RSC Advances
View Article Online

Open Access Article. Published on 09 June 2015. Downloaded on 28/10/2015 14:28:55.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

PAPER

View Journal | View Issue

Cite this: RSC Adv., 2015, 5, 55006

Amino acid-based poly(ester amide) nanoﬁbers for
tailored enzymatic degradation prepared by
miniemulsion-electrospinning†
S. K. Murase,ab L.-P. Lv,b A. Kaltbeitzel,b K. Landfester,b L. J. del Valle,a R. Katsarava,c
J. Puiggali*a and D. Crespy*b
Novel enzyme loaded scaﬀolds with enzyme-responsive degradable properties for drug delivery are
prepared by an original inverse-miniemulsion electrospinning method. Miniemulsions with aqueous
nanodroplets containing diﬀerent enzymes, i.e. lipase or a-chymotrypsin, and a ﬂuorophore are
electrospun with a solution of poly(ester amide) and polycaprolactone to fabricate multicompartment
nanoﬁbers. The poly(ester amide) contains the two essential amino acids phenylalanine and leucine that
promote low cytotoxicity degradation products and makes them suitable for the preparation of drug
delivery devices for the biomedical ﬁeld. The activity of the loaded enzymes in diﬀerent conditions and a
sustained degradation of ﬁbers mechanism with an approximate 20% weight loss within one month are
observed. Locating enzymes in degradation medium accelerated the degradation until complete scaﬀold

Received 8th April 2015
Accepted 9th June 2015

destruction in less than 5 days. In all cases, a nearly complete release of the loaded ﬂuorophore (from
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80% and upwards) was achieved before the complete degradation of ﬁbers occurred, suggesting that the
nanoﬁbers are suitable as self-triggered drug release systems with sustained mechanical integrity and a
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ﬂexible range of degradation rates.

Introduction
Electrospinning is nowadays a conventional method for the
preparation of non-wovens of polymer nano- and microbers.1,2
Fibers loaded with drugs,3,4 and biological agents, i.e. viruses,
bacteria, enzymes,5–7 were extensively investigated due to the
advantages associated with protection by encapsulation,
controlled release, and ease of preparation that this technique
allows for. However, using the electrospinning technique to
prepare bers for biomedical application still presents some
challenges that must be overcome. Indeed, the ber's matrix
should be biodegradable and insoluble in water. The polymers
used to build the matrix are therefore usually hydrophobic and
have to be usually dissolved in organic solvents for the formulation. However, biomolecules tend to be very sensitive to
organic solvents and are easily denatured during the preparation process. A potential candidate to overcome these drawbacks is coaxial electrospinning, which is based on the use of a
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dual-capillary spinneret that maintains inner and outer solutions separated.8 However, the process cannot be applied to
every material. Colloid-electrospinning is a relatively novel
technique that has attracted growing interest for the encapsulation of bioactive agents.9–12 It oﬀers the possibility to produce
tailorable nanobers with diﬀerent components and nanostructures. A polymer solution is mixed with a colloidal
suspension with the purpose of incorporating a second functional substance into the bers without the requirement of
further post-treatments.13–15 The use of water-in-oil (W/O)
emulsions allows the introduction of selected hydrophilic
bioactive substances in the aqueous phase that will be nally
located in the bers. Examples of successfully encapsulated
hydrophilic substances are small drugs,13,16 proteins,17,18
enzymes,19 and the combination of two drugs.20,21 Biological
molecules were not aﬀected by the presence of organic solvents
because they were emulsied, so that the activity of the biological agents was maintained aer the preparation method.
However, the presence of colloids and the resulting behavior of
the polymer solutions increase the complexity of the diﬀerent
parameters involved in the process.
In all the previous examples, only the most common biodegradable polyesters, i.e. polylactide, polyglycolide, or polycaprolactone (PCL) have been used. PCL is a commonly
reported biodegradable polymer for diﬀerent medical applications.22,23 However, the degradation of polyesters usually presents a fast kinetic degradation rate performed by hydrolytic or
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enzymatic attack of the ester group, meaning that the
mechanical stability also tends to decrease accordingly. The
inclusion of amide units in the biodegradable material can
increase the mechanical and thermal properties due to the
presence of hydrogen bonding between these units and include
a new cleavable position. Although mixtures of PEA and PCL
were already reported in the biomedical eld,24 they have never
been employed to prepare core–sheath bers by the colloidelectrospinning method. For this purpose, the copolymer
coPEA 8-[L-Phe-6]0.95–[L-Leu-6]0.05 (Fig. S1†), will be used in this
study. It incorporates the two amino acids phenylalanine and
leucine in its main chain, resulting in two enzymatically cleavable bonds that can be selectively attacked by specic enzymes
for enhancing its biodegradability.25
The prepared scaﬀold should then provide a higher control
of degradability and release of the loaded drugs. This tuneable
degradation process is convenient to mimic the diﬀerent
regeneration processes in the body. For example, coPEA scaffolds can be used as temporary surgical devices for tissue
regeneration.26 Furthermore, the presence of these natural
amino acids in the main chain increase the bioassimilation of
the resulting degraded products compared to the classical
synthetic biopolymers.27 Scaﬀolds prepared by colloidelectrospinning are ideal candidates for enzyme immobilization because of their high surface-to-volume ratio, porous
morphology, and biodegradability.
Exploiting the presence of enzymes in nanomaterials
renders a wide range of smart applications based in the
modulation of drug delivery proles or triggering drug release
thanks to their exceptional selectivity and specicity.28 Encapsulated enzymes can become active at certain targeted sites
enhancing drug release specicity and also lower side-eﬀects. In
addition, they can be used for signalling physiological changes
or site-targeted drug delivery.29 Examples of stimuli-responsive
polymers can be found in several elds, such as anticancer
therapeutic systems,30 polymeric amphiphiles,31 gastrointestinal tract (GIT), or colon-targeted drug delivery.29,32
The objective of the present paper is to demonstrate the
feasibility of incorporating active biomolecules such as enzymes
and uorescent labels in the bers to determine the release
behavior of hydrophilic drugs under rapid enzymatic degradation of the matrix. For such purpose, a blend of PCL and coPEA
was used to study the degradation mechanism of the prepared
scaﬀolds. In addition, based on previous studies on amino acidbased PEAs and PCL,33–38 a non-specic lipase that catalyses the
hydrolysis of esters and a-chymotrypsin, a specic serine
protease, were selected to determine the enzyme-responsive
performance of the designed devices.

Experimental section
Materials
Lipase from Pseudomonas cepacia (Sigma-Aldrich), a-chymotrypsin from bovine pancreas (Sigma-Aldrich), Rhodamine 6G
chloride (R6G, Sigma-Aldrich, 99%), Lubrizol OS 210980
(Lubrizol Co.) and polycaprolactone (PCL, Mw ¼ 70 000–90 000
g mol1, Sigma-Aldrich) were used as received. The copoly(ester
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amide) coPEA 8-[L-Phe-6]0.95–[L-Leu-6]0.05 was synthesized as
reported previously (Mw ¼ 42 000 g mol1) (Fig. S1†).39 1 DPBS
(Gibco®) buﬀer without calcium or magnesium and pH 7.4 was
used in the diﬀerent assays. The antimicrobial agent sodium
azide (0.02% w/v) and calcium chloride (5 mM) as a cofactor
were added to the buﬀer.
Preparation of the inverse miniemulsions. The dispersed
phase consisting of 10 mL of water with NaCl as lipophobe (25%
w/v g mL1), 0.5 mg of R6G dye, and the selected enzyme (15%
(w/w) (g g1) with respect to the polymer weight), was added to
the continuous phase containing 14 mL of dichloromethane/
cyclohexane (1 : 1, v : v) or dichloromethane/cyclohexane/
formic acid (1 : 1 : 0.075, v : v : v), depending on the nal scaffold, and 15 mg of Lubrizol. The specic quantities are shown in
Table 1. The mixture was stirred at 1000 rpm for 1 h and
ultrasonicated with a Branson sonier ultrasound (W-450D, 1/2
inch tip) at 90% amplitude for 2 min (30 s pulse to 10 s pause).
DLS measurements were performed at 5–30–60 min to control
the stability of the droplets (Table 1). The scheme for the
preparation is displayed in Fig. 1a.
Electrospinning of the miniemulsions. PCL or the polymer
mixture PCL/coPEA (70/30) were dissolved in the selected
organic solution at a 10% or 12% (w/v) (Table 2) with magnetic
stirring for 3 h at room temperature. The concentrations of
these solutions were 20% (w/v) or 24% (w/v) and equal volumes
of polymer solution and droplets dispersions were then mixed
(nal concentrations in Table 2). The mixture was electrospun
with a vertical electrospinning setup (Fig. 1 and Table 2). The
dispersion was redispersed every 15 min during the electrospinning process to maintain a homogeneous mixture. The
obtained bers were collected on an aluminium foil. The
compositions of the bers are shown in Table 2.
Enzymatic degradation. The determination of the degradation behavior of the prepared scaﬀolds (PCL, PCLL, PM, PML
and PMCT, see Table 2) was conducted by immersing the
samples into two diﬀerent enzymatic media and by weight loss
measurements. Scaﬀolds of 1  1 cm2 with aluminium foil were
used. All samples were prepared in triplicate and initially
weighed before placing them in 1 mL of the specic medium.
Trays were incubated in an orbital shaker at 80 rpm and kept at
37  C. The media were changed every 72 h to prevent evaporation and decrease of the enzymatic activity. Control samples
were immersed in DPBS medium to assess the non-enzymatic
possible hydrolysis of the ester linkages. The enzymatic media
consisted in the addition of a-chymotrypsin and lipase to DPBS
medium in concentrations of 2000 U mL1 and 1500 U mL1,
respectively. The nomenclature used in the presented graphs is
shown in Table 3. Samples were taken at determined times,
washed twice with distilled water, dried under vacuum, and
weighted.
Dye release. An encapsulated uorescent dye (R6G) was used
as a model marker to identify the location of the hydrophilic
reservoirs in the nanobers and their release behavior with a
confocal laser scanning microscope CLSM and a uorescence
plate reader, respectively. 1  1 cm2 scaﬀolds of the bers with
and without enzymes were used in the release experiments.
DPBS and the enzymatic medium for the enzymatic degradation
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Compositions of the miniemulsions and hydrodynamic diameter of the droplets
Continuous phase (14 mL)

Dispersed phase (10 mL)

Mixturea
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Lubrizol [mg]
15
15
15
15
15
15
a

NaCl
[mg mL1 water]

Ratio
M1
M2
M1
M2
M2
M2

(1 : 1)
(1 : 1 : 0.075)
(1 : 1)
(1 : 1 : 0.075)
(1 : 1 : 0.075)
(1 : 1 : 0.075)

M1: DCM : C6H12, M2: DCM : C6H12 : HCOOH.

25
25
25
25
25
25
b

Dye [mg]
0
0
0.5
0.5
0.5
0.5

DLS

Enzymeb
[mg g1 polymer]
No
No
No
No
L
CT

0
0
0
0
15
15

Dh [nm]

s (%)

320
640
400
400
310
490

42
48
44
30
41
36

Lipase and a-chymotrypsin named L and CT, respectively.

Fig. 1 (a) Scheme of the inverse miniemulsion preparation and (b) colloid-electrospinning setup to obtain ﬁbers loaded with enzymes and
ﬂuorophores.
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Electrospinning conditions used to prepare the diﬀerent scaﬀolds. The tip-collector distance was 12 cm
Mixtureb
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Polymer
Namea

Composition

PCL
PCLL
PM
PML
PMCT

PCL
PCL
PCL/coPEA 70/30
PCL/coPEA 70/30
PCL/coPEA 70/30

% [g mL1 solution]
10
10
12
12
10

Ratio
M1
M1
M2
M2
M2

(1 : 1)
(1 : 1)
(17.3 : 4.3 : 3)
(17.3 : 4.3 : 4)
(17.3 : 4.3 : 5)

Enzymec
[mg g1
polymer]
No
L
No
L
CT

0
15
0
10
10

Flow rate
[mL h1]

Voltage
[kV]

0.5
0.85
5
6
5

15
12
15
15
15

Polymer composition as PCL or polymer mixture (PM) PCL/coPEA 70/30 and the subscript indicating the loaded enzyme L or CT as lipase or achymotrypsin, respectively. b M1: DCM : C6H12, M2: DCM : C6H12 : HCOOH. c Lipase and a-chymotrypsin named L and CT, respectively.

a

Table 3

Glossary used to denominate the diﬀerent conditions in enzymatic and release assays

Name

Polymer composition

Loaded enzyme

Medium

PCL
PCLL
PM
PM-L
PM-CT
PML
PML-CT
PMCT
PMCT-L

PCL
PCL
PCL/coPEA 70/30
PCL/coPEA 70/30
PCL/coPEA 70/30
PCL/coPEA 70/30
PCL/coPEA 70/30
PCL/coPEA 70/30
PCL/coPEA 70/30

No
Lipase
No
No
No
Lipase
Lipase
a-Chymotrypsin
a-Chymotrypsin

DPBS
DPBS
DPBS
DPBS + lipase
DPBS + chymotrypsin
DPBS
DPBS + a-chymotrypsin
DPBS
DPBS + lipase

assays were used. Samples were prepared in triplicate and
immersed in 30 mL of prepared buﬀer (pH 7.4) for 5 days and
kept at 37  C in an orbital shaker at 100 rpm. Samples of 1 mL
were taken and replaced with fresh medium at determined
times. To measure the remaining uorophore in the bers aer
the release experiments, each sample was completely dissolved
in chloroform and the dye was extracted by DPBS medium. The
concentration of the remaining dye was measured by uorescence plate reader.

electrospin cabin dual voltage from IME Technologies was used.
A disposable syringe loaded with the electrospinning suspension was placed in a Harvard apparatus PHD 2000 syringe pump
and connected to a metal tip end (ID: 0.5 mm) with plastic
tubing. The concentration of the uorophore released from the
bers was determined with a plate reader Innite M1000
(Tecan, Germany). Calibration curves of the dye in the diﬀerent
media including enzymes were prepared. The 96-well black tray
was uorescent top read with l(excitation) ¼ 526 nm and l(emission)
¼ 556 nm at 25  C.

Analytical methods
The hydrodynamic diameters (Dh) of the aqueous droplets were
estimated with a Nicomp 380 Submicron Particle Sizer (PSSNicomp) at room temperature and a laser diode wavelength of
635 nm. The measurements were performed in triplicate at 5,
30, and 60 min and are reported as the average value at 60 min.
The morphology of the bers was examined with a Leo Gemini
1530 (Carl Zeiss AG, Oberkochem, Germany) scanning electron
microscope (SEM) operating at 0.1–0.2 kV. 0.5  0.5 cm pieces
of aluminium foil covered with the diﬀerent electrospun bers
were observed. Confocal laser scanning microscope (CLSM)
images were obtained using a Leica TCS SP5 (Leica Mikrosysteme Vertrieb GmbH, Wetzlar) microscope equipped with a
Leica HCX PL APO CS 1.4/63 objective. Rhodamine 6G chloride (0.1 M or 0.05 g mL1), a water-soluble uorescent dye, was
loaded in the aqueous droplets to determine their distribution
in the bers. The uorophore has a lmax(absorption) ¼ 526 nm
and a lmax(emission) ¼ 555 nm. The setup for colloidelectrospinning was previously described.9 A commercial

This journal is © The Royal Society of Chemistry 2015

Results and discussion
Preparation of the scaﬀolds
Diﬀerent miniemulsions were prepared to maximize the
stability of the inverse miniemulsions in the presence of the
polymers dissolved in the continuous phase. NaCl was included
in the aqueous dispersed phase as lipophobe, whose role is to
increase the osmotic pressure inside the droplets and suppress
the Ostwald ripening eﬀect.40 A concentration of 25% (w/v) of
NaCl in the miniemulsion was the minimum needed to obtain
stable aqueous droplets in the diﬀerent emulsions. The addition of very low amount of formic acid in the miniemulsion was
required to completely dissolve the copolymer. This concentration did not aﬀect the activity of the loaded enzymes.
In the electrospinning process, the variation of the ow rate,
electric eld, tip-collector distance, viscosity of the solution,
temperature, and relative humidity results in bers with
diﬀerent properties and morphologies.41,42 To form the PCL
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bers, a minimum concentration of 10% (w/v) of polymer was
needed, whereas for the mixture PCL/coPEA 70/30 an increase
to 12% (w/v) was required for samples PM and PML (Table 2)
due to the lower molecular weight of the coPEA. However,
higher concentrations (40–50% w/v) led to inhomogeneous and
discontinuous bers. The feed rate was adjusted to be below or
equal to 1 mL h1 (0.5 and 0.85 mL h1 for samples PCL and
PCLL, respectively, Table 2). For higher rates, the ber diameter
was thinner and beads were observed along the bers
(Fig. S2a†). The latter phenomena, already been described for
other polymers such as viscose,43 PS,44 chitosan/PLA mixtures45
or PMMA,46 appears when there is an uneven evaporation of the
solvent between the skin and the core, creating a dry external
layer before the internal solvent completely evaporates and
nally causing the jet to collapse. Increasing the ow rate
resulted in a more pronounced eﬀect, creating completely at
and empty tubes with holes all over the surface, as seen in
Fig. S2b.† Due to the low glass transition temperature of the
coPEA (Tg  26  C), the coPEA bers did not conserve their
structural integrity at room temperature (Fig. S3a†). The bers
observed by CLSM revealed homogeneous uorescence inside
the bers, indicating that the structure of the aqueous droplets
were not maintained in the bers as well as no formation of
core–sheath morphology (see Fig. S3b†). Therefore, the coPEA
was mixed with PCL with a ratio of PCL/coPEA of 70/30 to obtain
bers with cylindrical cross-sections and with aqueous
compartments dispersed inside the bers (samples PM, PML
and PMCT, Table 2). Flat PCL/coPEA bers were obtained when
lipase was introduced in the mixture (sample PML in Table 3
and Fig. S2c†) due to the aforementioned uneven evaporation
event. In addition, when the ow rate was higher than 6 mL h1,
holes could be detected along the centre of the at surface,
similar to the ones previously described for PCL bers
(Fig. S2b†). The a-chymotrypsin enzyme could also be eﬃciently
encapsulated in the PCL/coPEA bers (Table 4 and Fig. S2d†).
The average value of the diameters of the prepared bers is
shown in Table 4 and the diameter distribution can be seen in
Fig. S4.† When PCL bers were loaded with lipase, the diameter
showed a drastic decrease of 50% from 744 to 375 nm (PCL and
PCLL in Table 3, Fig. 2b and c). The slight increase in ow rate
(from 0.5 for sample PCL to 0.85 mL h1 for sample PCLL)
needed to prepare continuous enzyme-loaded PCL scaﬀolds
(sample PCLL) caused an expected reduction in the resulting
diameter. It is also noteworthy to mention that bers that
included the coPEA exhibited a larger diameter in comparison

Table 4 Fibers diameter distribution of the prepared scaﬀolds

Fiber diameter
Sample

Average [nm]

s [%]

PCL
PCLL
PM
PML
PMCT

745
375
1377
1000
966

21
27
27
44
26

55010 | RSC Adv., 2015, 5, 55006–55014

with pure PCL bers. This was due to the low Tg of the PEA
resulting in the attening of the bers (Fig. S4b†). Fibers containing coPEA displayed a at ribbon-like or wrinkled surface
due to phase-separation (Fig. 2d). In order to localize the
aqueous compartments in the bers, we observed them by
uorescence microscopy because it is a method particularly
suitable for identifying nanostructures in polymer nanobers.47,48 The bers displayed some uorescence, which can be
observed in the CLSM images of Fig. 3 in dark blue color. The
light green color indicates a higher concentration of dye. The
uorescent domains conrm the presence and distribution of
R6G in reservoirs inside the bers. It is assumed that the
enzymes were co-localized with the dye since both were present
in the dispersed phase of the inverse miniemulsion.

Enzymatic degradation assays
Enzymatic degradation of PCL with diﬀerent morphologies, i.e.,
lms,34,49 particles,36 electrospun mats,35 and blends50 were
extensively studied with lipases. Lipase cleaves non-specic
ester linkages so an enzymatic degradation of PCL is expected. Results of the degradation behavior exhibited by lipase
loaded PCL scaﬀolds (named PCLL) are shown in Fig. 4a. PCL
scaﬀolds loaded with the enzyme and placed in DPBS medium
for 31 days featured a noticeable decrease of nearly 10% of their
initial weight in the rst 100 h. Then, the diﬀusion of the
medium in the bers took place and the loaded enzymes could
be activated to start the degradation process from inside of the
bers. However, the degradation process attained a linear
behavior aer 200 h, suggesting an accused slowdown in the
enzymatic activity. PCL is relatively hydrophobic,51 which may
hinder a complete penetration of the medium into internal
layers. Besides, semicrystalline polymers such as PCL tend to
present a rst fast degradation stage related to medium diﬀusion and breakage of amorphous regions, followed by a second
slow stage related to the degradation of the crystalline regions.
In Fig. 2c, a SEM image of PCL scaﬀolds loaded with lipase
(sample PCLL) can be seen. And in Fig. 5b, a recovered sample
aer 198 h of immersion in DPBS medium is shown. The
surface of the bers display a series of pores and peeling in ne
layers that were not present at the beginning of the assay due to
the action of the enzymes. To determine the stability of the PCL
scaﬀold in medium and the possible hydrolytic eﬀect, sample
PCL (scaﬀold without enzyme) was placed in DPBS buﬀer. Only
1% of weight was lost in 33 days remaining steady aerwards,
which ascertains a negligible eﬀect of the medium on the
scaﬀold, in accordance to previous studies on PCL.33 The lost
weight in sample PCLL (PCL with loaded lipase) can be attributed to the enzymatic activity and the resulting surface
morphology in Fig. 5a.
Degradation assays were also carried out in two enzymatic
media with scaﬀolds prepared with the mixture of PCL/coPEA
70/30 named PM (see Table 3). To determine the hydrolytic
eﬀect of the buﬀer on these samples, mats of sample PM were
introduced in DPBS buﬀer without enzyme, resulting in an only
4% weight loss in 1 month. The immersed scaﬀolds experienced a negligible weight loss with comparison to the eﬀect of
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Fig. 2 SEM micrographs of the prepared electrospinning scaﬀolds. (a) PCL without R6G, (b) PCL, (c) PCLL, (d) PM, (e) PML, and (f) PMCT. See
nomenclature in Table 2. Insets show a magniﬁcation of the respective samples.

the enzymes. The same scaﬀolds without enzyme (sample PM)
were introduced in DPBS enzymatic media containing
a-chymotrypsin (PM-CT), losing a signicant weight percentage
in 4 days, 60% (Fig. 4b). Inclusion of the enzymes into the bers
decreased considerably the degradation advancement, as can
be seen for samples PML and PMCT in Fig. 4 (nomenclature in
Table 4). Aer 6 days, the lipase-loaded ber (sample PML) lost
10% weight while the a-chymotrypsin-loaded ber (sample
PMCT), an 18%. Diﬀusion and activation of the enzyme were
both hindered by the polymer hydrophobicity, clearly delaying
the degradation process. The diﬀerence between the degradation rates between samples PML and PMCT may be associated to
two eﬀects. Firstly, the more at ribbon-like morphology of
sample PML and more cylindrical for the latter. Secondly, due to
the specicity of a-chymotrypsin towards amide groups found
between large hydrophobic amino acids, in this case phenylalanine in coPEA.
When enzyme-loaded scaﬀolds (PML and PMCT) are introduced in enzymatic media (sample PML-CT and PMCT-L, see
Table 3), two degradation steps (Fig. 4b) that are associated to
two diﬀerent eﬀects were observed. The rst step (rst 80 h) can
be associated to the degradation induced by the enzymes
present in the media (a-chymotrypsin for PML-CT and lipase for
PMCT-L), exhibiting a very similar behavior to sample PM-CT,
for which the enzyme is only in the external medium. The
sample PMCT-L in the lipase medium lost 42% of its initial
weight while sample PML-CT in the a-chymotrypsin medium
lost 54% aer 80 h. Sample PML-CT immersed in the achymotrypsin medium was degraded faster than the one with
lipase in the medium, although the scaﬀolds were also loaded
with enzymes, suggesting a more eﬀective attack by a-chymotrypsin when it is placed in the outer degradation medium. In
the second step, the degradation promoted by the enzymes
inside the bers also took place. The diﬀerence in the

This journal is © The Royal Society of Chemistry 2015

degradation rate between the two samples PML-CT and PMCT-L
was more pronounced in this phase (20% diﬀerence). This
deviation can be associated to a partial proteolytic digestion of
lipase by a-chymotrypsin, which resulted in a slowdown of the
degradation rate of a-chymotrypsin loaded bers (PMCT-L). In
spite of the partial digestion eﬀect, the loaded enzymes maintained their activity aer the electrospinning process as shown
in Fig. 4, demonstrating that the colloid electrospinning technique has a potential use in the preparation of scaﬀolds loaded
with hydrophilic biological molecules. Loading the enzymes in
the bers and also adding them to the buﬀer medium (samples
PML-CT and PMCT-L) did not double their activity, but allowed
for an intermediate degradation with more than one step,
which can be tuned varying the quantity and type of enzyme.
Remarkably, the diﬀerence in the degradation rate between
sample PM-CT (in a-chymotrypsin media) and sample PML-CT
(lipase loaded in a-chymotrypsin media) was about 7% in the rst
80 h and 11% between PM-CT and PMCT-L (a-chymotrypsin
loaded in lipase media). The eﬀectiveness of a-chymotrypsin in
the outer medium that governs the rst step yielded a similar
behavior for PM-CT and PML-CT. Both samples were degraded at
faster rates than sample PMCT-L. In the second step, the activation of the loaded lipase in sample PML-CT accelerated the
overall weight loss, boosting the second degradation step. This is
a consequence of the presence of a-chymotrypsin in the outer
media that increased the diﬀusion of the medium into the ber.
A similar enhancement in degradation rate was also observed for
sample PMCT-L, but still with a global slower degradation rate.
The resulting morphologies of degraded bers at certain
times are shown in Fig. 5 and also compared to the nondegraded bers (Fig. 2). A diﬀerent morphology appeared on
the surface of sample PMCT-L (see Fig. 5f (ref. 52)). The lipase
present in the medium of this experiment formed nanostructures on diﬀerent areas of the scaﬀold. The deposition of

RSC Adv., 2015, 5, 55006–55014 | 55011

View Article Online

Open Access Article. Published on 09 June 2015. Downloaded on 28/10/2015 14:28:55.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Advances

Paper

Fig. 4 Weight loss of the nanoﬁbers by enzymatic degradation versus
time for (a) PCL and PCLL scaﬀolds and (b) PCL/coPEA 70/30 scaﬀolds
(PM samples).

Fig. 3 CLSM images of (a) sample PCL, (b and c) PM, and (d) PMCT. The
scale bar represents 25 mm or 1 mm in (c).

the enzyme on the surface of the bers did not cleave the
polymer, and consequently slowed down the degradation rate.
Release of loaded uorophore
PCL and coPEA displayed diﬀerent degradation behaviors
controlled by the type and localization of the enzymes. Therefore, the release behavior for the dye loaded in the bers should
be inuenced by factors related to the matrix (composition and
degradation), release media (DPBS or enzymatic media), and
the loaded drug (interaction with matrix and with medium).
The release kinetics obtained by uorescence spectroscopy
from the samples (PM-CT, PML-CT and PMCT-L, Table 3) can be
observed in Fig. 6. All samples exhibited two diﬀerentiated
steps: the rst one for the initial 10 h followed by a zero-order or
a pseudo-rst order phase. A burst eﬀect can be also observed in
all samples that delivered between an 11 and a 17% of dye in the

55012 | RSC Adv., 2015, 5, 55006–55014

rst 15 min, showing sample PML-CT the most pronounced
burst. Among the diverse mathematical models presented by
Tzafriri,52 one describes the diﬀerent steps of the obtained
results. The model, usually used for polyester devices,53 predicts
an initial step driven by diﬀusion and a second step governed by
the degradation process. In this case, using a PCL/coPEA
mixture of 70/30, it was expected that the polyester guided the
nal release prole. Assuming that there was negligible degradation of the matrix in the rst hours, the release of the loaded
dye to the outer medium was accomplished by Fickian diﬀusion, a rst order t1/2-time dependent model and driven by the
concentration gradient of the uorophore.54 Dye release from
at ribbon-like samples (PML-CT) has a slightly diﬀerent release
prole than from cylindrical samples (PM-CT and PMCT-L).
Sample PML-CT can be approached by a zero-order model with a
burst eﬀect55 and PM-CT and PMCT-L samples show a rst order
model release behavior. However, taking into account the
previous degradation results, some samples underwent degradation from the beginning of the release experience, adding a
degradation factor in the release mechanism. It is then evidenced that the prepared samples that contain coPEA (sample
PM-CT, PML-CT and PMCT-L) have a rst step mainly governed
by diﬀusion but that can be modied at will by the degradation
factor, resulting in a combined prole.

This journal is © The Royal Society of Chemistry 2015
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degradation of the scaﬀold PML-CT is not completely degraded
at 120 h. This suggests that the diﬀusion phenomenon was the
driving force for the dye release and not the degradation of the
ber, what also happened for sample PM-CT and PMCT-L. In
addition, the slower release prole of sample PML-CT, could be
attributed to the at ribbon-like morphology of that sample (see
Fig. 2e) and the disposition of the internal nanoreservoirs. A
saturated dye solution was created at the core of the bers due
to the dissolution of the dye into the diﬀused media. The
diﬀusion of this solution towards the external media was slower
than this internal dye dissolution, creating an internal constant
dye excess and giving rise to the zero-order release prole.55
Besides, the aforementioned partial digestion of the loaded
lipase also aﬀected the release of the dye. The release process
was decelerated until diﬀusion of the medium activated the
internal lipase and overcame the proteolysis.

Conclusions

SEM micrographs of: (a) PCL scaﬀold after 412 h of immersion
in DPBS medium, (b) PCLL enzyme loaded scaﬀold after 198 h of
immersion in DPBS medium. (c) Sample PM-CT after immersion in achymotrypsin medium for 16 h and (d) 88 h. (e) Sample PML-CT after
immersion in a-chymotrypsin medium for 48 h. (f) Sample PMCT-L
after immersion in lipase medium for 48 h.
Fig. 5

If we focus on the second release step, samples PM-CT and
PMCT-L, displayed the aforementioned pseudo-rst order
phase, attaining an 80% release of the loaded dye at 120 h (5
days). Sample PML-CT exhibited a zero-order mechanism that
arrives to a complete release at the end of the 120 h. In terms of

Enzymes and a uorescent dye were successfully loaded and
distributed as nanoreservoirs into bers by electrospinning
inverse miniemulsions. The encapsulation and remaining
activity of the loaded enzymes and uorescent dye were proven
by the subsequent degradation and release assays. The resulting
degradation kinetics revealed diﬀerent behaviors depending on
the position and type of enzyme. a-Chymotrypsin degraded the
scaﬀold faster when placed in the external medium, and also
when it was loaded in the bers. Placing enzyme-loaded scaffolds in enzymatic media gave rise to a two-steps degradation
prole. A rst degradation step governed by the attack of the
external enzymes was observed, followed by a faster degradation
rate in the second step due to activation of the internal
enzymes. At the beginning of the experiment, the degradation
mechanism of the loaded bers was 5–10% slower with respect
to the unloaded ones, which is explained by the partial proteolysis between the two enzymes. The use of a blend of polycaprolactone and polyester amide and the combination of
enzymes present inside the bers or/and in the external
medium allow for the preparation of therapeutic scaﬀolds that
respond to diﬀerent triggers, yielding therefore a large range of
biodegradation rates. Such properties enabled a controlled
release of a payload that was co-encapsulated in the nanoreservoirs present in the bers showing the suitability of the
prepared device as an enzyme-responsive material for drugdelivery.
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