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YVO4:(Yb3+–Er3+/Ho3+) nanoparticles were incorporated in biocellulose membranes obtained from
Gluconacetobacter xylinus. Materials present the property of converting near-infrared (NIR) into higher-energy
visible light. Nanoparticles were prepared by optimizing towards higher emission intensity at the absorption
wavelength range of chloroaluminum phthalocyanine (ClAlPc) used as a photosensitizer in the photodynamic
therapy. The NIR excitation wavelength is advantageous for biological applications, as it allows deeper penetra-
tion into tissues than the UV–visible radiation commonly used for luminescence excitation. Up-conversion emis-
sion spectra obtained under excitation at 980 nm showed a preferential green emission for the Yb3+–Er3+

system and a red emission for the Yb3+–Ho3+ one. In the last case, by usingmixtures of nanoparticles and ClAlPc
the red emission (680 nm) of the phtalocyanine was observed through excitation by the up-converted emission
of the nanoparticles (650 nm) which were excited in NIR (980 nm).

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).
Near infrared to visible up-conversion is a well know phenomenon
presented by materials containing lanthanide ions [1]. The efficiency
of the up-conversion process can be high enough to be observed with
naked eyes under moderate excitation power for materials containing
a pair of lanthanide ions as Yb3+–Ln3+ (Ln = Er, Tm, Ho) [1–3].

Up-conversion emission in lanthanide dopedmaterials has attracted
great interest in the last 50 years and iswell known for its numerous ap-
plications in light emitting devices. Up-conversion nanoparticles (NPs)
could also be employed in new applications, such as the use of
nanomaterials in biomedicine, which offers excellent prospects for the
development of new noninvasive strategies for the diagnosis and treat-
ment of cancer [2,4].

Up-conversion NPs can be also used as fluorescent bioprobes due to
their photo-stability and low toxicity [3]. The advantages for in vitro
and in vivo optical bio-imaging applications rely on the absence of
photodamage to living organisms, very low auto-fluorescence back-
ground, high signal-to-noise ratio, detection sensitivity and high light
rials, Institute of Chemistry, São
4801-970, Brazil. Tel.: +55 16

l.com (S.J.L. Ribeiro).

. This is an open access article under
penetration depth in biological tissues [3,5]. Moreover, multiplexed bio-
logical labeling can be achieved conveniently under a single wavelength
excitation by changing activator ions and relative concentrations. Capabil-
ities for the simultaneous imaging and tracking ofmultiplemolecular tar-
gets are therefore extended, allowing the classification and differentiation
of complex human diseases [6].

Up-conversion nanoparticles have attracted focus on the photody-
namic therapy (PDT) as well [6,7]. PDT is a minimally invasive treat-
ment of neoplastic and non-neoplastic diseases and is a well-
established technology that relies on the absorption and retention of a
photosensitizer molecule in tumor cells associated with further irradia-
tion with an appropriate visible light. Upon irradiation, the photosensi-
tizer is promoted from its ground singlet state to its triplet excited state
leading to reactive oxygen species [8,5].

The development of drug delivery systems for PDT is an increasing
demand due to the hydrophobicity presented bymost of the photosen-
sitizers. New drug delivery systems have improved the therapeutic and
toxicological properties of existing chemotherapeutic agents and fos-
tered the implementation of new agents. By combining drugs with dif-
ferent polymers, it is possible to modify the pharmacokinetics and
biodistribution, improving the efficacy and safety of the therapy. A
wide assortment of biomaterials with suitable biological properties is
the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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offered, but considerable attention has been drawn to green, natural
polymers like bacterial cellulose (BC). BC is a highly pure form of cellu-
lose produced in the formof a swollenmembrane. BC or biocellulose is a
polysaccharide of glucose produced by Gluconacetobacter sp. that is su-
perior to plant cellulose due to its purity and nano-morphology. BC pre-
sents high water-holding capacity, large surface area, high crystallinity
besides being renewable, biocompatible and biodegradable [9,10]. The
incorporation of organic/inorganic compounds in its structure is possi-
ble due to the network of ribbon-shaped nanosized cellulose fibrils
andwater presence. A number of studies in the literature report the suc-
cessful use of BC membranes in biomedical applications due to their
unique physical and mechanical properties [11–13]. Such membranes
are particularly advantageous in the topical drug delivery systems that
have the ability to absorb exudates and adhere to irregular skin surfaces,
such as the oral mucosa. As the majority of transdermal patches are
manufactured by superimposing different materials, a system com-
posed of fewer or even a single layer, such as a BC film, could simplify
the preparation procedure and lower production costs [14]. Moreover,
a previous study reported the good skin tolerance of BC membranes
[15]. Chitosan, which is chemically related to cellulose and plant cellu-
lose nanocrystals, has been studied by Schmitt et al. [16] and Drogat
et al. [17] in the photodynamic therapy. In view of these facts, the devel-
opment of newdelivery systems that can efficiently deliver ClAlPc could
enable its clinical use for topical PDT.

BC membranes may be produced with different characteristics in
order to select the most appropriate for the intended application. The
structural properties of the membranes, e.g. interstitial spaces between
the cellulose fibrils and thickness, are factors that influence loading effi-
ciency into the polymeric matrix. The adequate interstitial spaces size
must be high enough to ensure gaseous and fluid exchange and diffu-
sion of drug to the external environment [18].

The aim of the present study is to describe the preparation of BC
membranes containing YVO4 NPs doped with the lanthanide ions
Yb3+–Er3+ and Yb3+–Ho3+. The preparation of these nanoparticulate
systems is well described in the literature [19,20] and the main goal
was to obtain the property of energy upconversion from the infrared
to the visible range, usually used to activate the photosensitizer mole-
cules. The NIR excitation wavelength is advantageous for application
in biological systems, as it allows deeper penetration into tissues than
the UV or visible radiation commonly used for luminescence excitation.
The emission properties were optimized in order to use the particles
and membranes as a setup to activate photoprocesses useful for the
treatment of neoplastic and non-neoplastic diseases susceptible to the
photoactivation process. Chloroaluminum phthalocyanine (ClAlPc)
[chloro(29H,31Hphthalocyaninato) aluminum] was used here. It be-
longs to the second generation of sensitizer molecules used in the pho-
todynamic therapy (PDT) and other photodynamic processes (PDP). It
is a tetrapyrrolic macrocycle that has nitrogen atoms linking the indi-
vidual pyrrole units and a central metal ion (Al III) [21].
Fig. 1. SEM images of YVO4 NPs doped with the lanthanide ions Yb3+–Er3+ (NPs
NPs and the composite biocellulose membranes (BC-NPs) were
characterized in terms of morphological, structural and emission prop-
erties. YVO4 NPs doped with the lanthanide ions Yb3+–Er3+ and Yb3+–
Ho3+ were obtained as white powders. Fig. 1(A) displays a typical SEM
image of YVO4NPs dopedwith the lanthanide ions Yb3+–Er3+. Particles
with sizes below 100 nm can be observed together with larger agglom-
erates of particles. X-ray diffraction patterns (Fig. S2, Supplementary in-
formation) confirm the preparation of the tetragonal YVO4 (JCPDS file
17-0341) [22]. The nanoparticles primary sizes could be estimated
around 30 nm from the full width at the half-maximum of the diffrac-
tion peaks (200) at 25° by using the well-known Scherrer equation.
Small quantity of cubic Y2O3 (JCPDSfile 41-11-5) could also be detected.
Fig. 1(B) shows the image of the BC membrane after incorporation of
the particles (BC–NPs). Particles and agglomerates can be observed
well wrapped by cellulose fibers. Interestingly enough, membranes
are macroscopically homogenous, white in color and with no loose
powder observed at the surface. One important characteristic of BC hy-
drated membranes concerns the property of incorporation of particles
that end up incarcerated and attached to the cellulose structure by the
nanometric cellulose fibers. Moreover, the 3D nanometric structure
leads to a large surface area for particle stabilization [23].

Fig. 2 shows the up-conversion emission properties of the NPs of
YVO4:Yb3+:Ho3+ and YVO4:Yb3+:Er3+ as a function of laser power at
980 nm. In Fig. 2(A) bands are observed in the spectral regions of
520–560 nm and 620–680 nm, corresponding to the Ho+3 transitions
5S2→ 5I8 and 5F5→ 5I8 [22]. In Fig. 2(B) bands are observed in the spec-
tral regions of 515–565 nm and 640–680 nm corresponding to Er3+

transitions: 2H11/2→
4I15/2, 2S3/2→ 4I15/2, and 4F9/2→ 4I15/2 respectively

[20]. In the process of up-conversion emission, the intensity of emission
generated (IE), increases non-linearly, with the pumping intensity (Iex),
i.e., ICAE α (Iex)n, where n is the number of photons in the infrared that
are sequentially absorbed by Yb3+ and transferred to Ho3+ and Er3+

ions leading to emission of one visible photon. The value of n is neces-
sarily an integer, however, non-radiative processes such as thermal ef-
fects and size effects may influence and contribute to decrease the
slope to lower values. The density of the excitation energy is high
enough to promote a high absorption of the sample and raising the
temperature in the irradiated region, inducing thermal effects that can
result in lower emission intensity. The effect is more important for
smaller crystal sizes [24]. Concerning Ho3+ emission bands at
~540 nm (5S2 → 5I8) and ~650 nm (5F5 → 5I8), the values of nwere de-
termined to be 1.69 and 1.74, respectively, which suggests two-photon
processes for excitation of green and red emissions. These results are co-
herent with similar work reported in the literature [22]. For Er3+ bands
at ~525 nm (2H11/2 →

4I15/2) and ~550 nm (4S3/2 → 4I15/2) values of n
equal to 2.93 and 2.59, respectively, are obtained indicating that three
photons are absorbed. Three photons are indeed observed for the
green emission in Yb3+:Er3+ [23–25]. Higher concentrations of Yb3+

(20% molar ratio in our case) tend to activate the three-photon process
) (A) and dried biocellulose membrane containing these NPs (BC–NPs) (B).
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Fig. 2. Up-conversion emission spectra obtained by pumping at 980 nm at different powers. NPs of YVO4:Yb3+:Ho3+ (A) and YVO4:Yb3+:Er3+ (B).
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ig. 3. Absorption spectrum of ethanolic solution of ClAlPc (black) and up-conversion
mission spectrum of the BC–YVO4:Yb3+:Ho3+ membranes (red).
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to populate levels 2H11/2 and 4S3/2. The absorption of a third photon ex-
cites the Er3+ from the 4F9/2 excited level to the 2H9/2 upper level and
nonradiative relaxation populates 2H11/2 and 4S3/2 levels from which
the green emission is observed. The n value obtained for the Er3+ emis-
sion at 660 nm (4F9/2 → 4I15/2) (n = 1.67) corroborates the results ob-
tained in [20] for a two photons process. BC–NP membranes exhibit
the very same up-conversion emission properties. As already men-
tioned, up-conversion membranes could find several different applica-
tions including the one discussed hereafter.

The up-conversion emission intensity from the different samples
containing different relative quantities of Er3+ and Ho3+ (not shown
here) were compared with respect to the emission band in the red re-
gion. That is the region of absorption of the photosensitizer of interest.
In this sense the sample 79YVO4:20Yb3+:1Ho3+was observed to exhib-
it the best red light output under 980 nm excitation.

Fig. 3 displays the absorption spectrum of ClAlPc in ethanol solution.
Main bands are observed at 351 nm and 671 nm, attributed to the well
known Soret band and Q-band respectively, and normally observed for
phtalocyanines [21]. The up-conversion emission spectrum of the Yb–
Ho containing nanoparticles is also shown. The overlap between the
red up-conversion emission and the red absorption band of the photo-
sensitizer is clearly observed.
Fig. 4 shows the up-conversion emission spectrum obtained under
980 nm excitation for the nanoparticle ethanol suspension. Assign-
ments of the observed bands have been already done in the discussion
F
e

image of Fig.�2
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of Fig. 2(A) above. Fig. 4 also shows the up-conversion emission spectra
obtained for suspensions containing the nanoparticles, to which
ClAlPc was added in different concentrations. The red to green band in-
tensity ratios amount to ~18.5 for the nanoparticle suspension. When
ClAlPc was present, that ratio was observed to decrease to ~13.6; 4.7;
and 0.6 for the ClAlPc concentrations of 5, 50 and 500 μmol·L−1,
respectively. This fact suggests that the red emission bandwas attenuat-
ed with respect to the green onewith the increase in the ClAlPc relative
content.

In fact, the red up-converted emission from the nanoparticles was
absorbed by the ClAlPc molecules (Q-band) leading to the well known
triplet state emission at 680 nm, that is observed more clearly at the
spectrum of the sample containing 5 μmol·L−1 of ClAlPc (red spectrum
in Fig. 4). For higher concentrations of ClAlPc this emission is attenuated
togetherwith the red up-conversion band, due to the increasing absorp-
tion at that wavelength region, leading to reabsorption of the emitted
light. The ClAlPc triplet emission obtained under 350 nm is also shown
in the figure (dashed) corroborating the assignment of the emission
band. The same spectroscopic characteristics were observed for the
composite membranes. Therefore, in order to observe the ClAlPc emis-
sion excited by the up-converted light, a compromise exists between
the relative quantities of NPs and ClAlPc and also the pumping intensity.

Considering possible biological targets the observation of the
phtalocyanine emission at 680 nm under 980 nm excitation is very in-
teresting suggesting the application of these composite systems in
PDT processes activated by IR light.

In conclusion, [biocelulose–yttrium vanadate nanoparticle–ClAlPc
phtalocyanine] (BC–NP–ClAlPc) composite membranes have been pre-
pared. They present the property of converting infrared energy into vis-
ible light. By using nanoparticles containing the pair Yb3–Ho3+ the
visible emission could be adjusted to the wavelength of excitation of
theClAlPc phtalocyanine, awell knownphotosensitizer used in photody-
namic therapy. ClAlPc emission at 680 nmwas therefore observed upon
excitation at 980 nm. IR excitation excited the up-conversion of the
nanoparticles and the up-converted light was then absorbed by ClAlPc
leading to the triplet emission The wavelength used for primary excita-
tion (980 nm) is advantageous for application in biological systems, as
it allows deeper penetration into tissues than the UV or visible radiation
commonly used for luminescence excitation. Therefore, BC–NP–ClAlPc
membranes proved effective as a new biomaterial for a setup to
sensitizer-active photoprocesses useful for the treatment of neoplastic
and non-neoplastic diseases susceptible to the photoactivation process.
Moreover, this system could simplify the preparation procedure and
lower production costs in topical or transdermal drug delivery systems.

Supplementary information (SI) for this paper also includes: de-
tailed experimental procedures for the synthesis and characterizations
of nanoparticles and composite membranes. Additional characteriza-
tions of nanoparticles: Fourier transform infrared (FTIR) spectra, ther-
mogravimetric (TG) curves and X-ray diffraction (XRD) profiles are
also presented as SI.
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