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ABSTRACT ARTICLE HISTORY
Natural rubber latex biomedical (NRLb) obtained from the rubber Received 28 June 2017
tree Hevea brasiliensis has shown great potential in biomedicine and Accepted 5 September 2017
biomaterial applications. NRLb has been utilized as a physical barrier KEYWORDS

against infectious agents and in the controlled re_:lease; of drugs.a_md Lyophilized membrane;
extracts. In the present work, NRLb was polymerized in a lyophilizer natural rubber latex; drug
using different volumes of water to control the resultant membrane delivery; biomaterial;
porosity and characterized regarding the surface morphology, water thermally Induced Phase
vapour permeability (WVP), mechanical properties, haemolytic activity Separation (TIPS)

and cytotoxicity. The release of bovine serum albumin protein from

the latex membranes was evaluated. Drug release rates increased with

porosity and membranes were able to control protein release up to 12 h.

In addition, WVP increased with the quantity of pores. The cell viability

observed for the porous membrane was higher than that noted for

conventional membranes. In summary, the porosity control of natural

latex membranes can be used to modulate properties and make them

suitable for biomedical applications, such as wound dressings, modulated

gas-exchange membranes and controlled drug delivery systems.

1. Introduction

Natural rubber latex (NRL) is obtained from the Brazilian rubber tree Hevea brasiliensis.
NRL is a colloidal system comprising 50% water, 30-45% rubber particles (cis-1,4-polyiso-
prene), and 4-5% non-rubber constituents (such as proteins, lipids, and carbohydrates) [1].
The non-rubber components play an important role in stabilizing the latex particles and
in contributing to the outstanding properties of NRL [2]. To obtain latex serum and latex-
based membranes, conventional protocols have employed chemicals compounds, such as
sulphur and carbamates [3]. However, the materials obtained by these methods have been
associated with allergic reactions and cytotoxicity. As an alternative to the materials prepared
via conventional methods, natural rubber latex biomedical (NRLb) materials have been
used for biomedical applications. NRLb has been shown to be biocompatible and can both
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stimulate angiogenesis and the formation of extracellular matrices and promote cellular
adhesion and tissue replacement and repair [4].

Researchers have used NRLD as a passive biomembrane for bone repair. In this applica-
tion, the latex biomembrane is applied to bone fractures to prevent the migration of epithe-
lial cells and connective tissue and to facilitate the migration of regenerative cells [5]. Other
biomedical applications include the treatment of pressure ulcers [6] and diabetic ulcers [7],
among others [8]. This natural latex has also been used to stimulate neovascularization
and organized tissue growth in different organs and tissues and has been shown to be an
innocuous material that is not rejected by the body. These characteristics make this latex an
excellent candidate for developing solid matrices as delivery systems. Pharmaceutical studies
on NRLb have specifically shown promising results for its use as a matrix as a delivery system
for metronidazole, nicotine, Stryphnodendron sp. (S. barbatiman in particular), extracts
from Casearia sylvestris, nanoparticles, diclofenac, and bovine serum albumin (BSA) [9].

Despite the many applications of NRLDb, the effect of porosity on membrane properties
has not been completely evaluated. Here, we developed a new method to produce latex
membranes via lyophilisation, which allows control of membrane porosity through the
addition of different volumes of water. This ability to control the pore structure enabled us
to control drug release and gas diffusion through the membrane.

2. Materials and methods
2.1. Production of NRL membrane

The NRL used in the present study was extracted by BDF Rubber Latex Co., Ltd. (a pro-
ducer and distributor of concentrated rubber latex), Guaranta, Brazil. The latex, which
was extracted from H. brasiliensis, consisted of a mixture of two clones (RRIM 600 and
PB 235). After extraction, ammonia was used to maintain the latex in liquid form. It is the
most used anticoagulant and displays biocidal effects. The use of ammonia sustains the pH
slightly alkaline and maintains the stability of the latex (anionic) [10,11]. This material was
centrifuged at 19,000 rpm to reduce the amount of proteins in the natural latex that can
cause allergic reactions [9,12]. The natural latex dispersion consisted of 0.22% proteins;
27% of these proteins were removed during the deproteinization process, yielding an NRLb
membrane with 0.16% proteins [13]. The proteins responsible for allergic reactions have a
molecular weight of about 14 kDa which are separated by centrifugation [14].

Membranes were prepared using the casting method. For this purpose, the latex (0.5 mL)
was diluted with different volumes of deionized water (1:1, 2:1, 3:1, 4:1 or 5:1 water:latex
ratio). One control sample was also prepared without adding water. After homogenization,
the diluted latex dispersion were deposited on circular glass plates (22.3 mm in diameter),
coated with liquid nitrogen for 2 min and lyophilized for 24 h. The samples were labelled
according to their water:latex ratio, as follows: M_0 (without addition of water), M_1 (1:1),
M_2(2:1),M_3(3:1), M_4 (4:1) and M_5 (5:1). A conventional membrane (CM_37 °C) was
also prepared by pouring the latex dispersion onto a circular glass plate and polymerizing
at 37 °C for 48 h [9]. Polymerization of the latex occurs instantaneously upon evaporation
of the water at 37 °C, either through liophilization [15].

For the release studies, 1 mg BSA was added in 0.5 mL of latex dispersion and different
volumes of deionized water before polymerization [16].
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2.2. Scanning electron microscopy

The surface morphology of the NRLb membranes was evaluated by scanning electron
microscopy (SEM; Zeiss' EVO 50, Germany) at an accelerating voltage of 20 kV and a
take-off angle of 35°.

2.3. Water vapour permeability

Membrane water vapour permeability (WVP) was evaluated using the adapted gravimetric
method proposed by Akhgari et al. [17], Prezotti et al. [18]. Circular sections of the mem-
branes were carefully affixed to the top of permeability cups (70 mm tall, tinted glass bottles)
closed with perforated lids (7 mm-radius holes) and containing 10 mL of purified water
(100% relative humidity). An empty cup was used as control. Each sealed permeability cup
was accurately weighted (+0.0001 g) before being placed in a desiccator containing silica
gel (0% relative humidity) under vacuum. The permeability cups were weighed every 24 h
for five days to evaluate mass loss (g) vs. time (h). All membranes were tested in triplicate
and the WVP was calculated using the following equation:

wx

WVP =
t AP,(RH, — RH,)

where WVP is the water vapour permeability (g mm/m? h kPa); w/t (g/h) is the water
vapour transmission flux, i.e. the slope of the curve for mass loss vs. time (g/h); x is the
membrane thickness (mm); A is the area of the membrane exposed to the permeate (m?);
P, is the vapour pressure of pure water (3.159 kPa at 25 °C); and (RH, — RH,) is the relative
humidity gradient [17].

2.4. Mechanical properties

The mechanical properties (such as the puncture strength (PS) and elongation at break
(E,)) of the membranes were evaluated using a texture analyser (TA-TX Plus, Stable Micro
Systems, Ltd., UK) using a compression test mode. For this purpose, sections of the mem-
branes were fixed between circular plates of a film support rig (with a 10 mm-diameter film
holder hole). The puncture probe used had a spherical ball tip (5 mm in diameter; code SMS
P/5S). Graphs of force (N) vs. distance (mm) were recorded until membrane rupture using
the following parameters: a pre-test speed of 2 mm/s, a test speed of 1 mm/s, a trigger force
of 0.98 N and a break sensitivity of 0.0049 N. The mechanical properties were calculated
according to the following equations [19]:

23|

PS = max
ACS

where PS (MPa) is the puncture strength, F__(N) is the maximum force exerted to break
the membrane and A (m?) is the cross-sectional area of the membrane exposed between
the circular plates of the film support rig (A = 2rd, where r is the radius of the hole and §
is the membrane thickness), and

Vit+dt—r

E, = X 100
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where E, (%) is the percentage of elongation at break,  (mm) is the radius of the membrane
exposed between the circular plates of the film support rig and d (mm) is the distance rep-
resenting the displacement of the probe from the contact point with the membrane until
rupture. All membranes were tested in triplicate.

2.5. Release assay

BSA was used as a model drug to evaluate the release profile from the porous membrane
and its efficiency compared to the conventional membrane.

The release assay was performed in 10 mL of deionized water containing a BSA-
incorporating latex membrane and maintained under constant agitation at 110 rpm and a
controlled temperature of 37 °C. Briefly, 30 uL aliquots were removed at pre-determined
intervals until the release profile stabilized. The samples were analysed using high-
performance liquid chromatography (HPLC) (Shimadzu model LC-10A/C-47A, Japan)
in analytic mode under the following conditions: Solvents A (0.045% trifluoroacetic acid
(TFA) in H,O) and B (0.036% TFA in acetonitrile (ACN)) in a 5-95% (v/v) Solvent B gra-
dient over 30 min at a flow rate 1 mL/min in a C; KROMASIL (15.0 x 0.46 cm column)
and UV detection at 220 nm.

Characteristic peak areas were compared with those of controls (1 mg/mL BSA) to cal-
culate the masses of released proteins.

2.6. Haemolytic assay

The interactions of the NRLb membrane produced using the conventional method at 37 °C
(CM_37 °C) and the porous membranes produced via the proposed method (M_1, M_3,
and M_5) with red blood cells were studied using haemolytic activity assays. Specifically,
the components released by the latex membranes were evaluated based on damage to the
membranes of red blood cells NEW PROV, code: 1189, Parand, Brazil).

The haemolytic activity of the materials (CM_37 °C, M_1, M_3 and M_5) was investi-
gated according to a protocol described by Onuma et al. [20], with modifications, including
use of sheep red blood erythrocytes.

The different membranes were incubated in phosphate-buffered saline (PBS) at pH 7.4
for 24 h at 0.2 g/mL. The eluate solutions from the membrane incubations were used to
determine the haemolysis percentage.

The membrane samples were subsequently incubated in 50 pL of extract and 50 pL of
erythrocyte solution at 37 °C for 1 h. Subsequently, the tubes were centrifuged at 3000 rpm
for 3 min, and 50 pL aliquots of supernatant were pipetted into 96-well microplates.
Absorbance measurements at 540 nm were determined using a microplate reader (BioTek,
Epoch model). A 100% haemolysis value was determined using 50 pL of PBS with 100 pL
of Triton X-100 at 1% (v/v), and a 0% haemolysis value was obtained using 100 uL of buffer.
The experiments were performed in triplicate.

2.7. Cell culture

MC3T3 E-1 subclone 14 cells were acquired from the Rio de Janeiro Cell Bank (NCE/
UFR], Brazil). The cells were grown in complete growth medium comprising minimum
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essential Eagle’s medium (Alpha-MEM) (Thermo Fisher, USA), 10% foetal bovine serum
(FBS; LGC Biotechnology, Brazil) and antibiotic-antimycotic (100 ug/mL penicillin G, 100
U/mL streptomycin sulphate, and 0.25 pg/mL amphotericin B; Sigma-Aldrich). The cells
were dissociated with TrypLE enzyme (Thermo Fisher, USA) following washing with PBS.
The cultures were incubated in a humidified atmosphere containing 5% CO, at 37 °C.

2.7.1. Cytotoxicity assay

The cytotoxicity assay was performed according to the International Standard Organization
(ISO) 10993, parts 5 and 12. Membranes, negative control (cell culture polystyrene), and
positive control (PC, latex glove) were incubated in complete growth medium at 0.2 g/mL
(100% eluate) for 24 h at 37 °C in 5% CO,. The eluate (complete growth medium with the
leachable extracted substances) was applied at concentrations of 100, 80, 60 and 40% (diluted
with complete growth medium). The aim of this study was to evaluate the cytotoxicity of
soluble latex components (proteins, carbohydrates and others). A latex glove (LG) was used
for comparison.

Cells were seeded at a density of 10* cells/well and incubated overnight. The culture
media were then replaced with the above-described test solutions, followed by incubation
for 24 h. All cytotoxicity assays were performed under sterile conditions. The evaluation of
cytotoxicity was performed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetra-
zoliumbromide; Sigma- Aldrich). Briefly, the eluate samples were removed, 100 pL of fresh
culture medium was added along with 10 pL of MTT (5 mg/mL), and the cells were incu-
bated for 4 h at 37 °C and 5% CO,. The supernatants were then removed, and the formed
formazan crystals were solubilized with 100 pL of DMSO. Absorbance measurements were
recorded at 570 nm with a reference wavelength at 690 nm. Cell viability is expressed as a
percentage relative to the negative control, and the results are expressed as means + standard
errors. The results were statistically analysed by one-way ANOVA (Bonferroni post hoc test,
n = 3; significance was considered for p < 0.05).

3. Results and discussion

In this work, the NRLb membranes were prepared without using such cross-linking agents
as carbamates and sulphur; these compounds are known to cause allergic and cytotoxic
reactions [21]. The membranes were polymerized in a lyophilizer, and different volumes of
water were added to control the porosity. The porosity and the size of the pores increased
with the increase in the water volume used during membranes preparation.

Westall et al. [22] evaluated the molecular weight distribution (MWD) of NRL. The
distributions showed bimodal distribution with fractions ranging from 70,000 g/mol to
2,500,000 g/mol. Kovuttikulrangsie and Tanaka [23] showed that the average molecular
weight (MW) of natural latex from virgin trees ranged from about 330,000 to 1,200,000 g/
mol. The polymers from tree clones of 25-year-old had average molecular weight (MW)
between 670,000 and 3,000,000 g/mol. Kovuttikulrangsie and Sakdapipanich [24] showed
that the MW and MWD of natural latex depended on the age and clone of rubber tree.
The authors observed a unimodal distribution with a small variation in MW and narrow
MWD of different clones. The MW reduction of a polymer occurs under the influence of
environmental factors such as heat, light or chemicals such as acids, alkalis and some salts.
Head and Lauter [25] observed MW degradation of natural polymers using ultrasonication,
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while Chae et al. [26] evaluated the influence of MW on oral absorption of water-soluble
chitosans. In these studies, it was not observed that the water addition in the natural latex
solution affected the MW and MWD.

3.1. Scanning electron microscopy

The influence of the addition of water to the latex dispersion before lyophilization was eval-
uated by SEM. Photomicrographs (Figure 1) show that the number of pores was directly
proportional to the volume of water added during the membrane formation process. An
increased porosity was most evident for sample M_5, which had the highest water:latex
ratio (5:1). The membrane obtained without adding water (M_0) showed small pores, likely
formed from the water molecules inherent within the latex. The membrane prepared using
the conventional method (CM_37 °C) was notably lacking pores.

These results indicate that the thermally induced phase separation method (TIPS) used
by Herculano et al. [15], Lloyd et al. [27] was also efficient using the lyophilizer. Freezing
of the water contained or added to the latex and subsequent sublimation leads to pore
formation in the places where the water crystallized (Figure 2).

Issarayungyuen et al. [28] also have developed highly porous latex using the foaming
agent ammonium oleate, which enables incorporation of air into the latex when stirred
vigorously. Our work presents an advantageous method that does not require the use of
such foaming agents.

CM_37°C

EHT=20.00kV  Mag=

EHT = 20.00 kV

Mag =

EHT = 20.00 kV Mag =

EHT=2000kV  Mag= 500X — EHT=20.00kv  Mag= 500X — EHT=20.00kV ~ Mag= 500X

Figure 1. Micrographs of the membranes at 500, evidencing increased porosity as the volume of water
increased.
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Lyophilizer

Water
molecule (Gas) M Ice crytal B Pore

Figure 2. Method of manufacturing porous membranes using lyophilizer with different amounts of water.
Note: The membrane M_5 (5:1) had highest pore size.

3.2. Water vapour permeability

The physicochemical properties of the different membranes were evaluated. A mass loss
versus time graph (Figure 3) showed linear relationships for all membranes, indicating that
the permeation flow of water through the membrane was constant. However, the rate of
permeation increased with pore size (due to the water:latex relationship addressed above).

The WVP values are presented in Table 1. As expected, the CM_37 °C showed a lower
WYVP value than the other freeze-dried membranes. In general, the greater the volume of
water added, the higher the porosity and WVP values due to the facilitated diffusion of water
molecules through the membrane structures. These results were in accordance with those
presented by Pichayakorn et al. [29], who showed that a high water flux was correlated with
a higher porosity for membranes obtained from deproteinized NRL and polymer blends.

It was observed that the membrane produced by the conventional method (CM_37 °C)
had no pores and therefore 0% permeability. The membrane M_1 (1:1) has higher pore
density on the surface than other membranes. However, M_1 has smaller pores that lead
to a decreased permeability. Membrane M_5 displays the largest porosity and thus the
highest permeability.

3.3. Mechanical properties

The mechanical properties of the membranes are presented in Table 1. The lyophilized mem-
branes showed PS values ranging from 1.07-1.88 MPa, and these values were lower than the
value observed for the conventional membrane, CM_37 °C (2.40 MPa). Additionally, Table
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Figure 3. Permeation flow of water through the different membranes.

Table 1. Results for the water vapour permeability (WVP), puncture strength (PS) and elongation at
break (E,) of the membranes (n = 3; mean + SD).

Membrane WVP (g mm/m? h kPa) PS (MPa) E, (%)

CM_37°C 0.000040 + 0.000005 2.40£0.50 361.40 +30.10
M_1 0.019500 + 0.007800 1.88 £0.24 456.13 £20.67
M_2 0.034500 £ 0.011000 1.66 +0.23 495.11 £ 2231
M_3 0.036700 % 0.005600 1.47 £0.25 531.67 £25.96
M_4 0.050800 + 0.023400 1.31+0.09 481.93 +41.82
M_5 0.060600 %+ 0.017900 1.07 £0.07 487.82 +£09.35

1 shows that the PS decreased with increasing porosity (water:latex ratio). M_5 presented
the lowest PS, likely due to its higher porosity, weakening the membrane’s mechanical
resistance. The PS values obtained in this work were up to 10x greater than those reported
by Pichayakorn et al. [30] (PS = 0.23 MPa) for a membrane formed from deproteinized
NRL obtained from H. brasiliensis. This difference could be attributed to the absence of
proteins in the polymer.

The E, values showed a different behaviour: for lyophilized membranes, these values were
larger than the value observed for the conventional membrane. However, the E, values of
the lyophilized membranes were similar. The PS and E, ranges observed for the lyophilized
membranes may make these membranes suitable for transdermal patch applications.

3.4. Release assay

To evaluate the porous effect and the application of the membranes as drug delivery systems,
in vitro drug release tests were performed in deionized water using membranes CM_37 °C,
M_1, M_3, and M_5 containing BSA. The obtained release profiles are shown in Figure 4.
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Figure 4. In vitro BSA release profile for the latex membranes.

The amount of BSA released was quantified by HPLC at 220 nm. Membrane CM_37 °C
presented a burst release within the first 1 h, with 43% of the total BSA released. The conven-
tional membrane does not contain pores on its surface and thus releases absorbed molecules
suddenly (burst release). This phenomenon overestimates release values at the beginning of
release assays [31]. After this burst, only 6% of the BSA eluted into the solution (0.44%/h)
until 12 h, with a total BSA mass release of 49%. The burst release observed from the con-
ventional membrane (CM_37 °C) was not observed for the porous membranes. Instead,
these membranes slowly released BSA over the entire assay period. This can be due to the
large number of pores, which could store the BSA inside the polymeric matrix. The release of
BSA in these membranes showed two stages. The first was linear until 3 h, with drug release
of 37, 37 and 55% for M_1, M_3 and M_5, respectively. Correspondingly, smaller initial
releases were observed (due to the lower protein content on the surface) when compared
with conventional latex membrane. In addition, the comparison between the membranes
M_1 and M_5 showed that tuning the porosity allows control of the initial release. This
controlled initial release allows that a fraction of the compound rapidly leads to the desired
therapeutic concentration of the drug. Afterwards, the release decreases but continues for
up to 12 h (maximum time of evaluation). The release after the first 3 h was dependent on
porosity, with higher porosity correlating to higher release. The release speed was 1.4, 2.8
and 3.8%/h for M_1, M_3 and M_5, respectively. This result shows that the release of BSA
increases almost 3 times with the porosity. This drug release behaviour sustains the dose
of compounds and it could enable reaching the desired drug concentration. It is important
to maintain drug concentration in the blood or in target tissues for as long as possible. In
these membranes, higher levels of BSA were incorporated into the inner portions due to
the membranes higher porosity. The release profiles for M_1, M_3 and M_5 also showed
that after 12 h, 52, 64 and 88% of the total initial BSA was released, respectively. This data
shows correlation between larger porosity and higher release of the entrapped drug.
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3.5. Haemolytic assay

Once porous natural latex membranes are promising material to be used in biomedical
applications, it is important to evaluate the influence of the porosity on their toxicity. The
haemolytic activity assays of the components released by the latex membranes were eval-
uated based on damage to the membranes of red blood cells (NEW PROV, code: 1189,
Parana, Brazil).

The tests were conducted using 24 h cumulative extracts from the membranes. Under
these conditions, the NRLb membranes (conventional or porous) presented no haemolytic
effects, indicating no detectable effects on the red blood cell membrane (Figure 5). Red col-
ouration of the supernatant was not observed, i.e. no haemoglobin was released, indicating
that the red blood cells remained intact. These results were similar to those found by studies
that used calcium phosphate (Ca/P) or oxytocin-coated natural latex membranes [13,32].

3.6. Cytotoxicity assay

The cytotoxicity assay was performed according to ISO 10993, parts 5 and 12, by extraction
of the membrane and exposure to cell cultures [33]. The presence of cytotoxic leachates was
indicated by decreased cell viability. The extraction method was standardized by mass to
avoid differences due to density caused by the different porosities in the membrane samples.
According to ISO 10993-5 [34], a reduction in cell viability by more than 30% is considered
a cytotoxic effect. At no dilution, the eluates were toxic for all samples. However, there was
a significant reduction in cytotoxicity observed for M_1, M_2 and M_3. When the eluates
were diluted to concentrations ranging from 40 to 80% in complete growth medium (v/v),
the solutions were not cytotoxic (Figure 6).

In the work of Borges et al. [35] the results were very similar to those of this work, where
the undiluted eluates (100%) presented viability of 30 to 40%. Despite our results showing
toxicity of the 100% eluate, many papers analysing NRL latex membranes in vivo have shown
excellent results in biocompatibility [36,37] and in tissue regeneration [6,7].

In the experiments with eluate dilutions (80, 60 and 40%) no cytotoxicity could be
observed. These results indicate that the membranes could be used for biological appli-
cations, where the potentially cytotoxic compounds are released slowly and diluted in the

system.
CONTROL SAMPLES
CcM_37°C M_1 M_3
0.98
HaemonS|s % HaemonS|s %

Figure 5. Haemolytic activity of extracts resulting from the incubation of membranes over 24 h.
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Figure 6. Cytotoxicity assay of membranes and MC3T3 cells.

Bacek et al. [38] compared the cytotoxicity of solutions obtained from latex and LGs. In
the present study, the LG solution presented a higher cytotoxicity than the latex solution.

Nakamura et al. [39] reported that the cytotoxicity and tissue irritancies of NRL materials
were primarily due to dithiocarbamate accelerators. Furthermore, the presence of antioxi-
dants did not show any effects. In another study, Keong et al. [40] observed no cytotoxicity
in radiation-prevulcanized NRL.

In this study, the centrifugation step used to reduce latex allergens would be suitable
for biomedical applications. Mrue et al. [37] observed normal tissue repair and angiogen-
esis when NRLb-derived membranes were applied in dogs. Almeida et al. [41] observed
the same results (i.e. the same biocompatibility and angiogenesis effects) with Hancornia
speciosa latex.

Our results agreed with these aforementioned studies and showed toxicity only at 100%
levels of eluate. These results show that the biocompatibility of lyophilized latex membranes
that slowly release latex components is comparable with that of dilute solutions.

4, Conclusion

In conclusion, this work proposes a simple methodology to prepare NRLb membranes
from H. brasiliensis, which allows porosity control, based on the amount of water added to
the latex dispersions before freeze-drying. The membrane WVP, mechanical strength and
drug release profile were dependent on the membrane porosity.
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The release profile obtained by the porous membrane is more suited for sustained drug
release, wherein an initial portion of the drug is first released and the remaining portion is
subsequently slowly released to maintain and prolong a localized therapeutic dose.

The lyophilized membranes showed lower cytotoxicity and haemolytic activity than the
conventionally prepared membrane, CM_37 °C. These results indicate that the produced
membranes may be used in a number of biomedical applications, such as wound dressings,
modulated gas-exchange membranes, and controlled drug delivery systems.
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