST
hydrophobic interactions among isopropyl groups increase and
hydrogen bonding between the amide group and surrounding
water molecules are weak. When the temperature decreases, the
hydrogen bonding between the hydrophilic segments of the poly-
mer chain and water molecules are dominant, leading to a swelling
increase. This suggests that it should be possible to control the
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Fig. 2. Scanning electron micrographs of CHT scaffolds (a) native and (b) PNIPAAm-coated; (c) and (d) images are magnified views of coated pores highlighting the different
coverings.

release of molecules by simply adjusting the temperature. No tem-

perature responsiveness was observed for CHT scaffolds that were

not coated.
A It would also be a desirable characteristic to have pH-sensitive
controlled-release scaffolds with controllable swelling ability. The
results plotted in Fig. 5b demonstrate that the native and PNIPAAmM-
coated scaffolds change their ability to absorb solution when the
environmental pH is altered. The Donnan theory states that the
swelling ability is basically determined by the osmotic pressure gra-
dient between the inside and outside of a gel [30]. Therefore, from
a macroscopic point of view, the swelling phenomenon appears
to be a balance of the osmotic pressure gradient or concentration
gradient between the interior of the hydrogel and the external solu-
tion. At higher pH, the degree of ionization is reduced, due to the
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Fig. 5. Equilibrium volume swelling ratio of CHT scaffolds and PNIPAAm-coated
scaffolds with (a) temperature pulses between 20 and 37 °C in PBS (pH 7.4), (b) pH
pulses between 5.5 and 7.4 in a buffered solution at 37 °C. All samples were tested
in triplicate. Where not shown, errors bars are smaller than the data symbols.

deprotonation of CHT amino units [31,32] decreasing the swelling
of samples as the osmotic pressure and charge repulsion decrease.
As it was expected this behavior is higher in the scaffolds that were
not coated.

Scaffolds were immersed for 24 days in phosphate buffer solu-
tion (PBS) and in PBS solution containing lysozyme to investigate
their biodegradability, as lysozyme is the main enzyme responsible
for CHT degradation in the body [33]. After 25 days of the scaf-
folds immersion in PBS less than 5% of mass loss was observed.
In the experiments using lysozyme solutions a mass loss of 5%
was observed after 5 days of scaffolds immersion, as can be seen
from the results of the biodegradability assays summarized in
Fig. 6. The results show that the mass loss is due to the chitosan
degradability accelerated in the presence of lysozyme (Fig. 6b). As
expected, a higher mass loss is observed for coated scaffolds as
any CHT portions degraded comprise the PNIPAAm layer that is
coating the CHT surface. NMR analysis (data not shown) showed
that no NIPAAm or GA residues could be detected from aqueous
solutions where scaffolds were immersed during the time length
of biodegradability tests, the conclusion was that the weight loss
could not be due to the release of any monomer or cross-linking
agent.
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Fig. 6. Biodegradability of the PNIPAAm-coated CHT scaffolds in (W) PBS and (O)
PBS with lysozyme.

3.2. Drug/protein release studies

From the point of view of the potential utility of PNI-
PAAm/chitosan matrixes as controlled delivery systems, it is crucial
to know the release kinetics under different physiological condi-
tions and to analyze if they are capable to encapsulate molecules
and release them when triggered by a small change in tempera-
ture or pH. The potential of the obtained structures as controlled
releases devices was evaluated using a model drug, ibuprofen, and
a model protein, bovine serum albumin (BSA). Supercritical mix-
ing and impregnation is simple and highly more attractive as it
avoids the use of organic solvents [34]. According to the report
of Kazarian and Martirosyan [35], there are two mechanisms of
supercritical fluid impregnation of drugs into polymer matrixes,
i.e., simple deposition and preferential partitioning. In this work,
Ibu was efficiently impregnated into the CHT porous matrix due
to the high solubility of the drug in the supercritical fluid [36] and
preferential deposition on the hydrogel structure although the high
glass transition temperature (Tg) of CHT (203 °C) [37]. In the tested
conditions, approximately 160 mg of drug were loaded per gram
of scaffold. BSA was incorporated into the scaffolds by bulk load-
ing prior to the liophilization step with 1g of protein per gram of
scaffold. As we already described, BSA loaded scaffolds were then
coated with PNIPAAm.

Drug dissolution tests were conducted to investigate the drug
release behaviors from the CHT-Ibu impregnated-scaffolds and
from CHT-BSA loaded scaffolds. Fig. 7 draws the overall release
curves at different pH (5.5 and 7.4) and temperature (20°C and
37°C) conditions. The immediate Ibu and BSA release which occurs
in the first few minutes is mainly governed by dissolution of the
unloaded bioactive molecules that are only adsorbed or dispersed
on the chitosan matrix surface. After the initial burst release stage,
the swelling effect, resulting from different stimuli, pH or T, become
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Fig. 7. Release of bioactive molecules from PNIPAAm-coated scaffolds at different
pH and T conditions. Marks stand for experimental data and full lines stand for fitted
curves according to Fick’s second law in cylindrical systems. (a) Ibuprofen release;
(b) BSA release and (c) scheme showing the electrostatic charges of CHT, Ibu and
BSA present as a function of pH conditions.

more important. Fig. 7a shows that after 6 days most of the Ibu was
released from the scaffold. To evaluate the influence of the differ-
ent stimuli in the diffusion of ibuprofen and BSA a simple model
was developed. Fick’s second law in cylindrical systems, consider-
ing axial and radial mass transfer, may be used to describe the drug
transport [38,39] according to Eq. (3):

Mooy
Ms 2 q2 R2
n=1
2.2

where M; and M, denote the absolute cumulative amounts of drug
released at time t and infinity, respectively; n and p denote dummy
variables; the g, are the roots of the Bessel function of the first kind

Table 1
Diffusion coefficients of ibuprofen and BSA release.

D/(10-'2 m?/[s)

Ibuprofen BSA
20°C;pH7.4 20 27
37°C;pH 74 12 70
20°C; pH 5.5 4 10
37°C; pH5.5 5 35

of zero order [Jo(qn)=0], and R and H denote the radius and height
of the cylinder that represents the scaffold shape, and were 2.5 and
5 mm, respectively.

Table 1 lists the diffusion coefficients (D) that were used to
adjust the mathematical model to experimental Ibu and BSA release
curves in the different environments. A good fitting was achieved
suggesting a Fick’s behavior for the release of the model drugs. Com-
paring these results with ibuprofen and BSA release profiles at each
temperature, it is possible to observe that both bioactive molecules
are released more slowly at pH 5.5. If CHT swelling was paramount
higher diffusion coefficients should be obtained at lower pH. How-
ever, at pH 5.5 the scaffold surface and the bioactive molecules are
oppositely charged and thus strong attractive electrostatic forces
between CHT-Ibu and CHT-BSA are present (Fig. 7c). Under acidic
conditions, at pH below the pK; of chitosan (6.5), the CHT amino
groups are almost completely protonated, and thus the chitosan
charge density is positive in opposition to ibuprofen and BSA that
are negatively charged. Ibuprofen has carboxylic acid groups with a
pK; of 4.4 and BSA’s isoelectric point is usually reported as 4.8-5.2
[40] therefore at both pHs either Ibu molecules or BSA are deproto-
nated. The strong attractive electrostatic forces between CHT-Ibu
and CHT-BSA prevail and withdraw the effect of swelling. More-
over, at 20°C and pH 5.5 the coated CHT-scaffolds present the
maximum swelling and the PNIPAAm chains are in the hydrophilic
state interacting through hydrogen bonding with water. In this
case, the surface of unit cells become less crowded and PNIPAAm
chains extend outside the unit cell creating a network which can
cause a delay in protein release due to the interactions between
BSA and PNIPAAm extended chains. When “smart” CHT-scaffolds
are placed at 37°C the released amount of BSA increases. At this
temperature, the hydrogen bonding with water molecules are dis-
rupted and the PNIPAAm chains consequently collapse and displace
the water molecules, thus, the possible interactions between pro-
tein and polymer chains are avoided enabling an easier BSA release.
At pH 7.4, CHT is no longer protonated, the results obtained for 20
and 37 °C are contrary, while Ibu has a higher diffusion coefficient
at the lowest temperature, BSA diffuses faster at 37 °C. Comparing
the overall data it is possible to attain the following order for the
BSArelease: (37°C,pH7.4)>(37°C,pH5.5)>(20°C,pH7.4)>(20°C,
pH 5.5). Matching the diffusion coefficients of Ibu and BSA at differ-
ent pH and T release conditions, the conclusion is that Ibu presents
lower diffusion coefficients than BSA at whatever conditions and
this is due to its low molecular weight. Small molecules are able
to go all over the available space in the matrix and can cross the
smaller interstices of the scaffold matrix, so they have longer diffu-
sion pathways. High molecular weight molecules can only diffuse
across larger pores and consequently higher diffusion coefficients
are achieved. It is interesting to notice that at 37°C and pH 7.4
the BSA release is mediated by PNIPAAm barrier, while at pH 5.5
both the attractive electrostatic forces as well as PNIPAAm barrier
influence the release kinetics.

4. Conclusions

In summary, a simple and green microscale technology is
applied to produce smart porous 3D chitosan-matrixes with
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possible applications for tissue engineering applications or switch-
able release devices of bioactive molecules. The coating of the 3D
porous structures was efficiently achieved without compromising
the porosity and the biodegradability of the materials. The results
demonstrate that it is possible to control the swelling by exter-
nal stimulus such as pH and/or temperature changes and this can
be used to mediate the release of bioactive molecules from highly
porous materials. Moreover, the experiments showed that for the
controlled release of biomolecules, the diffusion behavior is also
influenced by protein—-PNIPAAm interactions. PNIPAAm tempera-
ture responsiveness is able to control BSA release but ibuprofen
(Ibu) release is only regulated by pH environmental conditions.
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