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Biodegradable nanoparticles (NPs) have shown great promise as intracellular imaging probes, nanocarriers
and drug delivery vehicles. In this study, we designed and prepared ampbhiphilic cellulose derivatives via
Schiff base reactions between 2,3-dialdehyde cellulose (DAC) and amino compounds. Polymeric NPs
were facilely fabricated via the self-assembly of the as-synthesized amphiphilic macromolecules. The

size distribution of the obtained NPs can be tuned by changing the amount and length of the grafted
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NPs based on cellulose derivatives were stable in neutral and alkaline environments for at least a month.

DOI: 10.1039/c9ra10280a They rapidly decomposed with the efficient release of the drug in acidic tumor microenvironments.
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Introduction

Biodegradable NPs with suitable dimensions, smooth surface
and increased water solubility have gained considerable interest
due to their environmental friendliness and biocompatibility.'
Various biodegradable NPs have been widely used in drug
delivery,*® biosensors, and medical imaging.'*** In particular,
biodegradable NPs have potential advantages in improving the
therapeutic value of various medicinal drugs and bioactive
molecules by improving the bioavailability, solubility and
retention time.'*'* Biodegradable NPs derived from nontoxic
and green materials are expected to be in high demand by
consumers and industries. Current research for biodegradable
NPs is mainly focused on developing biodegradable polymers
for the self-assembly of NPs.'*>*

In recent years, numerous studies have been carried out on
polysaccharides and their derivatives due to their tremendous
advantages including non-toxicity, biocompatibility, hydrophi-
licity and stability.>** It is well known that cellulose is the most
abundant renewable polysaccharide produced by plants.
Cellulose also provides a reactive platform with numerous OH
groups that can be functionalized to achieve different
properties.>**”

Biocompatible and biodegradable NPs for drug delivery can
be administered via different routes including oral,
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These drug-loaded NPs have the potential for application in cancer treatment.

intravenous, intraperitoneal, and transdermal.*® The NPs from
cellulose derivatives have functional groups on the cellulose
backbone, which provide the NPs with attached drugs the
ability to be used via physical adsorption.

In our recent study, biocompatible functional cellulose
derivatives were prepared by the reaction of DAC with oleyl-
amine and aminoethyl rhodamine (AERhB) via Schiff base
bonds.”” AERhB was used as a model compound in place of
cancer therapeutic drugs containing amine groups. The release
of this model compound AERhB was due to the pH change.
However, many applied cancer therapeutic drugs do not contain
amine groups and cannot be integrated via Schiff base forma-
tion. In comparison, the encapsulation of such drugs into NPs
should be another applicable approach for subsequent drug
delivery following cellular uptake through endocytosis and cell
cytotoxicity assay.

Herein, dialdehyde cellulose (DAC) was synthesized by the
periodate oxidation of cellulose under mild aqueous condi-
tions, resulting in the formation of dialdehyde groups from the
hydroxyl groups at the C2 and C3 positions of anhydroglucose
units.>**° Then, pH-responsive NPs were facilely fabricated via
the self-assembly of a synthetic amphiphilic functional cellu-
lose derivative. To achieve this, biocompatible functional
cellulose was constructed based on DAC by conjugating with
a variety of amines via Schiff base bonds, followed by a nano-
precipitation technique in aqueous solution. A predetermined
amount of DOX was added to the DAC derivative solution with
stirring at room temperature for 2 h; the DOX-loaded NPs were
obtained by using a nanoprecipitation technique. The NPs
containing encapsulated anticancer drugs (DOX) were stable in
neutral and alkaline environments. They rapidly decomposed
and efficiently released the drugs due to the cleavage of the

This journal is © The Royal Society of Chemistry 2020
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Schiff base linkages under endosomal/lysosomal conditions
after the internalization of the NPs by tumor cells. Thus, these
NPs based on cellulose derivatives are promising carriers for
biomedicine.

Experimental
Materials

Microcrystalline cellulose (MCC) with a granule size of 50 pum,
hydroxylamine hydrochloride, oleylamine, and rhodamine B
base (97%) were purchased from Sigma-Aldrich. NalO,,
ethylene glycol, aqueous hydrochloric acid (HCl, 37% w/w),
sodium hydroxide (NaOH), ethanol, and N,N-dimethylforma-
mide (DMF) were received from TH. Geyer (Germany). All
chemicals were of analytical grade or higher. Deionized water
with the conductivity of <0.05 uS cm ™" was used throughout the
experiment. Aminoethyl rhodamine (AERhB) was prepared in
two steps from rhodamine B as reported before.** The dialysis
membrane with a molecular weight cut-off of 3500 Da was
bought from Thermo Fisher Scientific. Human lung cancer cell
line (A549) cells were obtained from the Cell Bank of the
Chinese Academy of Sciences, Shanghai, China. DMEM
medium containing 10% (v/v) fetal bovine serum was obtained
from Gibco, USA, along with 100 g mL ™" streptomycin and 100
U mL ™" penicillin.

Fabrication of dialdehyde cellulose (DAC)

DAC was prepared through periodate oxidation of MCC as
previously described.””?*>** MCC (1 g), NalO, (1.65 g) and 50 mL
water were stirred at 250 rpm for 72 h at room temperature (RT)
in the dark. Ethylene glycol was added to this mixture to quench
the residual periodate. Thereafter, the oxidized cellulose was
purified by dialysis against water. The purified DAC was heated
at 80 °C for 4 h, and then the residual solid was separated from
the sample by centrifuging at 14 000 rpm for 30 min. The
supernatant was collected and stored at 4 °C.

Preparation of NPs from DAC derivatives

The preparation methods were based on a previous report with
slight modifications.”” Firstly, 0.5 g of samples with various
molar ratios of DAC and hexylamine (1:0.5,1:0.75,1:1,1: 2,
1:5) were respectively added to ethanol in a flask and the
system was stirred for 1 h at room temperature until completely
dissolved in ethanol. Solutions of DAC-hexylamine at the
concentration of 10 mg mL ™" were obtained, and 1 mL of each
solution was added dropwise into 10 mL water by using
a syringe pump at a rate of 0.2 mL min~'. The NPs-H (NPs-
Hi.o5, NPs-H;.75, NPs-H;.;, NPs-H;.,, NPs-H;.5) with various
molar ratios of DAC : hexylamine were obtained using the same
method.”” The obtained NPs suspensions were loaded in dial-
ysis bags and dialyzed against deionized water for three days to
eliminate water-soluble impurities and DMF. Five kinds of NPs-
O (NPs-O4.9.5, NPs-Oy.9 75, NPS-O4.1, NPs-O;.,, NPs-O;.5) of DAC—
oleylamine and the NPs-R (NPs-R;.q 5, NPs-R; .4 75, NPs-R;.;, NPs-
Ry, NPs-R;.5) suspensions were obtained via the same
approach.
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Preparation of DOX-loaded NPs

The DAC derivative from DAC and oleylamine with a molar ratio
of 1:1 was added to DMF, then stirred and heated to 50 °C,
until completely dissolved in DMF. A predetermined amount of
DOX-HCI was added and the solution was stirred at room
temperature for 2 h. Then, 1 mL of derivative and DOX-HCl
solution was dropped into 10 mL water at a rate of 0.2 mL min~"
via a syringe pump. Subsequently, the obtained DOX-loaded
NPs suspension was dialyzed against deionized water for 24 h
to remove free DOX and byproducts.

Cell culture condition

Human lung cancer cell line (A549) cells were cultured in
DMEM medium containing 10% (v/v) fetal bovine serum, 100 g
mL~" streptomycin and 100 U mL™" penicillin. Cells were
maintained at 37 °C and 5% CO, humidified atmosphere.

Cytotoxicity assay

The cell viabilities of free DOX and DOX-loaded NPs on A549
cells were evaluated by using the CCK8 method. The A549 cells
(4 x 10® cells per well) were seeded in a 96-well plate (four
replicates for each treatment). After 24 h, free DOX (final
concentration 20 pg mL ') and DOX released from NPs under
pH 4.0, pH 5.0 and pH 7.0 conditions, where the pH of the DOX
solution was adjusted to 7.0, were added to the cell medium and
incubated for 24 h. The 10 pL. CCKS8 solution was then added to
each well and incubated for 3 h in a humidified incubator (5%
CO,, 37 °C). The absorbance was determined at 450 nm using
a SpectraMax M5 multi-mode microplate reader. Cell images
after the different treatments were captured using a Nikon
microscope.

Evaluation of the pH-triggered destabilization of NPs

In order to evaluate the pH sensitivity of DAC-derived NPs,
various kinds of NPs suspensions (1 mg mL ') were transferred
to dialysis bags and immersed in 100 mL acetate buffer solu-
tions (pH 4.0) and 100 mL phosphate buffer solution (PBS) (pH
7.0), respectively. Each sample was maintained at 37 °C with
continuous stirring at 200 rpm. After the predetermined time
intervals, 1 mL of the NPs suspensions were extracted from the
dialysis bags and the size distribution of NPs was measured via
dynamic light scattering. A portion of the NPs suspensions (1
mL) was added to dialysis bags so that the entire suspensions
were not influenced for each measurement.

In vitro DOX release from DOX-loaded NPs

DOX-loaded NPs suspensions (10 mL, 1 mg mL™ ') were added
to a dialysis membrane, which was then incubated in 200 mL
acetate buffer solution (pH 4.0), 200 mL PBS of pH 5.0, and
200 mL PBS of pH 7.0 at 37 °C in a shaking water bath at a rate of
200 rpm. At the predetermined times (6 h, 12 h, 24 h, 48 h),
aliquots of 200 pL of samples from outside the dialysis bags
were measured by the validated HPLC method (Fig. S4-S771).
DOX-release experiments were conducted in triplicate and the
results were expressed as the average with standard deviations.

RSC Adv, 2020, 10, 4860-4868 | 4861
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The cumulative amount of released DOX was calculated
according to the following equation:

Cumulative drug release (%) = (MJ/M,) x 100,

where M, denotes the amount of drug released at time ¢ and M,
represents the initial amount of drug in NPs.

Measurements

FTIR spectra were recorded on a PerkinElmer SP one FTIR
spectrometer. Elemental analysis was performed on an
elemental analyzer Vario EL III CHN instrument from Ele-
mentar (Hanau, Germany). The sizes of the NPs were deter-
mined on a Zetasizer Nano ZS instrument (Malvern Ltd, UK).
Three measurements were performed for each sample at 25 °C,
and the average values were taken as the final result. Scanning
electron microscopy was performed on a Leo SUPRA 35 instru-
ment (Carl Zeiss SMT GmbH, Oberkochen, Germany). Diluted
NP dispersions were dropped on silicon wafers and then dried
at room temperature. Prior to the observation, the surfaces of
the samples were coated with a layer of carbon of about 10 nm.
High-Performance Liquid Chromatography (HPLC) (Shimadzu
Corporation, Japan) was conducted using a Shim-pack VP-ODS
column (150 mm X 4.6 mm, 5 um), with a mobile phase of
0.002 mol L ™" sodium acetate buffer solution (pH 4.3) at a flow
rate of 0.7 mL min " and a mobile phase of methanol at a flow
rate of 0.3 mL min~". The peak at 248 nm was detected with
a UV detector. A SpectraMax M5 multi-mode microplate reader
was used (Molecular Devices, USA). Cell images were captured
using a Nikon microscope (ECLIPSE-Ti, Japan).

Results and discussion
Preparation and characterization of DAC derivatives

As shown in Scheme 1, 2,3-dialdehyde cellulose was obtained
after the periodate oxidation of cellulose at room temperature
in the dark. Using this DAC, three derivatives were further
prepared via the Schiff base reaction using hexylamine, oleyl-
amine and AERhB. As shown in Fig. 1, the structures of DAC,
DAC-hexylamine, DAC-oleylamine and DAC-AERhB were
confirmed by FTIR spectra. The characteristic absorption bands

cell uptake

Scheme 1 Schematic representation of the formation of nanoparticles.
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of the aldehyde carbonyl groups appeared at 1730 and
880 cm ™, which were due to carbonyl group stretching and the
hemiacetal linkages formed from the dialdehyde groups,
respectively.®>* The characteristic peak at 1730 cm™" dis-
appeared in DAC derivatives, which further confirmed the
effective Schiff base coupling where the dialdehyde groups were
quantitatively converted into the imine groups (Fig. 1b). New
absorption peaks at about 1668 cm ™" for DAC-hexylamine,
DAC-oleylamine and DAC-AERhB were ascribed to the C=N
stretching vibrations.** The absorption peaks at 1467 and
729 cm ™' correspond to the C-H stretching vibrations of
multiple methylene moieties of DAC-hexylamine and DAC-
oleylamine.

Synthesis and characterization of nanoparticles

NPs were further prepared via the nanoprecipitation dropping
technique using these DAC derivatives.*® Generally, 1 mL DMF
solution of each DAC derivative (10 mg mL ") was added to
10 mL of water by using a syringe pump at a rate of 0.2
mL min~" under agitation at 800 rpm. The opalescent color of
the resulting dispersions indicated the formation of NPs from
DAC derivatives. These DAC derivatives are amphiphilic
macromolecules that are composed of a hydrophilic DAC
backbone and hydrophobic imine side groups. During the
phase transition in the poor solvents, hydrophobic cores were
formed by the aggregated hydrophobic groups, which were
further surrounded by coiled DAC chains. In order to maintain
a stable structure with minimum energy, sufficient amounts of
polymer chains were promoted to form NPs.*”*®* The samples
prepared from DAC-hexylamine with five molar ratios of DAC
and hexylamine (1:0.5,1:0.75,1:1,1: 2,1 : 5) self-assembled
into NPs with distinct sizes. Various kinds of NPs using DAC-
oleylamine and DAC-AERhB were fabricated according to the
same procedure. Z-average diameters and PDI of various kinds
of NPs are shown in Table 1 and Fig. 2. Furthermore, colloidal
stability evaluated by DLS revealed that the NPs dispersions
were sufficiently stable during storage for more than 30 days or
during strong dilutions. Moreover, the NPs exhibited a smooth
surface according to their SEM images (Fig. 2).

As shown in Fig. 2, SEM and DLS were performed to evaluate
the aggregation behaviors of NPs as well as their sizes and

R—Nu2

R Oleylamine
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Fig. 1 (a) FTIR spectra (2000-500 cm™Y) and (b) the extended view between 2000-1500 cm™* of MCC, DAC, DAC—hexylamine, DAC—oleyl-

amine and DAC—-AERhB, respectively.

morphologies. As shown in Fig. 2d-f, most of the obtained NPs
were spherical, while only a small number of them had irregular
shapes. The average diameters were measured using DLS to be
72.9-150.7 nm for NPs of DAC-hexylamine, 126.8-208.1 nm for
NPs of DAC-oleylamine and 117.6-187.8 nm for NPs of DAC-
AERhB. The size distributions of NPs are quite narrow, with
PDIs less than 0.13. It can be seen from Table 1 that the mean
sizes of NPs from five molar ratios of DAC and hexylamine
(1:05,1:0.75,1:1,1:2,1:5)are 72.9 nm, 86.3 nm, 94.2 nm,
113.2 nm and 150.7 nm, respectively. These results indicate that
the size of self-aggregated DAC-hexylamine increased with the
increasing amount of attached side chains along the DAC
backbone.**** 1t is well known that the hydrophobic groups
aggregate together to form a hydrophobic core. Increasing the
amount of hydrophobic groups will enlarge the diameters of
NPs. This tendency was also observed for NPs of DAC-oleyl-
amine and NPs of DAC-AERhB. Moreover, the mean sizes (at
the same molar ratios) increased in the following order: DAC-
hexylamine < DAC-AERhB < DAC-oleylamine. This fact further
indicates that the diameters of NPs were strongly affected by the
length of the hydrophobic side-chains.*” In particular, longer
chain segments as hydrophobic groups along the polymeric
backbone could result in larger aggregates due to the formation
of larger hydrophobic cores and thus promote the formation of
larger NPs.

pH-induced size changes in the nanoparticles

To investigate the pH-triggered size changes in the NPs, the size
variations of NPs under environments of pH 7.0 and pH 4.0
were monitored using DLS measurement. Each kind of NPs was
put into dialysis bags and immersed in acetate buffer solution
at pH 4.0 or phosphate buffer solution (PBS) at pH 7.0, while the
temperature was maintained at 37 °C. DLS results indicated
that the suspensions were sufficiently stable during the 30 day
storage in PBS at pH 7.0. The pH value of the solution was then
decreased to 4.0. As shown in Table 2 and Fig. 3, the mean size
of NPs-H,,; (with the molar ratio of DAC to hexylamine of 1 : 1)

This journal is © The Royal Society of Chemistry 2020

was 94.2 nm immediately after adjusting the pH value to 4.0.
The average size of NPs-H, ., increased after 2 h and 6 h to 207.3
and 443.2 nm, respectively. Moreover, the size further increased
to 2300 nm after 12 h and then the NPs began to decompose.
With respect to NPs-O,,; (with the molar ratio of DAC to oleyl-
amine of 1: 1), the size of the NPs increased from 158.6 to
188.4, 273.1, 650.6, 979.7 nm after incubation for 2 h, 6 h, 12 h,
24 h, respectively. However, the long storage time of 12 h and
24 h led to a broad distribution of NPs sizes, as shown by wide
DLS curves of the NPs. In a similar manner, NPs-R;; (with the
molar ratio of DAC to AERhB of 1: 1) in solutions at pH 4.0
exhibited a dramatically increased average diameter of
540.5 nm within the first 2 h. After 6 h of incubation, most of the
swollen NPs were formed with the average diameter of 2006 nm,
while a small part of NPs had diameters of around 712 nm. In
contrast to the original dimensions, the size increase was
attributed to the decomposition of the side chains from the

Table 1 Z-average diameters (d) and PDI of three groups of NPs. NPs
of DAC—-hexylamine, DAC-oleylamine and DAC—-AERNB are referred
to as NPs-H, NPs-O and NPs-R, respectively

NPs Dispersant  Z-average (d) (nm)  PDI

1:0.5 (NPs-H) Water 72.9 £ 0.5 0.118 £ 0.007
1:0.75 (NPs-H) Water 86.3 £ 0.7 0.117 £+ 0.007
1:1 (NPs-H) Water 94.2 + 0.8 0.104 £ 0.009
1:2 (NPs-H) Water 113.2 £ 1.0 0.116 £+ 0.011
1:5 (NPs-H) Water 150.7 £ 1.4 0.126 £ 0.013
1:0.5 (NPs-O) Water 126.8 £ 0.6 0.109 £ 0.005
1:0.75 (NPs-O) Water 145.5 £ 0.5 0.091 £ 0.003
1:1 (NPs-O) Water 158.6 £ 0.8 0.081 £ 0.009
1:2 (NPs-O) Water 180.7 £ 0.7 0.096 + 0.01
1:5 (NPs-O) Water 208.1 + 2.2 0.138 £+ 0.012
1:0.5 (NPs-R) Ethanol 117.6 + 1.1 0.092 + 0.003
1:0.75 (NPs-R) Ethanol 148.1 £ 1.0 0.078 £ 0.004
1:1 (NPs-R) Ethanol 163.6 £ 1.1 0.119 £ 0.005
1:2 (NPs-R) Ethanol 172.8 £ 1.3 0.114 £ 0.008
1:5 (NPs-R) Ethanol 187.8 + 2.7 0.122 + 0.010

RSC Adv, 2020, 10, 4860-4868 | 4863
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Fig. 2 DLS curves of (a) NPs-H suspensions, (b) NPs-O suspensions, and (c) NPs-R suspensions. SEM image of (d) original NPs-Hy.4, (e) original
NPs-Oy.4, and (f) original NPs-Ry.1. (g), (h) and (i) Optical images of NPs suspensions obtained from various (g) DAC-hexylamine, (h) DAC-

oleylamine and (i) DAC-AERNB, respectively.

DAC backbone and the continuously increasing hydrophilicity
led to the vesicular swelling.

pH-induced size change in nanoparticles

To investigate pH-triggered size changes in NPs, the size vari-
ations in NPs at pH 7.0 and pH 4.0 were monitored using DLS
measurements. Each kind of NPs was put into dialysis bags and
immersed in acetate buffer solution at pH 4.0 or phosphate
buffer solution (PBS) at pH 7.0, while the temperature was
maintained at 37 °C. DLS results indicated that the suspensions
were sufficiently stable during the 30 days storage in PBS at pH
7.0. The pH value of the solution was then decreased to 4.0. As
shown in Table 2 and Fig. 3, the mean size of NPs-H, ., (with the
molar ratio of DAC to hexylamine of 1 : 1) was 94.2 nm imme-
diately after adjusting the pH value to 4.0. The average size of
NPs-H,.; increased after 2 h and 6 h to 207.3 and 443.2 nm,

respectively. Moreover, the size further increased to 2300 nm
after 12 h and then the NPs began to decompose. With respect
to NPs-O,; (with the molar ratio of DAC to oleylamine of 1 : 1),
the size of the NPs increased from 158.6 to 188.4, 273.1, 650.6,
979.7 nm after incubation for 2 h, 6 h, 12 h, 24 h, respectively.
However, the long storage times of 12 h and 24 h led to broad
distributions of NPs sizes, as shown by wide DLS curves of the
NPs. In a similar manner, NPs-R;,; (with the molar ratio of DAC
to AERhB of 1 : 1) in solutions at pH 4.0 exhibited a dramatically
increased average diameter of 540.5 nm within the first 2 h.
After incubation for 6 h, most of the swollen NPs were formed
with an average diameter of 2006 nm, while a small amount of
NPs had diameters of around 712 nm. In contrast to the original
dimensions, the size increase was attributed to the decompo-
sition of side chains from the DAC backbone and the continu-
ously increasing hydrophilicity led to vesicular swelling.

Table 2 Z-average diameters of three kinds of NPs in water at pH 4 after various times

Z-average diameters (nm)

NPs 0h 2h 6h 12h 24 h

NPs-H; ., 94.2 + 0.8 207.3 +£ 1.2 443.2 £ 3.5 1697 + 11.6

NPs-O, 158.6 + 0.6 188.4 + 2.0 2731+ 3.1 650.6 + 5.7 979.7 + 10.5
NPs-R,, 163.6 £ 1.1 540.5 + 4.6 2006 + 12.1

4864 | RSC Adv, 2020, 10, 4860-4868
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Fig. 3 Stability of diverse NPs at pH 4.0 using DLS measurements of their agueous suspensions. (a) NPs-Hj.1 in water of pH 4.0, (b) NPs-Oy.1 in
water of pH 4.0, and (c) NPs-Ry.; in ethanol of pH 4.0 after diverse treatment times.

NPs containing Schiff base bonds were highly stable under
conditions of pH 7.0 or in alkaline solutions, but they were
easily cleavable in acidic conditions. The hydrolysis of Schiff
base linkages can only start from the NPs surface in weakly
acid conditions and slowly penetrate the interior of the NPs,
leading to the shrinkage of the core, while the shell becomes
swollen and loose.**™*® Among the three kinds of NPs in
aqueous solutions at pH 4.0, the stability of the NPs changed
in the following order: NPs-O;.; > NPs-H;.; > NPs-R;.;. There-
fore, the larger the side chains are for the formation of NPs,
the more difficult it is for H' to penetrate the interior of the
NPs to disassemble hydrophobic cores. Compared to NPs
fabricated with shorter hydrophobic chains, the NPs from
longer hydrophobic side chains possess improved stability in
acidic conditions.

Loading and in vitro drug release of DOX

Based on the above results, more stable NPs-Oy.; were chosen
for the encapsulation of drugs. During the co-nanoprecipitation
process, anticancer drugs (DOX) were encapsulated NPs via
intermolecular interactions including hydrogen bonding, m-m
stacking and electrostatic interactions between DOX and NPs-
0;.1.7** In detail, the DAC derivatives from DAC and oleylamine
with the molar ratio of 1 : 1 were completely dissolved in DMF at
50 °C, then DOX-HCI, with a weight of 30% of that of the DAC
derivatives, was added to the DAC derivatives solution under
stirring at room temperature for 2 h. The DOX-loaded NPs were
obtained by using the nanoprecipitation technique in aqueous
solution. The obtained DOX-loaded NPs suspension was dia-
lyzed against DI water for 24 h in a dialysis bag to remove free
DOX and byproducts. The loading content in the vesicles was

Ctr

DOX 40 50 70

Fig. 4 Changes in cell viabilities. (a) A549 cells incubated with NPs for 24 h at pH 7.0. (b) A549 cells incubated with NPs and DOX together (final
concentration 20 pg mL™Y) for 24 h at pH 7.0. (c) A549 cells incubated with DOX-loaded NPs for 24 h at pH 4.0. (d) A549 cells incubated with
DOX-loaded NPs for 24 h at pH 5.0. (e) A549 cells incubated with DOX-loaded NPs for 24 h at pH 7.0. (f) Cell viability of A549 cells incubated with

DOX-loaded NPs at various pH for 24 h.
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Fig.5

(a) pH-triggered release of DOX from NPs. (b) The cells were incubated for 24 h with DOX-loaded NPs at concentrations ranging from 0.2

to 1.0 mg mL L. (c) Viabilities of A549 cells after 24 h incubation with DOX-loaded NPs and free DOX as a function of DOX dosages. All the data

are presented as the average + standard deviation.

10.2% with the loading efficiency of 29.5%. The average diam-
eters of DOX-loaded NPs were similar to the corresponding NPs.

The in vitro drug release profiles by the drug-loaded NPs were
explored at pH 7.0 and in acidic environments (pH 4.0 and 5.0)
to simulate the pH of the endosomal or lysosomal microenvi-
ronments. The step-wise pH-responsive release of DOX from
DOX-loaded NPs was further measured using HPLC (Fig. S1-
S47). After 48 h release at 37 °C, 25.8% at pH 7.0, 63.0% at pH
5.0 and 82.2% at pH 4.0 were determined, respectively. As
shown in Fig. 4a, the relatively cumulative release of DOX from
NPs was slow at pH 7.0. In comparison, DOX-loaded NPs

exhibited a higher cumulative release in an acidic tumor
microenvironment of pH 5.0 and pH 4.0. These results revealed
the selective release of drugs in the cancer microenvironment.
The controlled release of DOX was predominantly driven by the
acid-induced degradation of the Schiff base linkages and,
therefore, the disassembly of NPs.

Cell uptake and drug release

To demonstrate that the drug-loaded NPs internalized by cancer
cells have effective therapeutic effects against cancer, the
cellular uptake by A549 cells and intracellular drug release

Bright field Merge
RERE

100um

Fig.6 Cellular uptake and release of the drug: (a) A549 cells incubated with 0.1 mg mL~* NPs for 24 h. (b) A549 cells incubated with 0.1 mg mL~*
DOX-loaded NPs for 24 h. (c) A549 cells incubated with 0.2 mg mL™! DOX-loaded NPs for 24 h.
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behavior of DOX-loaded NPs were examined. DOX was released
from NPs under conditions of pH 4.0, pH 5.0 and pH 7.0 after
48 h at 37 °C, and then these NPs suspensions were adjusted to
pH 7.4, added to the cell medium and incubated for 24 h. As
shown in Fig. 4, cell viabilities of A549 cells incubated at pH 4.0,
PH 5.0 and pH 7.0 lay between those after the treatment solely
with NPs or free DOX. Moreover, cell viabilities of A549 cells
changed in the following order: pH 4.0 < pH 5.0 < pH 7.0. To
determine whether NPs and DOX-loaded NPs were endocytosed
by tumor cells, fluorescence microscopy was used to trace the
cellular uptake. Representative images of A549 incubated with
blank NPs and DOX-loaded NPs for 24 h are shown in Fig. 6(a—
c). Compared with the images of the blank sample in Fig. 6¢, the
strong red fluorescence at the periphery of the cell nucleus was
observed, indicating the effective cellular uptake of the DOX-
loaded NPs from 0.1 mL mL ' to 0.2 mL mL " (Fig. 6b and c),
and the cytosolic release of the DOX in the acidic tumor cells.
These results indicated that DOX-loaded NPs can enter cancer
cells and release drugs in response to intracellular pH values. In
particular, the drug-loaded NPs were internalized by A549 cells
with the efficient release of DOX from the NPs, and further
escaped from the endo/lysosomes to the nucleus. The results
were also in accordance with the cell viability (Fig. 4 and 5).

In vitro cell viability assay

The biocompatibility of NPs is a key issue for the drug delivery
system. The in vitro cytotoxicity of NPs to A549 cells was evalu-
ated using the CCK-8 assay. As shown in Fig. 5b, the NPs was no
toxicity toward A549 cells, owing to cellulose derivatives pos-
sessing non-toxicity, biocompatibility, hydrophilicity and
stability. The cell viabilities were more than 90% even at
concentrations of NPs up to 1.0 mg mL™', indicating the
excellent biocompatibility of these biodegradable NPs. More-
over, the DOX-loaded NPs showed high efficiency of antitumor
activity toward A549 cells after incubation for 24 h. The results
demonstrated that the viability of A549 cells depended on the
DOX concentration (Fig. 5¢). Furthermore, DOX-loaded NPs and
free DOX exhibited different uptake pathways. Compared with
DOX molecules that rapidly diffused into cells, the DOX-loaded
NPs had to be endocytosed into the cells. Free DOX molecules
are quicker during the internalization process than DOX-loaded
NPs, and DOX-loaded NPs with an equal amount of DOX
exhibited high efficiency in cancer cell inhibition. These results
imply that the drug delivery system could effectively inhibit the
growth of cancer cells.

Conclusion

In this report, a novel group of amphiphilic biocompatible
macromolecules was designed and facilely fabricated via the
formation of Schiff base linkages between dialdehyde cellulose
(DAC) and amino-containing compounds. The size of polymeric
NPs from 72.9 to 208 nm were altered by tuning the amount and
length of the hydrophobic side chains. The NPs remained stable
in neutral and alkaline environments and rapidly decomposed
in acidic solution due to the inherent properties of Schiff bases.

This journal is © The Royal Society of Chemistry 2020
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The NPs are not toxic to cancer cells and NPs-based cellulose
derivatives are suitable for drug delivery. More importantly, the
drug-loaded NPs showed pH-sensitive behaviors that rapidly
and thoroughly released the drug in the acid extracellular
microenvironments of cancer cells. Moreover, the drug-loaded
NPs exhibited dose-dependent cytotoxicity in A549 cells. These
results indicate that this drug delivery system can serve as
a carrier for pH-regulated drug delivery to cancer cells.
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