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The development of drug delivery systems for photodynamic therapy (PDT) is increasingly 
demanded due to the hydrophobicity presented by most of photosensitizers molecules. Bacterial 
cellulose (BC), a highly pure cellulose produced by bacteria, possesses the essential features for 
applications in drug delivery systems, such as large surface area and excellent loading capacity. BC 
membranes prepared containing a photosensitizer, chloroaluminum phthalocyanine (ClAlPc), were 
tested aiming applications as a drug delivery system for PDT skin cancer protocols. BC membranes 
production was optimized regarding thickness and optical transmission. Thinner membranes lead 
to higher relative incorporation efficiencies. Skin permeation and retention in vitro tests were 
performed by using pig’s ears as a skin model. ClAlPc was retained at stratum corneum and 
epidermis/dermis, showing adequate properties for topical administration of ClAlPc. Photophysical 
studies showed that singlet oxygen production was not affected for ClAlPc compartmentalized in 
the BC array. BC-ClAlPc membranes did not present cytotoxic effects in vitro.
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Introduction

A variety of new approaches and therapeutic protocols 
has been emerging in the last years as a consequence of the 
progresses in the field of applied nanobiotechnology to treat 
a huge spectrum of diseases, through improved targeting or 
delivery of the therapeutic agent. In the case of application 
for cancer therapeutics, these innovative technologies tend 
to be less invasive and more effective when compared with 
the most conventional antitumor treatment techniques: 

surgery, radiotherapy and chemotherapy.1-3 Photodynamic 
therapy (PDT) has been focus of intense research during 
the last decades as an emerging therapeutic modality. 
Despite the fact of being a novel technique, PDT is a 
well-established procedure mainly used in the treatment 
of neoplastic and non-neoplastic diseases.4 This therapy is 
focused mainly in skin cancer treatment, from early stage 
until melanoma one (there is no indication for the use of 
this therapy to treat melanoma). PDT is already used as a 
clinical tool for treating tumors and a considerable number 
of pathological conditions, such as arthritis, skin disorders 
and many other non-oncological diseases.5-8 The technique 
is based on the injection, ingestion, or topical application 
of photosensitizer drugs (usually obtained from natural or 
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synthetic sources, in the presence of a specific drug delivery 
system) followed by visible light activation.9 The classical 
photosensitizers are chemical compounds, which absorb 
visible light in a specific wavelength. Upon irradiation, 
the photosensitizer is promoted from its ground singlet 
state to its triplet excited state followed by reactions that 
occurs in a complex mechanistic pathway through classical 
photochemical reactions,10 leading to the production of 
reactive oxygen species (ROS), of which singlet oxygen is 
one of the main active species in photodynamic processes.

Most of the photosensitizers used in PDT present 
difficulty for administration in physiological environment 
due to their hydrophobicity. Therefore, it is necessary to 
develop drug delivery systems capable to overcome the 
tendency to aggregate in aqueous media.11 The development 
of new drug delivery systems based in nanobiotechnology 
has improved the therapeutic and toxicological properties 
of existing chemotherapeutic and photochemotherapeutic 
agents and fostered the implementation of new agents. A 
wide assortment of biomaterials with suitable biological 
properties is offered today as a potential tool to be used as 
a drug delivery system, but considerable attention has been 
drawn to the use of biocompatible polymers based ones. By 
combining drugs with different polymers, either synthetic 
or natural, it is possible to optimize pharmacokinetics and 
biodistribution of the agents, and, consequently efficacy and 
safety of therapy are improved.12 Additionally, the polymer 
offers protection against enzymatic, hydrolytic and other 
types of chemical degradation.13

Polymeric release systems can be designed in many 
forms, including matrices or membranes in which 
the active ingredient is dispersed or dissolved.14-16 
The administration route, carrier formulation, release 
mechanism and physiochemical properties of drug 
molecule are determinant factors, which influence on drug 
release rate and thus must be considered when selecting a 
suitable polymer of a release device.17 Moreover, the ideal 
polymers for the development of dry delivery systems 
should be chemically inert to the drug action and present 
appropriate physical features.18

Bacterial cellulose (BC) is a polysaccharide of glucose 
produced by Gluconacetobacter sp. that is superior to 
plant cellulose due to its purity and nano-morphology. BC 
presents high water-holding capacity, large surface area, and 
high crystallinity, besides being renewable, biocompatible 
and biodegradable.19 The incorporation of organic/inorganic 
compounds in its structure is possible due to the network 
of ribbon-shaped nanosized cellulose fibrils and the high 
presence of water. A number of studies in the literature 
report the successful use of BC membranes in biomedical 
applications20 and, more specifically, drug delivery 

systems21 due to their unique physical and mechanical 
properties.22 Such membranes are particularly advantageous 
in topical or transdermal drug delivery systems, as they have 
the ability to absorb exudates and adhere to irregular skin 
surfaces, such as the oral mucosa.23-26 Moreover, a previous 
study reported the good skin tolerance of BC membranes.27 
As the majority of transdermal patches are manufactured 
by superimposing different materials, a system composed 
of fewer or even a single layer, such as a BC film, could 
simplify the preparation procedure and lower production 
costs.28 Recently, our group has reported a system based 
on BC membranes incorporated with the photosensitizer 
chloroaluminum phthalocyanine (ClAlPc) and luminescent 
upconversion nanoparticles, which emits light at the 
wavelength range of ClAlPc absorption under infrared 
irradiation, within the biological transparency window.29 
Chitosan, which is chemically related to cellulose and plant 
cellulose nanocrystals, has been studied by Schmitt et al.30 
and Drogat et al.31 in photodynamic therapy. In view of 
these facts, the development of new delivery systems that 
can efficiently deliver ClAlPc could enable its clinical use 
for topical PDT.

The aim of the present study was to show the feasibility 
of bacterial cellulose as a potential drug delivery system 
for photodynamic therapy. The BC-ClAlPc membranes 
were evaluated regarding the incorporation efficiency of 
photosensitizer and in vitro diffusion studies with Franz 
cells. The BC-ClAlPc membranes were tested as a setup 
to activate photoprocesses useful for treat neoplastic and 
non-neoplastic diseases susceptible to the photoactivation 
process. The cytotoxicity potential of BC-ClAlPc was 
evaluated aiming a safe use in humans.

Experimental

Microorganisms

The strains used were Acetobacter xylinum (ATCC 23760) 
and other isolated in the laboratory identified by Centro 
Pluridisciplinar de Pesquisas Químicas, Biológicas e 
Agrícolas (CPQBA), Universidade Estadual de Campinas 
(UNICAMP) as Gluconacetobacter sp. (GL). BC obtained 
from each microorganism were produced in two different 
stages of growth, in order to vary the thickness of the 
membranes: ATCC (2 and 3 days) and GL (1 and 3 days). 

Chemicals

Glucose, yeast extract, potassium phosphate monobasic 
anhydrous, magnesium sulphate heptahydrate, and 
ethanol, all of analytical grade, were used for the 
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microbiological culture media. ClAlPc, dimethyl sulfoxide 
(DMSO), phosphate buffer saline solution (PBS), 
sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis 
(4-methoxy-6-nitro) benzene sulfonic acid hydrate (yellow 
tetrazolium salt XTT), cell culture medium Ham’s F-10 
(HAM-F10):Dulbecco’s modified Eagle’s (DMEN), 1:1 
and doxorubicin were purchased from Sigma-Aldrich 
(St.  Louis, MO, USA). Fetal bovine serum (FBS) and 
DMEM medium without phenol red were purchased from 
Cultilab (Campinas, SP, Brazil). XTT:electron solution 50:1 
cell proliferation kit II (XTT) was acquired from Roche 
Molecular Biochemicals (Basel, Switzerland).

Bacterial cellulose production

The BC membranes were produced by growing the 
bacteria at 30 °C for 24 h in liquid medium under static 
conditions. Culture medium was composed of 50  g  L−1 
glucose, 4 g L−1 yeast extract, 2 g L−1 potassium phosphate 
monobasic anhydrous, 0.73  g  L−1 magnesium sulphate 
heptahydrate, and 20  g  L−1 ethanol.32 After this period, 
the flask was vigorously agitated and 10% of the culture 
media was withdrawn and inoculated into a new liquid 
production medium at 30 °C over different periods of time 
(24, 48 and 72 h).

Bacterial cellulose purification

After the incubation time, BC membranes were 
withdrawn from the culture medium and treated with a 
0.1 mol L−1 NaOH solution, at 80 °C, for 30 min to eliminate 
all attached cells. Then, the membranes were washed 
with distilled water to remove components of the culture 
media and other residues until its whitening and reaching 
pH 7.0. BC membranes were dried at 30 °C and then stored 
in a desiccator. Measurements of the thickness of the 
membranes were performed in a Formtracer profilometer, 
model SV-CS25 (Mitutoyo, Kawasaki, Japan).

Chloroaluminum phthalocyanine (ClAlPc) in bacterial 
cellulose membranes

The BC wet membranes (5 × 5  cm) were weighed. 
Moderate pressure was applied to the surface of the 
membranes to remove water until the mass loss of 50%. 
The drained BC membranes were then soaked for 5 h in 
ClAlPc solutions in ethanol at concentrations of 1, 5 and 
10 µmol L−1. The membranes were dried at 28 °C in a 
ventilated oven for 6 h.

To facilitate the understanding of the results, it is 
important to highlight that BC refers to bacterial cellulose 

membranes and BC-ClAlPc refers to the bacterial cellulose 
membranes incorporated with the photosensitizer ClAlPc. 
The samples are referred according to three factors: (i) the 
strains from which membranes were produced: ATCC (A) 
or GL (G); (ii) the stages of growth: one, two or three days 
(1d, 2d and 3d, respectively); (iii) when applicable, the 
theoretical concentrations of ClAlPc (1, 5 and 10 μmol L−1) 
are indicated by the numbers 1, 5 and 10 at the end 
of samples names. Table 1 presents the sample names 
according to these variables.

The quantification of ClAlPc was carried out according 
to a validated methodology based in fluorescence 
spectroscopic technique (Spex-FluoroLog 3, Horiba Jobin 
Yvon, Edison, NJ, USA) with excitation at fixed wavelength 
(λex 615 nm) and emission at 680 nm (slits were adjusted 
to 10 nm).33

The ClAlPc content was analyzed in two steps. Firstly, 
BC-ClAlPc (1 mg) was immersed in 5 mL of acetonitrile 
at 60 ºC for 15 min to determine the free ClAlPc content 
(non-incorporated drug). Subsequently, the membrane 
was immersed in 5 mL of acetonitrile and homogenized 
in an IKA Ultra-Turrax T-8 Basic (Staufen, Germany) 
at 11000 rpm for 5 min to quantify ClAlPc retained into 
BC fibers. The concentrations were obtained from a 
calibration standard curve. Total ClAlPc concentration 
corresponds to the sum of the values found in sequential 
steps described above. Efficiency of incorporation (EI) of 
the photosensitizer into BC membranes was calculated by 
the following equation

	 (1)

The experiments were performed in duplicate. One-way 
analysis of variance (ANOVA; OriginPro 8.0, OriginLab, 

Table 1. List of sample names and corresponding variables

Sample Strain
Stage of 

growth / day
Theoretical concentration 

of ClAlPc / (μmol L−1)

G1d1 GL 1 1

A2d1 ATCC 2 1

G3d1 GL 3 1

A3d1 ATCC 3 1

G1d5 GL 1 5

A2d5 ATCC 2 5

G1d10 GL 1 10

A2d10 ATCC 2 10

ATCC: Acetobacter xylinum; ClAlPc: chloroaluminum phthalocyanine; 
GL: Gluconacetobacter sp.
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Northampton, UK) was used for statistical analysis at a 
significance level p < 0.05.

Scanning electron microscopy images of BC and 
BC‑ClAlPc surfaces were obtained with a LEO equipment 
model 440 (Leica, Wetzlar, Germany) with an Oxford 
detector. Fourier transform infrared (FTIR) spectra were 
obtained with a PerkinElmer Spectrum 2000 Fourier 
transform infrared spectrophotometer (Waltham, MA, 
USA) using KBr pellets. Thirty-two scans were acquired 
over the range 4000-370 cm−1 with a resolution of 2 cm−1.

In vitro skin diffusion studies

PBS  +  ethanol 10% (v/v; 7 mL, pH 7.4) were used 
as the acceptor medium.34 A calibration standard curve 
of ClAlPc in the acceptor medium was constructed 
as a reference. Aliquots of ClAlPc were added with a 
microsyringe (Hamilton, Ocala, FL, USA) directly in 
medium in a 1.0 cm quartz cell under constant stirring. 
The fluorescence emission spectra were determined in the 
range of 0.219‑1.314 µg mL−1 (n  =  10). 

The skin was extracted from the dorsal surface of 
pig’s ears, obtained directly from a slaughterhouse 
(Olho d’Água Ind. e Com. de Carnes Ltda., Ipuã, SP, 
Brazil), to be used as a model of skin. The front ear was 
dissected. The skins were applied in the tests in natura. 
These tissues were stored in a freezer up to a maximum 
of 90 days before their use in all in vitro procedures as 
an animal model. In vitro retention studies were carried 
out using the skin tissues fixed on Franz diffusion cells 
(1.77 cm2 diffusion surface areas) maintained at 37 °C by 
a circulating water bath and stirring speed of 300 rpm. 
Samples were directly applied topically to the exposed 
area of skin. After 6, 12 and 24 h of diffusion test, the 
system was dismounted and the skins were carefully 
removed to perform the tape-stripping analyses. In this 
second step, the stratum corneum (SC) was extracted from 
the diffusion surface by using 15 standardized stripping 
tapes (Scotch 3M, Maplewood, MN, USA). The tape-strips 
were placed in 5 mL of acetonitrile in glass tubes, stored 
overnight and then stirred for 1 min before filtration. The 
remaining skin (epidermis + dermis) was cut in small pieces 
and added to 5 mL of acetonitrile in a tissue homogenizer, 
sonicated for 20 min and then centrifuged for 15 min at 
5000 rpm.35 ClAlPc amounts present in tape-strips and 
remaining skin (epidermis  +  dermis) were assayed by 
fluorescence standard curve. Assays were performed in 
three independent experiments with five replicates on each. 
The statistical analysis was performed using the software 
OriginPro  8.0  (OriginLab, Northampton, UK) by the 
method one-way ANOVA at a significance level p < 0.05.

Photophysical studies

Photophysical studies were performed to determine 
singlet oxygen generation. Lifetime was calculated from 
kinetic analysis of the mono-exponential decay for transient 
species obtained at 355 nm. The spectrophotometer 
used for time-resolved measurements was an Edinburgh 
analytical instruments, model FL9000CD (Livingston, 
UK). The source of irradiation was a pulsed Nd:YAG laser 
from Continuum (Surelite I-10, Continuum, Santa Clara, 
CA, USA) adjusted for the third harmonic (355 nm). The 
pulse length was 8 ns and the repetition rate was 10 Hz. 
The pulse energy was 15 mJ, measured by a power meter 
(FieldMaster, Coherent, Santa Clara, CA, USA). The 
decay kinetics was measured at a single wavelength using 
a monochromator M300 and a photomultiplier R928P from 
Bentham Instruments (Livingston, UK). Singlet oxygen 
was detected by phosphorescence emission signal at 
1270 nm using a germanium photodetector of North Coast 
Scientific Corporation, model 823 (North Coast Scientific, 
LLC., Santa Rosa, CA, USA). The software provided by 
Edinburgh instruments (L900, Livingston, UK) was used 
to obtain and analyze the exponential decay curves, based 
on iterative algorithm Marquadt (analysis of nonlinear 
least squares). The BC membrane produced by ATCC 
with theoretical ClAlPc concentration of 5.0 μmol L−1 was 
analyzed. ClAlPc in ethanol was adopted as a reference. The 
experiments were done using a solution of pheophorbide 
A in ethanol as a standard for relative calculations.36 The 
concentrations of reference solutions were adjusted based 
on the absorbance at 355 nm (excitation wavelength), fixed 
in 0.3 to avoid any internal filter effects. The measurements 
were performed under air-equilibrated conditions.

Cytotoxicity test

The potential cytotoxic effect of the new biomaterial 
obtained was evaluated by XTT assay that quantifies the cells 
by measuring their metabolic activity. The methodology is 
based on the cleavage of the yellow tetrazolium salt XTT 
by metabolically active cells, forming an orange formazan 
dye that can be measured by its absorbance at 492 nm. 
Thus, this conversion occurs only in viable cells due to the 
activity of mitochondrial dehydrogenases.37

The BC-ClAlPc membranes were tested using an 
eluate prepared according to the ISO 10993-12:2007(E), 
considering the surface area (6 cm2 mL−1). The membranes 
were immersed in culture medium HAM-F10:DMEN 1:1 
in the absence of FBS at 37 ºC for 72 h under stirring 
(133 rpm) in an incubator (New Brunswick Excella E24 
incubator shaker, Edison, NJ, USA). After 72 h, the 
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membranes were removed from the medium and this 
resulting eluate was used to carry out the treatment.

Chinese hamster ovary cells (CHO-K1) were cultured 
in the medium HAM-F10:DMEN 1:1 supplemented with 
10% of FBS at 37 ºC and 5% of CO2. Cells were used after 
the third passage. Cytotoxicity test was performed in three 
independent replicates. Each treatment, including positive 
controls (PC) and negative controls (NC), was carried out 
in triplicate using cell culture plates.

Cells (2 × 104) were seeded in 24-well plates in culture 
medium (1 mL, HAM-F10:DMEN 1:1) supplemented with 
10% of FBS at 37 ºC and 5% of CO2. After 24 h, the cells 
were washed with PBS, and then treated with the eluates. 
The cells were exposed to the eluates for 24 h. NC were 
cells CHO-K1 without any treatment (untreated controls), 
while PC were treated with doxorubicin (3  µg  mL−1) 
for 24 h.

After the treatment, the cultures were washed with PBS 
(250 µL) and inserted in the culture medium supplemented 
with FBS. After 24 h of incubation, the cells were washed 
with PBS (250 µL). DMEM medium without phenol red 
was added (1 mL), followed by 60 µL of XTT/electron 
solution 50:1 that remained in culture at 37 ºC for 3 h. The 
culture medium was then transferred to a 96-well plate, 
and the absorbance was measured by a microplate reader 
(VersaMax, Molecular Devices, Sunnyvale, CA, USA) at 
492 and 690 nm. The absorbance is directly proportional 
to the number of viable cells in each treatment after 24 h 
of exposure. 

For each analyzed sample, the results from three 
individual experiments (each one made in triplicate) were 
subjected to one-way ANOVA followed by Tukey’s test. 
Dunnett’s test was also applied to compare data from 
treated groups to the negative control. BioEstat statistical 
package version 5 was used (Universidade Federal do Pará, 
Belém, PA, Brazil) to perform the tests. Differences were 
considered statistically significant when p < 0.05.

Results and Discussion

Bacterial cellulose membranes characterization

The bacterial cellulose membranes were obtained 
with different characteristics regarding thickness and 
transparency in accordance with the bacteria strain 
(ATCC or GL) and the growth time (1, 2 or 3 days). The 
thickness of pure bacterial cellulose membranes (Figure 1) 
were characterized by using a profilometer. One of the 
goals of this work was to produce BC membranes with 
different characteristics to select the most appropriate 
for the intended application. Thickness is a structural 

property of the membranes that influences loading and 
releasing efficiency of drug into the polymeric matrix. 
Note that the membranes produced by ATCC (with stage 
of growth of 2 and 3 days, A2d and A3d) present greater 
values of thickness (103.2  ±  6.9 and 156.0  ±  22.4 µm) 
due to a greater amount of cellulose fibers present. The 
membranes produced by the strain GL (with stage of growth 
of 1 and 3 days, G1d and G3d) are thinner (thickness of 
39.7 ± 5.3 and 62.2 ± 4.6 µm). 

The electronic spectroscopy in the visible region 
was applied to evaluate the optical transmission of the 
membranes. Figure 2 shows the spectra of BC membranes, 
confirming the greater transparency at lesser thickness. 
We observed similar transparency for BCs produced by 
different strains. It is expected that a higher amount of fibers 
favors the incorporation of a greater amount of drug. The 
amount of fibers is improved with prolonged incubation of 

Figure 1. Thickness of pure bacterial cellulose (BC) membranes.
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the bacteria. On the other hand, thicker membranes obtained 
from longer cultivation have lower transparency. The highly 
transparent media for incorporation of the photosensitizer 
is favorable for the transmission of the source of light used 
for excitation.

ClAlPc incorporation in bacterial cellulose membranes

The strategy used here was the incorporation of ClAlPc 
into the bacterial cellulose membrane, for use in PDT 
trials for cancer treatment. The pure BC wet membrane 
(Figure 3a) was soaked in a solution of ClAlPc (Figure 3b) 
and then dried (Figure 3c). The color of the membranes 
turned from white to blue after incorporation of ClAlPc. 
The morphology was investigated by scanning electron 
microscope (SEM) as shown in Figure 3d. The micrographs 
of BC-ClAlPc showed the tridimensional fibrillar network 
characteristic of BC and the absence of aggregates 
formation, which indicated no precipitation of ClAlPc. 

Figure 4 displays the FTIR spectra of ClAlPc, pure 
BC dried membrane and BC-ClAlPc. The characteristic 
vibrational frequencies assigned to cellulose were 
observed at 3500 to 3200 cm−1 (OH stretching), 2908 cm−1 
(CH stretching of CH2 and CH3 groups), 2700  cm−1 
(CH2), 1645 cm−1 (water OH bending), 1435 cm−1 (CH2 
symmetric bending), 1370 cm−1 (CH bending), 1160 cm−1 
(anti‑symmetric bridge C–O–C stretching), 1111 and 
1056 cm−1 (skeletal vibrations involving C–O stretching).19 
The phthalocyanines present the following characteristic 
bands: at around 518 and 760  cm−1 (Al−N stretching), 
1329 cm−1 (C−N−C stretching), 1121 cm−1 (C=C stretching 

of benzene rings) and 489 cm−1 (stretching Cl−Al).38 The 
spectrum of BC-ClAlPc is basically formed by the sum 
of the bands present in the BC and ClAlPc spectra. The 
decrease in intensity of the band with a peak at 2908 cm−1 
(CH stretching of CH2 and CH3 groups) on BC-ClAlPc 
spectrum suggests that the presence of the ClAlPc affected 
the cellulose groups, due to the interactions between the 
hydrophobic ClAlPc molecule and CH groups of cellulose, 
and confirms the strong interaction between the BC and 
ClAlPc.

The incorporation efficiency of ClAlPc from the 
solutions of different concentrations into membranes with 
different characteristics was studied. Fluorescence spectra 
(excitation at 615 nm) were measured after the steps of 
extraction of free ClAlPc in acetonitrile and homogenization 
of BC membranes. The ClAlPc well known emission at 
680 nm, obtained under 615 nm excitation, is shown in the 
Figure 5a. The presence of the characteristic emission of 
ClAlPc confirmed the incorporation of this phthalocyanine 
derivative into BC fibrils.33,39

Figure 5b shows the ClAlPc amount retained in the 
fibrils (measured at homogenization step) and total ClAlPc 
for membranes with different theoretical concentrations 
(1, 5 and 10 μmol L−1). These membranes were produced 
with the minimal time of growth stage that was enough to 
obtain membranes with satisfactory mechanical resistance 
and good transparency (that is 1 day for GL and 2 days 
for ATCC). The incorporation efficiencies of ClAlPc 
are listed in Table 2. The statistical analysis (ANOVA) 
confirmed a significant difference (p > 0.05) between the 
membranes. It was possible to determine an efficient and 

Figure 3. Photographs of pure bacterial cellulose (BC) wet membrane 
(a); BC- chloroaluminum phthalocyanine (ClAlPc) wet (b); dried BC-
ClAlPc membrane (c); and scanning electron microscope (SEM) image 
of BC-ClAlPc (d).

Figure 4. Fourier transform infrared (FTIR) spectra of chloroaluminum 
phthalocyanine (ClAlPc), dried bacterial cellulose (BC) membrane and 
BC-ClAlPc membrane.
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validate quantification method for analyses of ClAlPc 
loaded into cellulose.33 Studies have investigated the 
incorporation efficiency of ClAlPc in different bacterial 
cellulose membranes. A2d showed higher concentrations 
in steps of extraction and homogenization for all theoretical 
concentrations studied (1, 5 and 10 μmol L−1). Figure 5b 
shows that, as the theoretical concentration of ClAlPc 
increases, the amount of ClAlPc retained in the cellulose 
fibers increases in a less pronounced way in respect to the 
total amount of incorporated drug (free + retained). Thus, 
membranes with lower ClAlPc theoretical concentration 
retain the drug more efficiently.

As expected, A2d1 showed the highest incorporation 
efficiency (87.4%; Table 2). The membranes grown for 
shorter time (A2d and G1d) have higher incorporation 
efficiency than A3d and G3d, and therefore they were 
selected for the skin permeation and retention tests. The 

structural characteristics of the three-dimensional network 
formed by cellulose nanofibrils, such as fiber density and 
surface area, influence on the interaction between drug 
molecule and polymeric matrix. Such properties influence 
on drug incorporation efficiency and release kinetics 
according to each biomaterial obtained and may be adjusted 
by varying the BC production process parameters. The 
higher amount of drug incorporated by thinner membranes 
(A2d and G1d) can be related to its larger surface area. In 
addition to this fact, a greater amount of cellulose fibers 
is another feature that favors higher concentrations, as 
observed for the membrane A2d.40

Skin permeation and retention in vitro studies

For in vitro permeation and skin retention, it was 
necessary to develop a standard calibration curve to quantify 
the ClAlPc present in the environment of the receiver 
solution (PBS pH 7.4, and ethanol 10% v/v). Serial dilutions 
were made with known concentrations of ClAlPc and the 
emission spectra were obtained under the same conditions. 
The curves were plotted from the emission intensities at 
680 nm as a function of ClAlPc concentration. Five curves 
were obtained with high coefficients of determination 
(R2), greater than 0.99. The calibration standard curve 
was obtained (y = 310357x + 218237, R2 = 0.99) in the 
concentration range from 0.219 to 1.314 μg mL−1.

In studies using Franz cells, the permeation profile is 
drawn from the quantification of ClAlPc present in the 
receiver solution. The tests performed for BC membranes 
G1d1 and A2d1 and control test (without the bacterial 

Table 2. Percentage of chloroaluminum phthalocyanine (ClAlPc) 
incorporated into the cellulose

Sample Incorporation / %

G1d1 47.5 ± 6.7

A2d1 87.4 ± 3.4

G3d1 44.6 ± 8.6

A3d1 41.7 ± 31.9

G1d5 25.7 ± 17.3

A2d5 41.8 ± 8.0

G1d10 27.1 ± 2.8

A2d10 34.0 ± 3.2
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Figure 5. Chloroaluminum phthalocyanine (ClAlPc) fluorescence emission spectrum under 615 nm excitation (a); and ClAlPc retained and total 
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cellulose matrix) showed no detectable amount of 
ClAlPc by fluorometry technique in the receiver solution 
until the period of 12 h. The absence of ClAlPc in the 
receiving solution may be considered positive for topical 
application of the photosensitizer, because it prevents 
its systemic absorption, which may cause a generalized 
photosensitization on the patient.41,42 Stratum corneum 
is an efficient barrier from the external environment, 
controlling the flux of endogenous components outside 
and inside, acting as a first layer of skin with a highest 
lipophilic potential.42 The effective tissue penetration is 
constantly associated with direct interaction between drugs 
and SC. For cutaneous diseases is indispensable a higher 
SC penetration and adequate bioaccumulation for efficient 
therapies and biological response.41

In our work, the profile of cutaneous retention in 
SC and skin-deep layers (epidermis + dermis  =  E + D) 
was carried out. Samples were applied topically under 
biomimetic conditions in a skin animal model. After 
hours of administration, the apparatus were dismounted 
and the skin treated as described in Experimental section. 
Tape-stripping protocols and tissue homogenization 
allowed determining the amount of ClAlPc penetrated 
and retained in skin layers. The retention profiles are 
shown in Figure 6 and the results are summarized in 
Table 3. The ClAlPc retained in the skin layers (SC and 
E + D) was quantified after 12 h of testing. The retention 
profiles of the samples A2d1 and G1d1 are illustrated 
in Figure 6a. ClAlPc concentrations were present in the 
SC 0.492 ± 0.037 μg cm−2 and 0.524 ± 0.032 μg cm−2 and in 
the E + D 0.408 ± 0.047 μg cm−2 and 0.459 ± 0.079 μg cm−2 
to the membranes A2d1 and G1d1, respectively. The 
statistical analysis (ANOVA) confirmed that there is no 
significant difference (p > 0.05) between the retention 

profiles of the two membranes studied in both skin layers 
analyzed (SC and E + D). The study of ClAlPc retention 
in the skin layers as a function of time was conducted 
for the sample G1d1 for 6, 12 and 24 h (Figure 6b). The 
tests showed no ClAlPc in the receiver solution until the 
24 h test. The retention profiles are shown in Figure 6b.  
ClAlPc concentrations detected in the SC for the 
different test times are: 6 h, 0.495 ± 0.035 μg cm−2; 12 h, 
0.524 ± 0.032 μg cm−2; and 24 h, 0.563 ± 0.030 μg cm−2. 
Statistical analysis showed that the profile of the 12 h test 
is not different from the others, i.e., there is no significant 
difference between 6 and 12 h and between 12 and 24 h; and 
6 and 24 h tests are different. In the E + D were quantified: 
6 h, 0.070 ± 0.023 μg cm−2; 12 h, 0.459 ± 0.079 μg cm−2; 
and 24 h, 0.190 ± 0.036 μg cm−2 (E + D). Statistical analysis 
showed a significant difference (p > 0.05) between the 
profiles of retention in the epidermis and dermis for the 
three different test times studied. Large variations in the 
retention values for the deeper skin layers (epidermis and 
dermis) were observed between the tests of 6, 12 and 
24 h. The use of pig’s ear skin as skin model may have led 
to variation in experimental results due to the enormous 
heterogeneity that exists between ears samples from 
different animals, or even in different regions of the same 
ear. However, it should be considered that this biological 
variability reflects the reality and it was possible to find a 
characteristic retention for the system. The use of human 
skin as a model26 would be ideal for skin permeation/
retention studies in vitro. However, this material obtained 
from plastic surgery presents limitations to its use, as the 
low availability and the need to undergo the experiment to 
Research Ethics Committees.43-45 Alternatively, the animal 
skins, such as primate, pig, rat, guinea pig and snake, are 
widely used.46 Three dimensional cultures of human cells47 

Figure 6. Penetration profiles of chloroaluminum phthalocyanine (ClAlPc) into the skin layers: epidermis + dermis (E + D) and stratum corneum (SC) for 
the samples A2d and G1d after 12 h (a); and G1d tested for 6, 12 and 24 h (b). Results are represented as mean ± SD (n  =  5).
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are also an option, however these materials are deficient 
in skin-associated epithelial structures (appendages), as 
pilosebaceous units, hair follicles and sweat glands.48 
Synthetic membranes with defined pore sizes are also 
employed in assays to Franz cells to reduce inter assay 
variation due to biological variability of the skin tissue.49 
The pig ear skin was used in this study considering the 
factors described above. It was also taken into account its 
high availability with relative ease to obtain and the low 
cost, once it is a by-product of the food industry. Besides 
being the animal model that more closely resembles 
histologically and biochemically to human tissue, after 
the primates.46

In PDT, these phenomena related to skin permeation 
and retention are decisive for treatment of neoplastic 
cells. Before laser irradiation, it is necessary that an 
appropriated amount of photosensitizer penetrates 
the SC to a better interaction with target tissues, to 
accumulate in malignant cells, to promote an adequate 
biological response and, thus, to obtain an efficient 
therapy. An effective delivery system for PDT by topical 
administration should carry the photosensitizer beyond 
the stratum corneum to the malignant cells present in 
viable layers of the epidermis.41 A global analysis of 
this study permits the inference that approximately 0.5 
μg cm−2 of ClAlPc remained in the furrows of the stratum 
corneum and 0.3 μg cm−2 in the epidermis/dermis. The 
drug delivery system containing a derivative of chlorine 
temoporfin (the synthesis and purification of Foscan® 
(5,10,15,20-tetra(m-hydroxyphenyl)chlorin) was carried 
out by Prof PhD Philippe Maillard, coordinator of the 
Chimie Bioorganique’s Laboratoire, Institute Curie, 
Orsay, France) developed by Primo et al.50 promoted a 
retention of 0.5 μg  cm−2 drug in the stratum corneum 
and 0.6 μg  cm−2 in the epidermis/dermis. Thus, the 
results showed an interesting alternative for delivery of 
photosensitizers in PDT based on bacterial cellulose, a 
polymer well known by a wide range of features that 
favors its use for biomedical applications, as mentioned 

above. Particularly in this case, BC-ClAlPc present 
advantages as a drug delivery system, as the very simple 
approach of preparation and the absence of cytotoxicity, 
according to the XTT assay.

Photophysical characterization

The singlet oxygen analysis was based on the direct 
detection of its luminescence at 1270 nm to measure the 
luminescence-decay kinetics. Lifetimes (τ) and maximum 
intensities observed in the decay curves are shown in 
Table 4. ClAlPc solution in ethanol was also evaluated for 
the purpose of comparing the effect of the photosensitizer 
free in solution. Pheophorbide A in ethanol was adopted 
as a standard solution for relative calculation. The lifetime 
values found are very close, except for the BC-ClAlPc 
membrane, which showed a longer lifetime. This difference 
may be due to the solid form of the sample. 

Photophysical studies of BC-ClAlPc were performed for 
the major reactive species responsible for the destruction of 
tumor cells, singlet oxygen. The results shown in Table 4 are 
consistent with those of Siqueira-Moura et al.,39 which have 
found similar lifetime (0.22 µs) for ClAlPc in polymeric 
nanocapsules. Higher luminescence intensity was obtained 
for BC-ClAlPc (4.4 times) in respect to the standard 
solution (pheophorbide A in ethanol). This compound is 
a derivative bacteriological hydrochloric which produces 
high yield of the species being studied and is widely used as 
a reference in spectroscopic studies.36 Therefore, these data 
suggest that BC does not interfere with the production of 
singlet oxygen, an important condition in the PDT process. 

Cytotoxicity assay (XTT cell viability assay)

Evaluation of BC-ClAlPc cytotoxicity was performed 
by cell viability test using Chinese hamster ovary cells 
(CHO-K1) because its structures and functions are 
common to most types of cells, i.e., the objective was to 
determine the basal cytotoxicity potential of BC-ClAlPc 
membrane.51 The cell viability is related to the absorbance 

Table 3. Chloroaluminum phthalocyanine (ClAlPc) concentrations 
detected in epidermis + dermis (E + D) and stratum corneum (SC) for the 
samples A2d and G1d after 12 h, and for the G1d tested for 6, 12 and 24 h

Sample time / h SC / (μg cm−2) E + D / (μg cm−2)

A2d 12 0.492 ± 0.037 0.408 ± 0.047

G1d

6 0.495 ± 0.035 0.070 ± 0.023

12 0.524 ± 0.032 0.459 ± 0.079

24 0.563 ± 0.030 0.190 ± 0.036

Mean ± SD (n  =  5).

Table 4. Fluorescence lifetimes (τ) and maximum intensities in the decay 
curves for the samples

Sample τ / µs Intensity
Increase 

factor

Pheophorbide A/ethanol 0.234 ± 0.011 0.040 _

ClAlPc/ethanol 0.221 ± 0.008 0.459 11.5

ClAlPc/BC 0.325 ± 0.002 0.176 4.4

BC: Bacterial cellulose; ClAlPc: chloroaluminum phthalocyanine.
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measure. Negative control was considered 100% cell 
viability. Figure 7 shows the cell viability (%) expressed 
as mean and standard error. Cells treated with the eluate 
from BC-ClAlPc membrane showed 32% of lower cell 
viability than negative control (without any treatment). 
Therefore, cell viability of the BC‑ClAlPc membrane is not 
significantly different from NC (p > 0.05; Dunnett). Thus, 
the BC-ClAlPc membrane does not significantly affect cell 
viability, being non‑cytotoxic.

For a safe use in humans, biomaterials should not present 
cytotoxic effects. The cytotoxicity potential of pure BC was 
already evaluated by Saska et al.,52 which demonstrated 
absence of in vitro cytotoxicity effects of BC membranes. 
In the present study, cytotoxicity assay demonstrated that 
BC-ClAlPc membrane was non-cytotoxic in CHO-K1 
cells. The non-cytotoxic profile is an essential consideration 
when developing a material for safe use in a biomedical 
application. Thus, cytotoxicity assay is the first step toward 
ensuring the biocompatibility of a biomaterial. This fact 
combined with the skin permeation/retention profiles are 
indicators of the strong potential of BC-ClAlPc membranes 
as a topical drug delivery system for PDT.

Conclusions

The study showed the feasibility of using BC as a matrix 
for incorporation and controlled release of photosensitizers. 
BC membranes with different properties were obtained 
by varying the bacterial strains and production times. The 
interaction between the BC and ClAlPc was confirmed 
by FTIR spectra. The results showed that the structural 
properties of membranes (such as thickness, fibers amount, 
surface area) correlates with the drug incorporation 

efficiency. The permeation/retention profiles observed 
for BC-ClAlPc confirm the possibility of using this 
system in topical administration in the process of PDT. 
The photophysical properties of ClAlPc are not affected 
after its incorporation in BC membranes. Moreover, these 
membranes demonstrated no in vitro cytotoxicity effects, 
suggesting their potential for safe biological use.
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