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Luminescent upconversion nanoparticles (UCNPs) are of great interest in a wide range of nanotechnological
applications, particularly in the biomedical area like imaging and therapy but their biocompatibility and stability
pose major challenges hampering progression towards further pharmaceutical applications. Herein, we present a
biocompatible theranostic platform enabling simultaneous diagnosis and drug delivery consisting of UCNPs
encapsulated with cellulose acetate (CA), a biocompatible polymer. Luminescence properties of UCNPs in the
developed theranostic platform remain stable even after encapsulation. The size of the CA capsules, ranging from
micro- to nano-sized particles, can easily be tuned by adjusting the stirring rate during encapsulation. Doxoru-
bicin, a well-known chemotherapeutic drug, onto the CA nanocapsules containing UCNPs (UCNP-CA nano-
capsules) was loaded with up to ~63 % efficiency and acid-induced release (~47 %) obtained at pH 3.6 and 5.5.
It was found that encapsulation decreased toxicity of UCNPs as confirmed in a cellular assay (L-929 and MCF-7
cell lines). Taken together, the developed UCNP-CA nanocapsules serve as a highly interesting novel theranostic
platform, combining the biocompatible optical properties of UCNP, with reduced cell toxicity and drug encap-

sulating properties of CA. The proposed system could be subject for further refinement and exploration.

1. Introduction

Upconversion nanoparticles (UCNPs) are luminescent nanomaterials
based on lanthanide doped rare earth nanocrystals having ability to
convert a near-infrared (NIR) radiation into visible light through so
called photophysical upconversion processes [1,2]. Compared to the
conventional fluorescent and luminescent materials such as organic
fluorophores, quantum dots and carbon dots, generally exhibiting large
Stokes-shifts, UCNPs offer several advantageous optical properties like
large anti-Stokes shift, high photochemical stability and sharp emission
bandwidth [3]. Particularly, due to their remarkable anti-Stokes shift
allowing for excitation in NIR region the UCNPs are highly interesting
for medical applications such as biosensing and bioimaging potentially
allowing for deep tissue imaging, high contrast potentially avoiding
background autofluorescence, and reduced photodamage [4].

Targeting biomedical applications, biocompatibility and stability are
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two major challenges. It has been shown in earlier studies that stability
of UCNPs is a problem due to their potential to agglomerate [5]. To
overcome this problem, many designs have been explored modifying the
surface of the UCNPs using polymers such as polyacrylic acid, poly-
ethyleneimine, polyvinylpyrrolidone and block co-polymers or inor-
ganic oxides such as SiO and TiO; [6-11]. Also surface modifications
using biomolecules such as DNA or RNA oligonucleotides, proteins and
enzymes have been investigated [12]. So far, a few of them provided
sufficient evidence to move towards translational potential [13]. Thus,
there is still need for further development in order to provide UCNPs
with a durable, hydrophilic and biocompatible coverage.
Nanocomposites based on self-assembly of amphiphilic
polysaccharide-based copolymers have demonstrated great promise for
pharmaceutical applications [14]. Particularly composites based on
cellulose acetate are of high interest due to its biocompatibility, avail-
ability and biodegradability [15]. In fact, cellulose acetate is already
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Fig. 1. Schematic illustration of the design of UCNP-CA capsule and pH responsive delivery of Dox at acidic pHs.

commercialized in several biomedical and pharmaceutical products, e.
g., wound dressings, medical devices and as nanocarriers for controlled
drug release [15]. In the literature, as a drug carrier platform, CA
polymer is used in the form of electrospun nanofiber, core-shell nano-
particle, matrix, and microspheres in drug delivery systems [16-19]. For
instance, Hujaya S. and co-workers used cellulose nanofibril (CNF), an
oppositely charged polyelectrolyte, to fabricate a polyion complex
hydrogel. They introduced doxorubicin (Dox) to the CNF hydrogels and
investigated their pH responsive release profile. Their results showed
that approximately 65 % of Dox at physiological pH 7.4 was retained
past a burst release regime and the loaded Dox was completely released
within 5 days at pH 4 [20]. Garg A. and co-workers prepared core-shell
nanoparticles from hyaluronic acid modified cellulose acetate phthalate
(HAC) and cellulose acetate phthalate (CAP) nanoparticles (NPs), and
loaded an anticancer drug, 5-fluorouracil (5-FU), to the prepared
nanoparticles. A significant time prolongation was observed in 5-FU
release from the prepared cellulose acetate phthalate nanoparticles. 99
% of the loaded drug from 5-FU loaded CAP nanoparticles was released
in 8 h, but the release time from in HAC nanoparticle system was to be
found as 48 h for 97 % of the loaded drug, which indicates HAC NPs with
long release time period are more effective system to deliver of 5-FU for
lung cancer [21]. Wu and co-workers synthesized ibuprofen
loaded-cellulose acetate (CA) composite 3D films with varying grid void
geometries using electro-hydrodynamic printing technique. Variations in
ibuprofen (IBU) release behavior was showed using minimal and iden-
tical excipients, as an example of the applications of tailored drug
release, personalized medicine and tissue engineering scaffolds [22].

As mentioned above, there are several previous reports on the CA
nanomaterials as a drug carrier. However, to the best of our knowledge,
cellulose acetate (CA) polymers have not been investigated in context of
UCNPs earlier. Herein, we present the design of a novel theranostic
platform composed of the CA nanocapsules containing UCNPs (UCNP-
CA nanocapsules) for the first time (Fig. 1). The UCNP-CA capsules were
prepared by a solvent evaporation technique, allowing control of par-
ticle size by varying stirring rate. The optical properties of nano-sized
UCNP-CA capsules were investigated using fs-pulsed NIR in a multi-
photon laser scanning microscope (MPM). Furthermore, the biocom-
patibility and drug delivery potential were explored in a cellular assay
by loading the capsules with doxorubicin (Dox), a well-known anthra-
cycline-based chemotherapeutic drug.

2. Experimental section
2.1. Materials

Ammonium fluoride (NH4F), Erbium(III) chloride hexahydrate
(ErCl3.6H20, 99.99 %), cerium(IIl) chloride hexahydrate (CeCls.H20,
99.99 %), sodium hydroxide (NaOH), ytterbium(III) chloride hexahy-
drate (YbCl3.6H30, 99.99 %), Yttrium(Ill) chloride hexahydrate
(YCl5.6H20, 99.99 %), polyethyleneimine (PEI, branched polymer, MW
10.000), cellulose acetate (MW 50.000), sodium dodecyl sulphate (SDS),
doxorubicin hydrochloride (Dox) and solvents (analytical grade) were
used as purchased (Sigma-Aldrich) without further purification.

2.2. Synthesis of NaYF,:Yb>t, Er®t, Ce>" upconversion nanoparticles
(UCNPs)

UCNPs (NaYF4:Yb3t, Er®*, Ce3") were fabricated by hydrothermal
method as described before [23]. Into a 100 mL Teflon beaker,
YCl3.6H20 (0.72 mmol, 140.59 mg), YbCl3.6H,0 (0.2 mmol, 55.58 mg),
ErCl3.6H20 (0.05 mmol, 13.68 mg), CeCl3.6H,0 (0.03 mmol, 7.39 mg)
and NaCl (1 mmol, 58.44 mg) were dissolved in deionized water (4 mL).
The final RE3* solution after addition of 50 mL of ethanol was left for
stirring for 5 min. 10 mL of 5%(w/v) aqueous PEI solution and 185.2 mg
of NH4F (5 mmol) was added to the RE3 solution in the Teflon beaker.
The beaker placed into the autoclave was heated at 200 °C for 3 h. The
synthesized UCNPs was separated by centrifuging (8500 rpm) for 15 min
and the precipitate was washed for three times with ethanol:water (1:1).
The UCNPs was dried under vacuum at 40 °C [23].

2.3. Synthesis of CA capsulated UCNPs (UCNP-CA nanocapsules)

UCNPs (500 mg) and cellulose acetate (1 g) were dispersed in the
mixture of DCM (60 mL) and acetone (20 mL). This mixture was added
drop by drop to 300 mL of 1% (w/w) aqueous SDS solution and stirred at
10.000 rpm for 1 h at ambient temperature. At the end of the duration,
the solution was added to another SDS solution (1%, 300 mL) at 1500
rpm and heated to 40 °C for 4 h. After the cooling of the final mixture
down to the ambient temperature, the precipitates were collected via
ultracentrifuge at 12.000 rpm. The prepared CA capsules washed for
three times with deionized water (50 mL) were dried at 40 °C under
vacuum (Fig. S1).
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Fig. 2. SEM images of CA microcapsules formed at different stirring rates.

2.4. Characterization

The size, size distributions and surface morphology of the synthe-
sized CA capsules, UCNPs and UCNP-CA capsules in aqueous solutions
were characterized by dynamic light scattering (DLS) (Malvern Zetasizer
Nano ZS), transmission electron microscopy (TEM) (LEO 906E) and
scanning electron microscopy (SEM) (ZEISS) measurements. The func-
tional groups of the synthesized particles were confirmed by FTIR
spectrometer (Perkin Elmer L160000R). CA encapsulation of the UCNP-
CA nanocapsules was quantified by a thermogravimetric analyzer (TGA)
(Perkin Elmer, Pyris Series STA-8000) programmed with a heating rate
of 10 °C/min between 30 °C and 800 °C under a nitrogen flow with 20
mL/min. Dox release was followed by a Perkin Elmer (Lambda 650)
UV-vis spectrophotometer.

In photophysically characterization of imaging properties of UCNPs,
a commercial upright LSM 710 NLO set up (Carl Zeiss Microlmaging
GmbH, Germany) was utilized. The system was equipped with a Mai Tai
DeepSee tunable NIR Ti:Sapphire fs-pulsed (< 100 fs) laser (Spectra-
Physics, Newport Corporation, USA) operating at a repetition rate of 80
MHz. The excitation wavelength was set to 980 nm. The particles were
places in custom made imaging chambers (Fig. S2) and imaged using a
W PlanApochromat 20x/1.0 DIC M27 75 mm objective lens. Imaging
conditions was kept constant for all experiments. For the power
dependence measurement laser power was varied in the range 0.2-5.0
mW, as measured at the exit of objective lens. For spectral acquisition,
the internal spectral detector was used with a resolution of < 10 nm. For
imaging, the detected spectral range of the emission was set to 417-727
nm.

2.5. Loading of Dox to UCNP-CA nanocapsules

UCNP-CA nanocapsules (150 mg) were firstly dispersed in deionized
water (20 mL) and then a Dox solution (3 mg, 1 mL deionized water) was
introduced to the UCNP-CA dispersion. The mixture was left for stirring
with 300 rpm for 48 h at room temperature. After this period, the
mixture was dialyzed for 48 h against 500 mL of deionized water by
changing outer water once every 12 h to remove unabsorbed Dox
(Fig. S3). The loading level of Dox was calculated by a UV/Vis spec-
trometer using standard calibration curve obtained at Apax = 480 nm of
Dox.

2.6. Invitro drug release studies

Dox release from drug loaded UCNP-CA nanocapsules was followed
by a Perkin Elmer (Lambda 650) UV-vis spectrophotometer as described
before [24]. The released Dox concentration was determined according
to the standard procedure by using a calibration curve created between
concentrations of 5-50 ppm at 480 nm which is the maximum absorp-
tion wavelength of Dox [24].

A dialysis method was applied for in vitro drug release studies at pH
values of 3.6, 5.5 and 7.4 by using regenerated cellulose membrane

(MWCO: 3500) as explained elsewhere [24]. Firstly, Dox loaded
UCNP-CA nanocapsules were divided into three equal weights. Each one
was homogenously dispersed by stirring for 2 min in 2 mL phosphate
buffer solutions (PBS) at pH 3.6, 5.5 and 7.4, respectively. After each
dispersion was transferred into a dialysis membrane, they were
immersed into three different buffer solutions (50 mL) at pH of 3.6, 5.5
and 7.4, then left for stirring at 200 rpm at room temperature. 1 mL
solution taken from each vessel at certain time intervals with 2, 4, 6, 8,
24, 48, 72 h was analyzed by UV-vis spectrophotometer and then it was
given back to the medium. The measurements were repeated three times
and the averaged values was used to represent Dox release behavior.

Dox loading efficiency (LE%) and loading capacity (LC%) into UCNP-
CA capsules were determined using Egs. (1) and (2), respectively.

Woa ox Wre eased Dox
LE = —oPox_ —released Dox y () )
Vthal Dox
Waa ox released Dox
LC% — total Doy leased D X100 (2)
Wmm/ NPs

where Wil pox is amount (mg) of total doxorubicin in the loading so-
lution, Wreleased Dox is weight (mg) of doxorubicin released from dialysis
membrane and Wiyq nps is total weight (mg) of nanoparticles.

2.7. Invitro administration in cell lines

In vitro cytotoxicity test is a significant parameter in terms of
biocompatibility evaluation of the materials [25,26]. For this reason,
biocompatibility of the materials was determined first with mouse
fibroblast (L-929) cells and then the efficiency of the drug delivery
system was investigated with breast cancer 8MCF-7) cells. Firstly, mouse
fibroblast (L929) and breast cancer (MCF-7) cell lines were grown in
DMEM medium with penicillin/streptomycin (1%) and FBS (10 %) in a
CO4 (5%) and air (95 %) humidified atmosphere at 37 °C. L-929 cells
were used to determine the toxicity properties of UCNP, UCNP-CA and
CA. The cells were seeded in 96 well-plates at 10* cells/well followed by
exposing to UCNP, UCNP-CA and CA for 24 h with the concentrations of
12.5, 25, 50, 100 and 200 pg/mL. After the cells were washed with PBS,
10 pL of MTT (5 mg/mL in PBS) and 90 pL of DMEM were pipetted to the
wells. After incubation period with 4 h at dark, the excess of MTT was
removed, and 100 pL of DMSO was added. The color intensity at 550 nm
was determined by a microplate reader, and the control wells were
accepted as viable.

In order to determine pH-dependent toxicity of UCNP-CA capsules
containing Dox against MCF-7 cells, the particles (0.1 g) were added to
the DMEM medium prepared at different pH (3.6, 5.5 and 7.4) and
incubated for 24 h. The medium was removed and added to the wells
containing 10* cells per well. After 24 h incubation, the medium was
separated and 10 pL of MTT (5 mg/mL in PBS) and DMEM (90 pL) were
added to the wells. MTT measurements were carried out like mentioned
above. Standard deviation values were given as SD.
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Fig. 3. DLS measurement of the UCNP-CA nanocapsules prepared at 10.000 rpm; Photo of the dispersed bare CA nanocapsules, bare UCNPs and UCNP-CA nano-

capsules in PBS solution at pH:7.4;

and zeta potentials of those solutions.

Fig. 4. (A) TEM images of bare-UCNPs, (B) UCNP-CA, (C) High angle annular dark field (HAAF) TEM image of UCNP-CA, (D) Bright field TEM image of UCNP-CA,
(E) TEM mapping analysis of UCNP-CA.
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Fig. 6. (A) The comparison of luminescence emission of bare UCNPs and UCNP-CA nanocapsules dispersed in liquid medium; (B) emission spectra of CA encap-
sulated UCNPs (NaYF4:Yb>", Er*") at room temperature acquired using pulsed (~100 fs, 80 MHz) laser operating at 980 nm. Insert in (C) shows the MPM image (400
x 400 pm) of bare UCNPs, with region of interest from which spectrum was obtained. The scale bar is 20 pm.

3. Results and discussion
3.1. Size control of CA capsules

The size of CA capsules is an important parameter that should be
optimized with respect to cellular uptake and biodistribution [27].
Therefore, first, bare CA capsules were prepared by controlling the
stirring rate. Four different stirring rates (1500, 3000, 5000, and 10.000
rpm) were studied, and the SEM images showed that as the stirring rate
was increased, the size of capsules was significantly decreased (Fig. 2).
As a result, at 10.000 rpm, the average size of the CA capsules was
determined as 320 + 5 nm which is proper for the biological studies.
After the stirring rate for suitable CA capsule size was optimized, the
pre-synthesized UCNPs were then employed to encapsulate within CA
nanocapsules in situ at 10.000 rpm.

3.2. Encapsulation and characterization of UCNP-CA nanocapsules

The aim was to create a biocompatible theranostic platform based on
CA encapsulated UCNPs and, to improve water dispersibility of the
UCNPs. Bare UCNPs generally tend to be agglomerate in aqueous solu-
tions. As a result of encapsulation with CA of the particles, the stability
of UCNPs in water increased and they stayed over a week without any
precipitation in PBS buffer solution at pH 7.4 (Fig. 3). Zeta potential
measurements of bare UCNPs, bare CA and UCNP-CA dispersions was
also confirmed the stability. Furthermore, the zeta potential of the bare
UCNPs —22 + 7 mV has been increased to -35 + 7 mV after encapsu-
lation with CA which proves the UCNP-CA nanocapsules are stable in the
aqueous solution (Fig. 3).

To prove the encapsulation of UCNPs into CA nanocapsules, UCNP-
CA nanocapsules were visualized by TEM measurements, as seen in
Fig. 4. TEM measurements were also applied to determine size, size
distribution and morphology of the pre-synthesized UCNPs. It was found
the UCNPs to have both spherical shape with the diameter of 50 & 2 nm
and rod shape with the width of 25 + 1 nm, and the length of 80 + 5 nm,
respectively (Fig. 4A). Fig. 4B clearly shows that UCNPs have been
successfully imprisoned in the CA nanocapsules. The nanoparticles with
dark colour represent the UCNPs, while the lighter spheres representing
CA nanocapsules (Fig. 4B).

Fig. 4C and D demonstrate dark and bright field TEM images of the
CA encapsulated UCNPs, respectively. In order to prove the lanthanide
(I1D) ions doping to NaYF4 nanocrystals, elemental mapping in STEM
image showing UCNP-CA nanocapsules was performed and the results
showed that Yb®" and Er®* ions were successfully doped into the host

crystal lattice (Fig. 4E). Crystal phase of UCNPs was further character-
ized by XRD measurements (Fig. 5A). The peaks indexed to the planes
belonging hexagonal phase (p-NaYF4) and the cubic (a-NaYF,) in XRD
pattern are in good agreement with the reference JCPDS 28-1192 and
JCPDS 77-2042, respectively [28]. The synthesized UCNPs are therefore
a mixture of hexagonal and cubic phases. It is favorable the presence of
hexagonal phases of NaYF4 nanocrystals in the media since the upcon-
version efficiency of hexagonally crystalized lanthanide doped NaYF4
nanocrystals is higher than that of the cubic phase [29].

To further prove the CA encapsulation, FTIR spectra of bare CA
microcapsules, bare UCNPs and CA encapsulated UCNPs nanocapsules
are exhibited in Fig. 5B. The FTIR spectrum of cellulose acetate micro-
capsules showed characteristic bonds belonging ester functional group
at 1737 cm™! (CO= stretching), 1450 cm ! (aliphatic CH— in-plane
bending for CH3—CO), 1368 em=! (CH3 symmetric deformation),
1219 cm’ (C—OC— asymmetric stretching), 1160 cm™?t (C—0C—
symmetric stretching). The hydroxyl group of D-glycose unit in CA was
appeared at 3481 cm’! as a broad band and the vibrations of the
aliphatic CH— strength of D-glycose was seen at 2946 and 2885 cm’l.
The asymmetric and symmetric stretching modes of C—OC— bond were
appeared at 1033 cm™ and 901 em™, respectively [30]. After encapsu-
lation of the UCNP by CA, the vibrations of the functional groups of CA
were shifted to higher wavenumber and the peaks belong to UCNP-CA
nanocapsules were appeared at 1744 cm ! for CO— stretching, 1370
cm™ for CH3 symmetric deformation, 1233 cm™! for CO— stretching and
1050 em™ for C—OC— stretching.

In order to quantify the amount of CA in the UCNP-CA capsules,
thermal gravimetric analysis (TGA) measurements have been performed
(Fig. S4). TGA curve of bare CA capsules showed 87.1 % weight loss due
to the decomposition of the organic polymer, CA [31]. It was also
observed 12.9 % residual after CA decomposition. On the other hand,
UCNP-CA capsules lost 54.5 % weight due to the burning of CA polymer.
The rest of 45.5 % sum of UCNPs and the residual of CA. According to
the TGA curve of bare CA capsules, it was estimated that the UCNP-CA
capsules constitutes 38.6 % of UCNPs.

3.3. Photophysical characterization

The upconversion phenomena occurs a result of multi-step absorp-
tion from resonant states in lanthanide ions having metastable 4f-4f
intermediate states after the excitation of the nanoparticle with low
energy photons in the near-infrared (NIR) region, [32,33], and are
generally known as the conversion of NIR light to UV and visible regions.
Generally, a sensitizer ion such as Yb®' having a stronger absorption
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powers, and (F) the correlation between Iycp, as function of P together with a linear fit. The scale bar is 20 pm.

ability in the NIR region and an emitter ion/ions such as Er>*, Tm>* or
Ho®"' ions having a resonance energy level with the sensitizer ion is
required [33,34]. Fig. 6A illustrates the emission of NaYF4:Yb, Er UCNPs
appeared at 439, 523, 541 and 659 nm corresponding to 2Hy /2 = s /25
’Hy4 /2= 1, 5/2 4S3 /2 — N 5/2and 4F9 /2 4115 /o transitions, respectively,
measured with a fluorescence spectrophotometer in a liquid media.
After encapsulation with CA, the luminescence emission intensity of
UCNPs has been decreased 30 % observed at the characteristic emission
peaks of Erbium. The narrow emission bands at 550 and 670 nm,
belonging the characteristic 4f—4f transitions of Er>" doped UCNPs
appear in both the bare as well as in the CA encapsulated particles,
confirming that optical properties are retained after encapsulation.
Included in the Fig. 6B is the spectra acquired using pulsed laser (~100
fs, 80 MHz) in a multiphoton microscope (MPM). The rationale for this
comparison was to confirm the relevance of the theranostic system also
for applications based on MPM.

Since the principle of MPM is based on the inherent confocal prop-
erties of multiphoton processes, it is interesting to study how the UCNPs
excitation behaves in the MPM at varying laser power. It has been re-
ported that the intensity of UC photoluminescence (Iycp;) has a non-
linear dependence on power of excitation light (P), ie., Iycp. = kP",
where n is the number of photons required to generate the UC lumi-
nescence [32]; however, it is also stated that the values of “n” can be
reduced by completion of decay and upconversion rates. Thus, in this
study the particles where excited at different laser powers using MPM
and pulsed NIR light, as demonstrated in Fig. 7. Evident from the Fig. 7F
is a linear power dependence observed, implying that the excitation of
UCNPs in the MPM is not following a non-linear dependence.

3.4. Invitro pH triggered Dox release

Doxorubicin (Dox), being a well-known anthracycline-based
chemotherapeutic drug, has in recent years been explored in combina-
tion with various nano-systems in order to increase its targeting via
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Fig. 8. Drug release profiles of UCNP-CA nanocapsules at pH 3.6, 5.5 and 7.4.
active or passive targeting process, and also to overcome the disad-
vantages of unspecific cell toxicity associated with chemotherapeutic
drugs [35]. Such nano-systems can control the release of a chemother-
apeutic drug to the targeted area with stimulants such as pH, tempera-
ture, glutathione, redox potential, magnetic field, ultrasound, or light
[36,37]. Among these triggers, pH is an important parameter in targeted
drug delivery systems, because the extracellular pH of the tumor tissues
between 5.8-7.4 is lower than that of blood plasma and healthy tissues
(pH 7.4). In particular, pH in the intracellular parts such as endosomes
(pH 5-6) and lysosomes (pH 4-5) further drops further till 4-5 [38].
Hence, many drug carrier systems have been designed as pH sensitive
drug delivery systems.

In the present study, we designed our system according to pH
depended drug release from UCNP-CA nanocapsules. It has been chosen



S.D. Topel et al.

Materials Today Communications 26 (2021) 101829

1254

100

~
T

%Cell Viability
o
=)
1

254

12.5 25 50 100

200

Concentration (uM)

% Inhibition

10017 mm PH74 B PH55
804 |

1l ef
60 _ efo

d
404
RS 1 _

204 j.k

& F & K S
™ (€) [S) [€) (o)
O S 3
X NG
v
00

Fig. 9. (A) MTT assay of the viability of L929 cells after treatment with different concentrations of UCNP, UCNP-CA and CA of UCNP, UCNP-CA and CA for 24 h.
Statistically significant values (p < 0.05); a: UCNP vs UCNP-CA, b: UCNP vs CA. (B) % inhibition results of UCNP, CA, UCNP-CA, Dox-UCNP-CA and Dox against MCF-
7 cells under different pHs. Statistically significant values (p < 0.05); pH 7.4; a: UCNP vs Dox, b: CA vs Dox-UCNP-CA, c: CA vs Dox, d: UCNP-CA vs Dox, pH 5.5; e:
UCNP vs CA, f: UCNP vs UCNP-CA, g: UCNP vs Dox, h: CA vs Dox-UCNP-CA, i: CA vs Dox, j: UCNP-CA vs Dox-UCNP-CA, k: UCNP-CA, 1: Dox-UCNP-CA vs Dox.

a well-known chemotherapy drug, doxorubicin (Dox) which is an
anthracycline-based chemotherapy drug for a variety of cancer therapy,
including breast cancer, melanoma, lung cancer, glioma, leukaemia and
lymphoma [39] since Dox molecules can easily be adsorbed to the sur-
face of CA capsules via weak electrostatic forces. At acidic pH condi-
tions, Dox is protonated and become quite water-soluble, thus it release
from the CA surface to the medium. The release profiles of Dox loaded
onto the UCNP-CA capsules were monitored by UV-vis spectropho-
tometer. The results show that the Dox molecules were adsorbed onto
the UCNP-CA nanocapsules with 63 % of loading efficiency and 1.1 % of
loading capacity. Then, in vitro drug release from Dox loaded UCNP-CA
nanocapsules was carried out at different pH values as depicted in
Fig. S3. Fig. 8 shows drug release profiles of the UCNP-CA nanocapsules
at pH 3.6, 5.5 and 7.4. At physiological pH 7.4, 21 % of Dox from
UCNP-CA capsules was released at the end of 72 h while the release
increased to 43 % and 47 % at pH 5.5 and 3.6, respectively. The Dox
release in the capsules at pH 5.5 and 7.4 was reached to equilibrium
within 20 h and the cumulative release at the equilibrium is 43 % and
21, respectively. However, 89 and 86 % of the equilibrium values were
reached within 6 h respectively. On the other hand, any equilibrium at
pH 3.6 has not been established for drug release even after 72 h. In fact,
75 % of the maximum value for 72 h was released at the end of 6 h at pH
3.6. Therefore, in terms of kinetics, Dox release from drug loaded
UCNP-CA capsules at pH 5.5 and 7.4 was faster and the release reached
to equilibrium within 20 h. On the other hand, the Dox release rate was
slower at pH 3.6, but the release continued even after 72 h.

The bare UCNPs were found to be slightly toxic towards mouse
fibroblast (L929) and breast cancer (MCF-7) cell lines (Fig. 9A and B).
Interestingly, the toxicity of UCNPs was reduced via encapsulating with
CA. According to the MTT results in Fig. 9A, bare UCNPs showed toxicity
at all concentrations against L-929 cells, which agrees with the reported
studies [40], however their toxicity was significantly reduced by CA
encapsulation (p < 0.05). On the other hand, drug release efficiency
study with MCF-7 showed a low toxicity value in UCNP-CA capsules,
especially at pH 5.5, whereas Dox adsorbed UCNP-CA capsules showed
higher inhibition compared to free Dox, indicating that drug release was
achieved under acidic conditions and the anticancer drug Dox was
adsorbed to UCNP-CA nanoparticles successfully (Fig. 9B). These results
are correlated with the “in vitro pH-triggered Dox release” studies.
Higher release of Dox at lower pH is also correlated with the literature

[41]. In Fig. S5, pH-dependent toxicity images of MCF-7 showed that pH
3.6 caused cell damage whereas pH 5.5 and 7.4 does not exhibit such a
damage. Therefore, only pH 5.5 and 7.4 results are given in Fig. 9B. In
the view of the results, it is clearly seen that CA coating decreases the
cytotoxicity of UCNPs, but the targeting molecules have acceptable
toxicity on L-929 cells. In summary, encapsulation with cellulose acetate
(CA) of UCNPs has an important role in the decreasing of cytotoxicity of
UCNP and therefore the fabricated UCNP-CA nanocapsules are prom-
ising for use as a drug carrier capable of pH dependent Dox release.

4. Conclusion

As a conclusion, an efficient theranostic platform based on cellulose
acetate (CA) encapsulated UCNPs have been developed and their pho-
tophysical properties, cytotoxicity, biocompatibility, and pH triggered
Dox release property in vitro have been investigated. The encapsulation
of the CA not only was diminished the toxicity of UCNPs but also
increased the biocompatibility of the UCNPs towards to L929 cells. A
chemotropic drug, doxorubicin, can be loaded on the designed UCNP-CA
nanocapsules with 63 % of loading efficiency, successfully. The Dox
loaded UCNP-CA nanocapsules showed better in vitro Dox release
behavior at low pHs which is promising for tumor tissues since their
cellular microenvironment is more acidic. Cellular experiments on MCF-
7 cells shows the cells to be damaged at pH 3.6, whereas pH 5.5 and 7.4
does not exhibit such damage. In the light of the results outlined above
and the efficient luminescence properties of UCNPs, the developed
UCNP-CA nanocapsules have a great potential as a novel theranostic
platform for bio-imaging and stimulant responsive drug release carriers.
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