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a  b  s  t  r  a  c  t

Determination  of material  properties  and  functions  is a crucial  step  toward  optimization  of fabrica-
tion  methods  as well  as  the development  of  electrospun  nanofibers  for use in, e.g.  food  engineering
applications.  This  work  focused  in evaluating  physical  and  mass  transfer  properties  of simple  poly  �-
caprolactone  nanofibers  (PCL  membrane),  and  poly  �-caprolactone  nanofibers  with  encapsulated  trypsin
(E-PCL membrane),  in view  of their  future  use  in  a catalytic  filter  reactor.

PCL membranes  registered  high  hydrophobicity  values,  while  E-PCL  membranes  revealed  stronger
mechanical  properties  and  an  increase  of mass  due  to  water  incorporation.  A decrease  of average  pore
size in  the  range  of 30–40%  was  observed  for  E-PCL  membranes  and an  average  pore  diameter  of  1/3  of
the size  was  registered  when  compared  to the  PCL membrane;  this  difference  was  shown  to  be  significant
iopolymer
ick’s diffusion

enough  to influence  the  transport  of  larger  molecules  (e.g.  bovine  serum  albumin).
Release  experiments  of  active  compounds  (lysozyme,  bovine  serum  albumin  and  lactoferrin)  were

successfully  described  by  a model  which  accounts  for both  Fick  and  case  II transport  – the  linear  superim-
position  model.  Results  show  that the transport  mechanism  is  influenced  by  the type  of  active  compound
and  by  membranes’  physical  properties.

©  2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Peptides are well-known sources of bioactivity and their bene-
ts are reported in a very significant number of scientific works and
eports, where their production through affordable, up-scalable
rocesses is still under discussion and development. Trypsin is
idely studied and often used as a model enzyme, namely to pro-
ote protein hydrolysis for bioactive peptide production. In this

ase there is the need to separate the products of reaction (pep-
ides with lower size and molecular weight) from the remaining
rotein and the enzyme itself. This is usually achieved (a) through a
ltration/dialysis step, (b) using immobilized trypsin reactors or (c)
sing an enzyme reactor coupled with ultrafiltration [1,2]. Immo-

ilization of trypsin is often the limiting step due to large losses in
nzyme activity as a consequence of (1) the limited area left avail-
ble for the enzymatic reaction to occur and (2) the immobilization

∗ Corresponding author. Tel.: +351 22 508 1400; fax: +351 22 508 1449.
E-mail addresses: avicente@deb.uminho.pt (A.A. Vicente), cmrocha@fe.up.pt

C.M.R. Rocha).

ttp://dx.doi.org/10.1016/j.procbio.2015.03.017
359-5113/© 2015 Elsevier Ltd. All rights reserved.
step itself [1]. These limitations could be minimized by using immo-
bilization systems with a sufficiently high area-to-volume ratio,
such as nanofibers.

Production of nanofibers using electrospinning techniques has
been growing in the past years [3]. Electrospinning allows pro-
ducing polymer nanofibers with specific characteristics (e.g. high
porosity and a large surface area per unit mass) [4,5]. This tech-
nique is based on the application of an electrical field to a highly
conducting polymer solution which will be responsible for the
formation of an electrically driven polymer solution jet [3]. Elec-
trospun nanofibers (ENf) produced can easily be functionalized by
the addition of nanomaterials in the electrospinning solution or
through surface modifications of the scaffold after the spinning pro-
cess [6]. The significant number of works published on the subject
in the past few years and also the increase in published patents
[7] reflect the above-mentioned interest, as well as the variety of
purposes for this technology. Applications for ENf are as wide as

tissue engineering and biomedical devices [8,9], oral drug deliv-
ery [10], functional materials (e.g. nano-sensors and fuel cells)
[6,11] enzyme (protein) surface immobilization or nanoencapsu-
lation [12]. This methodology allows the production of advanced

dx.doi.org/10.1016/j.procbio.2015.03.017
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.procbio.2015.03.017&domain=pdf
mailto:avicente@deb.uminho.pt
mailto:cmrocha@fe.up.pt
dx.doi.org/10.1016/j.procbio.2015.03.017
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brous materials with controlled uniform fiber size for produc-
ion of low mass filters [3] (e.g. electrospun scaffolds can be used
s filtration membranes with antimicrobial functionality [13] or
s catalyst surfaces [14]). For many of such demands, a high spe-
ific surface area is needed [15] and ENf can be the answer to
rovide it due to their high porosity and very small pore sizes. ENf
lso show ability to encapsulate enzymes and the possibility to be
unctionalized, potentiating their use in simultaneous tasks such
s biocatalysis and separation (filtration). Improvement in protein
tability through electrospinning polymer processing can resolve
urther practical issues such as the reduction of required amount of
nzymes and the extension of operation lifetime in enzyme reactors
16].

The choice of polymeric materials used in electrospin-
ing processes is not an easy task. Synthetic, biodegradable
oly �-caprolactone is a non-toxic, low-cost, aliphatic bio-
olyester [17] that has been presented as very useful when
pplied, e.g. to mimic  extracellular matrices [18]. Electrospin-
ing can be used to produce nanofibers from poly �-caprolactone
14,19]. However there are challenges regarding potential
pplications because of the effects of poly �-caprolactone
ydrophobicity, which can prevent cell adhesion, hinder the
obility of encapsulated bioactivities and also limit the struc-

ure’s mechanical strength (prerequisite for structural integrity)
20,21].

As a step beyond the state of the art we propose encapsulating
rypsin in ENf membranes, which can be subsequently used as a
atalytic-filter reactor for simultaneous production and separation
f, e.g. bioactive peptides. However, optimizing fabrication meth-
ds for enzyme-containing ENf implies starting by characterizing
he material (ENf membranes) in terms of its properties and func-
ions. Thus, this study aims at giving this first step by determining
he physical and diffusion properties of simple poly �-caprolactone
PCL) membranes and poly �-caprolactone nanofibers membranes
ith encapsulated trypsin (E-PCL). In order to achieve this, three
roteins with varying size and isoelectric point (pI), namely bovine
erum albumin (BSA), lysozyme (Lys) and lactoferrin (Lact), were
sed to evaluate the effect of diffusing molecules’ size in PCL and E-
CL membranes’ permeability. Mathematical models were applied
o fit permeability experimental data in order to learn more about
he structure and behavior of the ENf systems under analysis. These
tudies were complemented with thermal, structural, mechanical
nd surface characterization of the ENf systems. Overall, this work
ets the bases to use the ENf systems as the main component of a
atalytic filter reactor for bioactive peptides production.

. Materials and methods

.1. Membrane materials and preparation

Polycaprolactone (PCL) (Mw  ∼42,000), trypsin from porcine
ancreas (EC 3.4.21.4), sorbitan monooleate (Span80) and all
olvents (analytical grade) were purchased from Sigma–Aldrich
uímica, S.L.

PCL nanofibers matrices loaded with trypsin were obtained by
ater/oil emulsion-electrospinning. The oil phase consisted of a

CL solution in chloroform (CF)/dimethylformamide (DMF) and the
ater phase contained the enzyme in a phosphate buffer, using

pan 80 as an emulsifier. Electrospinning conditions and spun solu-
ion composition were optimized in order to obtain well-defined

bers free of beads [22]. Electrospun fibrous membranes were
repared using the apparatus previously described [23]. All experi-
ents were carried out in air at room conditions (21 ± 2 ◦C, 42 ± 2%

H).
mistry 50 (2015) 885–892

2.2. Porosity and pore size

According to Veleirinho et al., the porosity of the nanofibrous
membranes was measured considering the bulk density of PCL as
1.145 g/cm3 [23]. The pore diameters were measured using a cap-
illary flow porometer (Porometer 3G, Quantachrome Instruments,
Boynton Beach, USA). The samples were cut in small circles with
25 mm of diameter and the thickness was  measured using a digital
micrometer (model MDC-25S, Mitutoyo Corp., Tokyo, Japan).

2.3. Membrane structure properties

2.3.1. Membrane thickness
Electrospun membrane thickness was measured in each mem-

brane sample using a digital micrometer (no. 293-561, Mitutoyo,
Japan) with ±0.001-mm accuracy. The average thickness of the
membranes at five random positions was  adopted as the mean
thickness of the membrane and was  used to calculate swelling, and
mechanical values [24].

2.3.2. Differential scanning calorimetry (DSC) and
thermogravimetric (TGA) measurements

Differential scanning calorimetry (DSC) measurements were
performed with a Shimadzu DSC-50 (Shimadzu Corporation, Kyoto,
Japan) calibrated with Indium as standard. Ca. 10 mg  of the sam-
ple was placed in aluminum DSC pans (Al crimp Pan C.201-52943).
According to Cerqueira et al., the measurements were performed
between 20 and 250 ◦C at a heating rate of 10 ◦C min−1 under a
nitrogen atmosphere. An empty pans used as reference [25]. Data
were treated using TASYS software (Shimadzu Corporation, Kyoto,
Japan). Enthalpy was calculated using the area of the peaks between
the onset temperature and the end set temperature. The heating
scan made possible the determination of the enthalpy of melt-
ing (�Hm) and the melting peak (Tm). Thermogravimetric analysis
(TGA) was completed with a Shimadzu TGA-50 (Shimadzu Corpo-
ration, Kyoto, Japan). Samples were placed in the balance system
and heated from 20 to 580 ◦C at a heating rate of 10 ◦C min−1 under
a nitrogen atmosphere.

2.3.3. Swelling degree (SD)
The initial mass (mi) of a circular cut (d = 12 mm)  of the mat

was quantified after the membrane was  stabilized under controlled
humidity at 53% and room temperature; the sample was subse-
quently immersed in 100 mL  of stirred distilled water at 25 ◦C with
agitation for 24 h. The wet sample was withdrawn from the bath
and carefully blotted between filter paper to remove the excess
water from the surface and reweighed (mf). The swelling degree
(SD) was measured in terms of the amount of absorbed water rel-
ative to the initial mass (Eq. (1)). The swelling was  evaluated for a
maximum period of 5 days. These trials were performed in triplicate
according to the methodology described by Fajardo et al. [26,27].

SD = mf − mi

mi
(1)

2.3.4. Contact angle measurements
The PCL membrane surface was  characterized by contact angle

measurements using a tensiometer OCA 15 Plus dynamic (Dat-
aPhysics Instruments) using ultra-pure water, formamide and
ethylene glycol as standards.

2.3.5. Mechanical properties

Mechanical tests were performed at room temperature with

the objective of evaluating elongation-at-break (EB) and tensile
strength (TS). The tests were performed in an Instron Univer-
sal Testing Machine (Model 4500, Instron Corporation, USA)
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Table 1
Calorimetric analyses data.

Sample Melting
temperature
(◦C)

Onset
temperature
(◦C)

Endset
temperature
(◦C)

�H (J g−1)

PCL
1 64.12 52.97 75.06 79.35
2 62.83 47.36 47.00 77.85
3 65.07 52.22 76.69 79.82

E-PCL
A.J. Martins et al. / Process 

ollowing the guidelines of ASTM Standard Method D 882-91 [24].
S was calculated by dividing the maximum load (N) by the initial
ross-sectional area (m2) of the specimen. EB was calculated as the
atio of the final and initial length of a specimen, and expressed
s a percentage. Samples with a length of 50 mm and a width of
0 mm were used, the ends of the rectangular specimens were
ounted vertically on mechanical gripping units of the tensile

ester. The force and deformation were recorded during extension
t 5 mm min−1. Measurements of TS and EB were replicated three
imes for each type of membrane.

.3.6. Scanning electron microscopy (SEM)
The morphology of the membranes was examined using a scan-

ing electron microscope (Nova NanoSEM 200, Netherlands) with
n accelerating voltage from 10 to 15 kV. Before analyses, all sam-
les were mounted on aluminum stubs using carbon adhesive tape
nd sputter-coated with gold (thickness of about 10 nm).

.4. Transport properties

.4.1. Apparatus and solution preparation
Release measurements were performed in a functional

iquid–liquid diffusion system (Fig. 1). This system is based in two
crylic diffusion cells, each one with two distinct compartments:

 donor chamber and a receiver chamber, which are separated by
he nanofibrous membrane. In order to promote the homogeneity
f the liquid phase in both compartments, the receiver chamber
as flow recirculation (peristaltic pump set with a selected flow
f 10 mL/min) and in the donor chamber a magnetic stirring bar
as applied (Fig. 1). Bovine Serum Albumin (BSA), Lysozyme (Lys)

nd Lactoferrin (Lact) were used as solutes; solutions with con-
entrations of 1 mg  mL−1 were prepared in phosphate buffer of
H ∼ 7.4 (BSA and Lys) and pH ∼ 5.4 (Lact), sodium azide was added

n a 0.05% to prevent microbial growth and benzamidine was also
dded to inhibit trypsin activity. The collected samples were ana-
yzed at the collection time by colorimetric protein determination

ethod (Bradford) using ELISA equipment. Samples from the donor
hamber were also collected and analyzed to monitor the oper-
tional conditions (pH; protein concentration) during the course
f the experimental work. The ENf mats used were: polycapro-
actone simple nanofibrous membrane (PCL) and polycaprolactone
anofibrous membrane with encapsulated trypsin (E-PCL).

.4.2. Diffusion modeling
The linear superimposition approach assumes that the observed

ransport of molecules within the polymer can be described by
umming molecules transported due to Brownian motion with
olecules transported due to polymer relaxation [28]:

t = Mt,F + Mt,R (2)

Presented in Eq. (2) above M(t) is the total amount of active
ompound released Mt,F and Mt,R are the contributions of the Fick-
an and relaxation processes, respectively, at time t. Mass transport
elated to Brownian motion in a thin slab membrane immersed in a
ufficiently large amount of water, can be described by the solution
f Fick’s second law for a plane sheet with constant boundary con-
itions [29]. Hence, compounds release from a polymer slab can be
escribed by:

t = M∞,F

[
1 − 8

�2

∑∞

n=0

1

(2n  + 1)2
exp(−(2n + 1)2kF t)

]

∑

+

i
M∞,Ri[1 − exp(−kRit)] (3)

here kF and kR are Fickian diffusion and relaxation rate constants,
espectively.
1 62.70 43.43 74.63 60.64
2  62.11 39.44 77.91 51.31
3 64.14 49.40 76.30 65.96

The equations mentioned (Eqs. (2) and (3)) throughout the
text, were fitted to data by non-linear regression analysis, using
a package of STATISTICATM v 7.0 (Statsoft. Inc., USA). The quality
of the regressions was evaluated on the basis of the determination
coefficient, R2, the squared root mean square error, RMSE (i.e. the
square root of the sum of the squared residues (SSE) divided by
the regression degrees of freedom) and residuals visual inspection
for randomness and normality. R2 and SSE were obtained directly
from the software. The precision of the estimated parameters was
evaluated by the Standardized Halved Width (SHW%), which was
defined as the ratio between the 95% Standard Error (obtained from
the software) and the value of the estimate.

2.4.3. Filtration performance
The percentage of rejection promoted by the ENf was evalu-

ated during the diffusional trials of the selected compounds. The
relationship used to calculate the filtration performance was  the
following one:

Rejection % = cf − cp

cf
× 100 (4)

where cf and cp represent the protein concentration of the feed
solution and that of the permeate solution, respectively.

3. Results and discussion

3.1. Differential scanning calorimetry (DSC) test results

Melting temperatures for the various thermal effects as well
as the associated enthalpy changes studied are given in Table 1.
The main difference resides in the enthalpy change values that
reached higher values for the PCL membranes. Most of the DSC
thermograms (Fig. 2) exhibited early endothermic events in the
temperature range between 55 and 80 ◦C. Enthalpy change values
in the range of 78 and 80 J g−1 were registered for PCL membrane,
while lower values for the E-PCL membrane were observed; this
fact may  indicate a slight decrease of crystallinity in the E-PCL
nanofibrous mats, possibly resulting from the level of entrapment
of the enzyme or enzyme aggregates within the polymer fiber, this
was in fact decisive for the decrease of fiber freedom, being respon-
sible for increasing enzyme stability and for the decrease of the
enthalpy value. Data also confirm the inexistence of water on both
nanofiber mats.

3.2. Thermogravimetric (TGA) measurements

Thermogravimetric analysis provided information about the
weight loss profile for each membrane, also helping to under-

stand the thermal behavior of encapsulated trypsin within the
nanofibers. The results show a single mass loss event for all repli-
cates, the weight loss being more effective in the PCL membrane
(10.10 ± 0.28 mg), which is composed only by polycaprolactone
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Fig. 1. Schematic diagram of the experimental apparatus for diffusion trials: (A) illustrative scheme and (B) scheme description.

d at a heating rate of 10 ◦C min−1 under nitrogen atmosphere.

n
s
9
e
o
f
s

3

b
a
a

T

Table 2
Swelling degree (SD) values (g H2O g−1 membrane) for PCL and E-PCL membranes.

Sample Average SDinitial Average SDfinal

PCL 0.12 ± 0.07 0.07 ± 0.05
Fig. 2. DSC scans of the six analyzed membranes, obtaine

anofibers (Fig. 3). In the case of E-PCL, where the nanofibers
erve as encapsulating system for Trypsin the weight loss was
.35 ± 0.16 mg,  corresponding to 80% of mass loss. This difference,
videnced in Fig. 3, suggests that the entrapment of the enzyme
r enzyme aggregates within the polymer fibers will decrease its
reedom to move, reducing auto-proteolysis and increasing enzyme
tability that can induce a more efficient resistance to degradation.

.3. Swelling degree (SD)

The swelling degree (SD) was evaluated using disks cut from
oth membranes with average diameter of 12 mm,  and with

verage membrane thickness of 0.089 mm and 0.138 mm for PCL
nd E-PCL membranes, respectively.

All membranes kept their integrity after immersed in water.
he general visual appearance of PCL membranes was  similar to

Fig. 3. TGA ther
E-PCL 2.71 ± 0.11 0.02 ± 0.02

the original scaffold; in contrast the E-PCL membrane displayed a
“swollen”-type morphology, as seen in Table 2. The SD values were
in line with the high hydrophobicity of the PCL membranes (as dis-
cussed in Section 3.4) in contrast with those of E-PCL; for E-PCL
after immersion, SD values were in the range of 2.5–2.9 g H2O g−1
membrane, while for PCL SD values were in the range of 0.02–0.19 g
H2O/g−1 membrane. After stabilization and complete drying, E-PCL
suffered a reversible process registering values in the same range

mograms.
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Table  3
Mechanical properties of PCL and E-PCL membranes; all values are the average of
three measurements ± standard deviation.

Sample TS (MPa) EB (%)

PCL 0.24 ± 0.05 32.12 ± 1.9
E-PCL 1.28 ± 0.12 33.52 ± 2.9

Table 4
Porosity data for PCL and E-PCL.

Sample Porosity (%) Average fiber
diameter (nm)

Average pore
diameter (nm)
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PCL 60.7 187 2590
E-PCL 37 161 760

f the initial ones, however a contraction effect was  visible in the
ried E-PCL membrane.

.4. Contact angle measurement

The average ultra-pure water contact angle measured for PCL
as 134◦, revealing a high hydrophobicity of the material. It was
ot possible to measure contact angles of E-PCL membrane because
f their high affinity to all tested liquids. Increased surface energy
romoted by the polycaprolactone-trypsin entrapment in the E-
CL membrane possibly explains the lower hydrophobicity [30].

.5. Mechanical properties

Table 3 shows the values of mechanical properties of PCL and
-PCL membranes. The values for tensile strength (TS) suffer a
ignificant increase from PCL to E-PCL membranes. This increase
f mechanical stiffness can be explained by the higher molecular
rientation promoted by the protein encapsulation, which results
n strengthened bonding between adjacent PCL molecules. Data
rom TS experiments show that the decrease of nanofiber diameter
bserved for E-PCL is associated to an increase of its TS [19]. This
ncrease is not a direct consequence of fiber diameter decrease, but
ather a consequence of a higher stacking of nanofiber layers in the
tructure of E-PCL membranes (in comparison to PCL membrane);
his can be confirmed from membrane thickness measurements, as
eported above (Section 3.3).

.6. Transport properties in the membranes

Table 4 shows porosity data for PCL and E-PCL membranes.
esides the slight decrease in fiber diameter, a different deposition
f the electrospun fibers originated E-PCL membranes with signif-
cant lower porosity what will influence their transport properties.

.6.1. Transport phenomena of active compounds release
In order to evaluate the phenomena involved in active com-

ounds transport through PCL and E-PCL nanofiber membranes,
olecules with different molecular weights were used: Lys, BSA

nd Lact with 14 kDa, 66 kDa and 80 kDa, respectively. The migra-
ion properties of these compounds through ENf membranes (PCL
nd E-PCL) were experimentally determined by measuring the Mt

s a function of time (Fig. 4).
As reported by Gosh [31], Lys is a small, compact molecule and

s more likely to behave like a rigid particle with clearly defined
harge. On the other hand, BSA being a large flexible molecule is less
ikely to behave similarly. The lower transmission of BSA through

he membrane can be attributed to partial pore blocking. Due to

 larger size of the BSA molecule in comparison with Lys, easily
ore-blocking phenomena can occur during molecular transport
cross the membrane, resulting in a larger rejection percentage.
Fig. 4. Active compounds release profiles at 25 ◦C from (A) PCL membranes and (B)
E-PCL membranes (© – Lys, � – BSA and � – Lact).

This is clearly seen in Fig. 4. Also, from Fig. 4 it can be seen that
compounds release through ENf membranes is characterized by
two different phases. Initially a rapid release of active compounds
is observed, followed by a period during which the release pro-
file becomes constant indicating a sustained release (“lag time”).
The initial quick release can be due to volume expansion of poly-
mer  when immersed in liquid media [32]. In aqueous liquid media,
depending on the nature of polymers (hydrophilic or hydrophobic),
the membranes start to hydrate causing relaxation of the polymer
chain. In the present case, it was observed that PCL membranes
(Fig. 4A) revealed a more hydrophobic behavior (which is con-
sistent with the other results described herein) and thus shows
a more pronounced release in a short period of time when com-
pared with E-PCL membranes (Fig. 4B). This effect clearly affects
the initial migration of active compounds from ENf membranes and
consequently the amount of active compounds released.

In order to assess the transport properties (i.e. diffusion and the
relaxation processes) of the PCL and E-PCL membranes, a linear
superimposition model (Eq. (2)) [28] was fitted to the experimental
data. Table 5 shows the parameters of the model after that fit-
ting procedure. The total mass released via relaxation transport
(MR) is higher than the total mass released via Fick’s transport
(MF) for both membranes (PCL and E-PCL). These results suggest

that the compounds release from ENf membranes is driven mostly
by the swelling ability of the polymer, i.e. by the configuration of
the system at any given time related to the configuration of the
maximum swelled matrix (i.e. at equilibrium) [28]. However, it is
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Table  5
Parameters of the linear superimposition model (LSM) (Eq. (2)) fitted to experimental data and evaluation of estimate precision using the SHW% (in parenthesis) and quality
of  the regression on the basis of RMSE and R2.

Molecular
weight (KDa)

Active
compound

Membrane LSM – one relaxation (i = 1)

MF kF MR kR MR/MF R2 adj RSME

14 Lys
PCL

8.34 × 10−3 1.35 × 10−1 8.45 × 10−1 1.61 × 10−1

101.32 0.97 4.80 × 10−2
(85.61%) (99.16%) (67.26%) (60.46%)

E-PCL
1.14 × 10−2 1.70 × 10−1 3.25 × 10−1 5.40 × 10−2

28.51 0.99 1.51 × 10−2
(27.81%) (33.91%) (39.51%) (39.99%)

66 BSA
PCL

7.02 × 10−2 1.97 × 10−1 7.80 × 10−1 3.26 × 10−2

11.11 0.99 8.49 × 10−3
(64.74%) (63.65%) (13.79%) (12.02%)

E-PCL
2.41 × 10−1 1.30 × 10−1 5.43 × 10−1 2.36 × 10−2

2.25 0.99 7.68 × 10−3
(34.84%) (45.02%) (16.59%) (25.24%)

PCL
8.23 × 10−3 2.59 × 10−2 6.39 × 10−1 7.89 × 10−2

77.64 0.99 1.02 × 10−2
(62.72%) (76.79%) (20.69%) (10.10%)

0 × 10
9.89%)
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parison with PCL. Even with Lys, which has a smaller size than BSA,
the behavior was similar. The porosity of the membranes acts as a
main factor when it comes to protein migration through the scaf-
folds. The larger average porosity of PCL, shown in Table 4, was
80 Lact
E-PCL

3.66 × 10−2 2.9
(68.98%) (9

ossible verify that the MR/MF, is always higher for E-PCL than for
CL membranes.

For PCL membranes the molecular weight did not affect the
otal mass released via Fick’s transport (MF), but this parameter
ecreased for increasing molecular weight compounds’ transport

n the case of E-PCL. This behavior can be explained by the lower
ydrophobicity of E-PCL membrane and the lower crystallinity
results mentioned above). As for the relaxation component of
ransport, the mass released (MR) is higher for PCL membrane
nd is not affected by the molecular weight of active compounds.
owever, for E-PCL the increase of active compounds molecular
eight increased the MR released. These results may  indicate that

ompounds are interacting with the membranes in a totally differ-
nt way. Results mentioned above showed that the reduction of
ore size and crystallinity resultant of trypsin encapsulation could
e determinant for the rate of compound migration through the
embrane, hence prompting partial clogging with the resultant of

ompound association with the nanofibers.
Fickian rate of diffusion, kF, decreased with increasing com-

ounds’ molecular weight in E-PCL membranes while in PCL
embranes this parameter is not affected by molecular weight.
Finally, the relaxation rate of diffusion, kR was similar for the

ifferent active compounds in both membranes. This should be
xpected since this is a property of the polymer and not of the
olecule diffusing through polymer [33,34].
From a mathematical point of view, a good agreement between

he model-generated and experimental values was  found for all
ested conditions, suggesting that this model is able to describe
he experimental data and, hence, the physical mechanism of the
ransport phenomena involved here. Fig. 5 shows an example of
he fitting of Eq. (2) to the experimental data of active compounds
elease kinetics (in this case, of BSA from PCL membrane (Fig. 5A)
nd of Lys from E-PCL membrane (Fig. 5B)).

.7. Filtration performance
Regarding filtration performance of the ENf membranes, data
n Table 6 show that in general PCL membranes revealed a

ore efficient transport of molecules from the feed phase to the

able 6
ejection percentage of active compounds (1 mg  mL−1 at pH 7.4) obtained in the
iffusional trials with simple PCL and E-PCL membranes.

Sample Lys BSA Lact

PCL 0.0% 7.8% 22.5%
E-PCL 1.4% 13.9% 38.9%
−2 5.72 × 10−1 2.90 × 10−2

15.63 0.99 8.02 × 10−3
 (13.96%) (97.88%)

permeate phase than their E-PCL counterparts. The migration of
BSA was more effective with the PCL membrane (the value of
rejection with E-PCL was  almost doubled). The migration of Lys
was virtually complete (only a low percentage of rejection was
registered with E-PCL). The filtration performance allows us to
understand that E-PCL revealed more retention of solute in com-
Fig. 5. Fitting of Eq. (2) to: (A) BSA controlled release experimental data from PCL
membrane and (B) Lys controlled release experimental data from E-PCL membrane
(experimental results (©); model-generated values (�)).
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Fig. 6. SEM micrographs of (A) PCL membrane with Lact fouling after d

he main responsible factor for the lower percentage of protein
ejection (retention) and the reverse effect is observed in E-PCL.
he molecular weight of the proteins was also responsible for the
ifferences of retention.

.8. Membrane morphology

Scanning electron microscopy allows visualizing the morpho-
ogical structure of the membranes, mainly the size and the porosity
f the membrane matrix (Fig. 6A and B). It is also possible to observe
he retention of compounds after the release experiments. In this
ase, Lact release from PCL membrane was shown as an example
Fig. 6A). In Fig. 6B, data regarding the E-PCL nanofiber diame-
er are presented. These images corroborate the results described
bove, mainly the retention of compounds at the membrane’s sur-
ace after the diffusional tests; the difference in the porosity of both

embranes and the similar average fiber sizes is also noticeable.

. Conclusions

It was demonstrated that nanoencapsulation of trypsin in PCL
Nf produced a different scaffold in terms of mechanical, surface
nd transport properties. These E-PCL membranes revealed a much
ifferent behavior in the presence of an aqueous phase, a higher
ffinity to water, as well as a better mechanical resistance. E-PCL
embranes also revealed an average weight loss of 10% lower than

CL membranes and a lower melting enthalpy change value, in
pite of both melting peaks being in the same range. The signifi-
ant difference in average pore diameter was an important factor
n terms of solute permeability, making this E-PCL membrane a
uitable filter for specific high molecular weight particles.
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