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Intracellular protein delivery shows promise as a selective and specific approach to cancer therapy.
However, a major challenge is posed by delivering proteins into the target cells. Despite the
development of nanoparticle (NP)-based approaches, a versatile and biocompatible delivery system that
can deliver active therapeutic cargo into the cytosol while escaping endosome degradation remains
elusive. In order to overcome these challenges, a polymeric nanocarrier was prepared using cationic
dextrin (CD), a biocompatible and biodegradable polymer, to encapsulate and deliver cytochrome C (Cyt C),
a therapeutic protein. The challenge of endosomal escape of the nanoparticles was addressed by co-
delivering the synthesized NP construct with chloroquine, which enhances the endosomal escape of the
therapeutic protein. No toxicity was observed for both CD NPs and chloroquine at the concentration tested
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in this study. Spectroscopic investigations confirmed that the delivered protein, Cyt C, was structurally and
functionally active. Additionally, the delivered Cyt C was able to induce apoptosis by causing depolarization
of the mitochondrial membrane in Hela cells, as evidenced by flow cytometry and microscopic
observations. Our findings demonstrate that an engineered delivery system using CD NPs is a promising
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1. Introduction

In the last few decades, cancer has become one of the major
reasons for world-wide mortality and it also reduces quality and
well-being of life, which leads to an early death. Conventional
cancer treatment mainly includes chemotherapy and radiation
therapy, which collectively cause severe toxicity to normal
healthy cells as well as undesirable side effects with multi-
organ damage."””* For several years, researchers have been
engaged in developing suitable and less toxic mediated thera-
pies as an alternative to conventional chemotherapy and radia-
tion therapy to combat the associated risks to healthy cells.*™
The development of nanotechnology has led to the emergence
of various anticancer treatment methods,®” among which
therapeutic protein delivery has been deemed of utmost impor-
tance in recent times. This is because, unlike chemotherapy
where the anticancer drugs are not specific to the cancer tissue
and damage healthy cells, and drug resistance develops upon
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platform in nanomedicine for protein delivery applications.

repeated administration,'® a therapeutic protein offers
increased specificity, selectivity, and reduced toxicity towards
healthy cells."* Similarly, unlike radiation therapy, protein-
based therapies do not alter the gene sequence or normal
functioning of a cell."> Moreover, when compared to genetic
drugs, proteins directly act on targets and using cells’ own
metabolism, it further follows the triggered signalling pathway
without causing any permanent gene mutation.* However,
proteins are generally membrane-impermeable due to their
macromolecular structure™ so they are hindered in reaching
the cytosol of a cell or in some cases the absence of a specific
cell-membrane receptor restricts proteins from entry to
a cell.” Proteins are also highly susceptible to enzymatic
degradation or proteolysis upon cellular entry."®'” Moreover,
proteins cannot be administered orally due to their instability
in the digestive system.'® Therefore, delivery of proteins to cells
remains a challenge.

Nanotechnology has revolutionized medical fields, allowing
for targeted cancer therapy through the use of nano-sized
vehicles that deliver therapeutic proteins.'®'® This approach
also utilizes the enhanced permeation and retention (EPR)
effect to achieve target specificity.>® However, a major challenge
associated with nanocarrier systems is achieving a high protein
loading efficiency with simultaneous release of protein at the
target site in its active form.>' Many researchers have devised
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Scheme 1 Schematic representation of (a) Cyt C-loaded CD NP synthesis and (b) the downstream pathways of apoptosis in HelLa cells upon entry.

methods for effective cargo protein encapsulation employing
various kinds of nanocarriers, including liposomes,> synthetic
polymers,* natural polymers, polymeric micelles'* and meso-
porous silica nanoparticles, in order to best achieve this
aim."?*?% It is anticipated that among these, NPs generated
from naturally occurring polysaccharides will find a way
towards clinical usage in the treatment of cancer due to their
outstanding biocompatibility and low immunogenicity.>”*® In
particular, the use of carbohydrate-based polymeric NPs
to deliver proteins is a very promising strategy due to
their advantages in terms of (i) biocompatibility, (ii) biodegrad-
ability, (iii) ease of synthesis, (iv) protection of the encapsulated
cargo protein from proteolysis or enzymatic degradation,
and (v) controlled and sustained release of the therapeutic
cargo.”®

Taking into account the aforementioned factors, we devel-
oped a protein delivery nanocarrier system utilizing dextrin, a
naturally occurring low-molecular-weight polysaccharide
derived from the partial hydrolysis of starch. Dextrin is an
FDA-approved polymer categorized as generally regarded as
safe (GRAS), and it is both affordable and easily obtainable.*
It has been widely used in numerous applications in food,
textiles, adhesives etc., and clinically it is routinely used in
peritoneal dialysis solution.>” Our study highlights the
potential of using cationic dextrin nanoparticles (CD NPs) for
protein delivery in cancer therapy. We previously synthesized
CD NPs for chemotherapeutic drug delivery,®! and in this study
we demonstrated their ability to encapsulate and deliver the
crucial mitochondrial protein, cytochrome C, to cancer cells.
With its pivotal role in inducing apoptosis, the successful
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delivery of cytochrome C using CD NPs holds great promise
for targeted and effective cancer treatment.? It facilitates the
electron transport chain in the mitochondria and has been
identified as the initiator of the apoptotic signalling pathway.>*
Only in response to an internal or external signal (such as DNA
damage), Cyt C can leave the inner mitochondria,>* and it
eventually triggers the caspase cascade, which in turn initiates
the downstream apoptotic signalling pathway.>* However, there
are still some drawbacks to this method. A few cytosolic
proteins that control the outer mitochondrial membrane can
occasionally become mutated and dysfunctional, which pre-
vents the release of Cyt C into the cytosol.** In addition, many
cancer cells attempt to avoid the self-death process by suppres-
sing the release of cytochrome C.'> Therefore, by directly
delivering the protein into the cytoplasm from an external
source, the problem of Cyt C inhibition or suppression will
be resolved, and there will be rapid onset of the downstream
apoptotic pathway.**

We used CD NPs to deliver Cyt C and induce apoptotic cell
death in cancer cells (Scheme 1). CD NPs were synthesized
using ionic gelation and Cyt C was encapsulated within the
polymer matrices (Scheme 1a). However, endocytosis is the
main method of cellular entrance, and endosome maturation
occurs when they fuse with lysosomes, which can hinder the
effectiveness of protein delivery.>* To address this obstacle, we
delivered chloroquine (CQ) along with the protein-loaded CD
NPs to enhance endosome escape. The co-delivery of CQ with
Cyt C-loaded CD NPs allowed the efficient release of the
therapeutic protein into the cytosol and induced apoptosis,
leading to cancer cell death (Scheme 1b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods

2.1. Materials

Dextrin from maize starch, glycidyltrimethylammonium chlor-
ide (GTMAC), sodium tripolyphosphate (TPP), sodium
hydroxide (NaOH), cytochrome C from equine heart, B-
mercaptoethanol, cell proliferation assay kit II (XTT), and
fluoroshield with DAPI mounting media were purchased from
Sigma-Aldrich. Annexin V/PI staining kit was purchased from
BD. JC-1 dye was purchased from Thermo Fisher Scientific.
Primary monoclonal antibodies (rabbit mAb) for western blot
were purchased from CST (cell signalling technologies).
Horseradish-conjugated secondary antibody (anti-rabbit origin)
was purchased from Merck. ABTS substrate was purchased
from SRL. Ethanol (EtOH) was purchased from Merck, Ger-
many. DMEM culture medium, fetal bovine serum (FBS), 0.25%
trypsin-ethylenediaminetetraacetic acid (EDTA), penicillin-
streptomycin (Pen-Strep), and sodium pyruvate were obtained
from Thermo Fisher Scientific (Gibco). Ultrapure water (resis-
tivity = 18.2 MQ cm) was used in all experiments.

2.1.
NPs

Synthesis and characterization of Cyt C-encapsulated CD

Dextrin was initially cationized by incorporating quaternary
ammonium groups onto the polymeric backbone using GTMAC
following a process reported earlier.*'*>*® Cyt C was suspended
in an alkaline buffer of pH 11, higher than its pI (10.8), which
made the suspended protein negatively charged. The protein
suspension (500 pg) was allowed to stir along with the polymer
cationic dextrin (CD) at a concentration of 0.5 mg mL ™" for
30 min to interact electrostatically with each other. This step
was followed by drop-wise addition of anionic sodium tripoly-
phosphate (TPP) at a concentration of 2 mg mL ' to
the aqueous mixture under constant stirring. The resulting
Cyt C-loaded CD NPs were recovered by centrifugation with
an equal amount of acetone added to the solution to remove
excess unbound protein from the NPs in the supernatant. The
% loaded amount of Cyt C was calculated with the standard
curve using the absorbance at 409 nm through UV-vis spectro-
scopy with the following equation:

Final loaded concentration of Cyt C

Initial concentration of Cyt C used
x 100

% Loading efficiency =

To visualize the prepared nanoparticles under SEM, equal
volumes of prepared CD-Cyt C NPs (500 pL) and acetone
(500 pL) were collected in a microcentrifuge tube and centri-
fuged at 4000 rpm for 15 min at 4 °C. Following centrifugation,
the supernatant was decanted, and the tube was air-dried for
some time to remove the residual acetone. Later, 500 pL of DI
water was added to resuspend the pellet. The 100-fold diluted
sample was drop-cast onto piranha-cleaned silicon wafers and
air-dried overnight. The next day, samples were visualized and
images were obtained under a scanning electron microscope
(Nova Nano SEM450, FEI).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. pH-dependent release of Cyt C from CD NPs

The release of Cyt C from CD NPs was carried out through a
dialysis technique using a 100 kD MWCO dialysis membrane.
Membranes containing the loaded particles were suspended in
physiological and acidic buffers (pH 7.4 and 5.5, respectively)
and incubated at room temperature for a designated period
of time. At each time point, 1 mL of the dialysing buffer
was collected and analyzed by UV-vis spectrometer to measure
the concentration of released Cyt C (Aynax = 409 nm). Subse-
quently, equal volumes of the respective buffers were replaced
each time.

2.3. Structural and functional stability of Cyt C before and
after release from the nanoparticle

2.3.1. Structural stability of Cyt C at various pH conditions
before and after release using circular dichroism spectroscopy.
100 pg mL™' of Cyt C was dissolved in pH 5.5, 7.4, and
11 buffers. The suspended protein was kept at 4 °C for 24 h.
Following incubation, the protein samples were analyzed using
circular dichroism (CD) spectroscopy. UV-vis CD spectra were
recorded at room temperature and acquired in the range from
250 to 320 nm, which provides information about the protein
structure.

2.3.2. Functional stability of Cyt C via enzyme kinetics. The
enzymatic activity of the released and native Cyt C was evalu-
ated by monitoring the catalytic activity of Cyt C for the
oxidation of ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonate)) by hydrogen peroxide.’” The ABTS substrate
(300 pL), H,0, (25 mM), and the released Cyt C (1 pg mL™ ")
were added to a 1 mL cuvette (total volume: 1 mL) along with
acetate buffer to make up the volume. Immediate kinetic study
was performed using UV-visible spectroscopy scanned at
430 nm absorbance every 30 sec for 10 min. A control experi-
ment was performed without Cyt C.

2.4. Cell culture

HeLa cells and A549 cells were maintained in a 25 mm tissue
culture flask in DMEM media supplemented with 10% FBS, 1%
sodium pyruvate, 1% r-glutamine, 1% Pen-Strep, and 1% non-
essential amino acids in a humidified incubator with 5% CO,
at 37 °C.

2.5. FITC conjugation and cellular uptake of CD NPs

The conjugation of CD polymer with FITC was performed as
reported by Sarkar et al.>" Briefly, 1 mg of FITC was mixed with
1 mg of CD polymer in a total volume of 5 ml and stirred for 6 h
in dark, followed by a dialysis process to remove excess FITC
from the solution. Finally, the aqueous solution was lyophilized
and then used for the cellular internalization experiment.

For the investigation of the cellular internalization process,
HeLa cells were cultured on a coverslip with a cell density
of 2 x 10 cells. The next day, the cells were incubated with
5 pg ml™" of FITC-tagged CD NPs. Another coverslip with
untreated cells was kept as control. Cells were washed thrice
with PBS after incubation and then fixed with 4% formaldehyde
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for 10 min. The fixed cells were again washed with PBS and
mounted on a glass slide with fluoroshield + DAPI-stained
mounting media. The cellular internalization and distribution
of FITC-labelled CD NPs in HeLa cells was visualized using a
fluorescence microscope.

2.6. Invitro cell viability assay

The viability of HeLa cells and A549 cells after treatment
with the NP construct was determined using an XTT-based
cell viability assay according to the manufacturers’ protocol.
Cells (10* cells per well) were seeded in a 96-well plate as
described above. The next day, cells were incubated with
1 and 1.5 mg mL ™" of Cyt C-loaded CD NPs, respectively, with
and without co-treatment of chloroquine (0.1 mM) in serum-
free DMEM media. 5 h after treatment, the cells were washed
and the media was replaced with serum-supplemented DMEM
media and incubated for a further 19 h. Afterwards, the cells
were washed with PBS and XTT reagent mixture was added to
each well followed by 3 h of incubation at 37 °C. Absorbance
was measured using a plate reader at 490 nm and the absor-
bance at 690 nm was used to subtract the background. The
experiment was performed in triplicate, and the % cell viability
was calculated as follows:

Absorbance of treated cells

0 3 1 —
o Cell viability = Absorbance of untreated cells

x 100

2.7. Studies to evaluate induction of apoptosis

2.7.1. Determination of apoptotic events and mitochon-
drial state using flow cytometric analysis. HeLa cells (0.5 x 10°
cells per well) were seeded in a 6-well plate and kept overnight
for growth. The next day, the cells were incubated with
1.5 mg mL™" of Cyt C-loaded CD NPs along with chloroquine
(0.1 mM) in serum-free DMEM media. 5 h after treatment, the
cells were washed and replaced with serum-supplemented
DMEM media and incubated for 6, 12 and 18 h. Following
incubation, the cells were stained with dyes for various assays
related to apoptosis. Annexin V/PI staining for determination of
early and late apoptotic events in the cells and JC-1 dye for
mitochondrial membrane depolarization assay, respectively,
were performed according to the manufacturers’ protocol and
analyzed using a BD LSRFortessa flow cytometer in FITC and PI
channel for annexinV/PI analysis and FITC and PE-Texas red for
JC-1 analysis. Cells stained with only annexin V and PI were
kept as positive control for compensation in flow cytometer of
the annexin V and PI assays, respectively. Cells treated with
CCCP provided with the kit were kept as a positive control for
the JC-1 analysis.

2.7.2. Western blot analysis to determine activation of
initiator protein for apoptosis. HeLa cells were seeded on a 6-
well plate and kept overnight for growth. The next day, the cells
were treated with three NP construct conditions. In one, only
chloroquine (0.1 mM) was added. In another condition, cells
were treated with Cyt C-loaded CD NPs (1.5 mg mL ') +
chloroquine (0.1 mM). Untreated cells were kept as a control.
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The treatment was given in serum-free media. 4 h post-
treatment, the media was replaced with fresh serum-
supplemented DMEM media. 6 h post-treatment, protein was
extracted by lysing the cell in RIPA buffer, and estimation of
protein was performed using the Bradford assay. Depending
on the protein concentration, the samples were mixed with
B-mercaptoethanol-supplemented sample gel-loading dye. The
protein samples were then given a heat treatment at 95 °C for
10 min. Next, the proteins were separated in an SDS-PAGE
apparatus at 80 V for 2 h, following which the proteins were
transferred onto a PVDF membrane in a transfer apparatus at
10 V for 2 h. Further, the membrane was blocked with 5% skim
milk in TBST and incubated for 2 h. After blocking, the blots
were incubated with the respective primary antibody (Caspase 9
and B actin) at 4 °C overnight. Following incubation, the
membrane was washed thrice (10 min) in TBST buffer and
then incubated with horseradish peroxidase-conjugated sec-
ondary antibody for 2 h. Later, the membrane was washed
thrice in TBST buffer. After washing, the chromogenic signal
was detected by adding the colour-developing reagent (ECL
substrate) while keeping in the dark for 5 min and then the
bands were developed using a GelDoc system.

2.7.3. Fluorescence microscopic analysis of mitochondrial
membrane depolarization. HeLa cells (2.5 x 10* cells) were
seeded on poly-L-lysine-coated cover slips and kept overnight
for growth. The next day, the cells were incubated with
1.5 mg mL™ " of Cyt C-loaded CD NPs along with chloroquine
(0.1 mM) in serum-free DMEM media. 5 h after treatment, the
cells were washed and the media was replaced with serum-
supplemented DMEM media and incubated for 12 h in total.
Following incubation, cells were fixed with 4% formaldehyde
for 10 min. After washing three times with PBS, JC-1 dye was
added according to the protocol and incubated for 30 min in a
5% CO, incubator at 37 °C. The cells were then washed thrice
with PBS and mounted on a glass slide with glycerol mounting
media and visualized under a fluorescence microscope.
Untreated cells were used as the experimental control.

2.7.4. Confocal microscopic analysis of nuclear fragmenta-
tion. 2.5 x 10* cells were seeded on poly-i-lysine-coated cover
slips with complete media and kept overnight for growth and
cells to adhere. The next day, the media was discarded and
replaced with serum-free media with 1.5 mg mL™" Cyt C-loaded
CD NPs and 0.1 mM chloroquine. 5 h post-treatment, the media
was replaced with fresh complete media and incubated for 12 h
post-treatment. Then, the cells were washed thrice with PBS
and fixed with 4% formaldehyde for 10 min. Finally, the cover
slips containing the fixed cells were mounted onto glass slides
using DAPI-containing mounting media for nucleus staining.
The cells were visualized under a Nikon confocal fluorescence
microscope. Untreated cells were kept as the experimental
control.

2.7.5. Analysis of membrane blebbing of HeLa cells using
SEM. Cells were seeded on a coverslip and treated with
1.5 mg mL™" Cyt C-loaded CD NPs and 0.1 mM chloroquine
similarly as mentioned above. After 12 h incubation, the cells
were washed with PBS and fixed with 4% glutaraldehyde at 4 °C

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of the Cyt C-loaded CD NPs. (a) Zeta potential measurements of cytochrome C and CD polymer at pH 7.4 and pH 11. (b) SEM

and (c) AFM images of Cyt C-loaded CD NPs.

for 2 h. Next, the fixed cells were dehydrated using ethanol
gradient. Finally, the dehydrated cells were air-dried and coated
with gold film, and visualized under a scanning electron
microscope (Nova Nano SEM450, FEI).

3. Results and discussion

3.1.
NPs

Synthesis and characterization of Cyt C-encapsulated CD

Cationic dextrin nanoparticles were prepared following a pro-
tocol of ionic gelation using quaternary dextrin and TPP, as
previously reported by our group but with modifications.*" The
process involves complexation of positively charged quaternar-
nized dextrin with negatively charged TPP molecules, leading to
the formation of spherical nanoparticles. The therapeutic pro-
tein, Cyt C, was loaded on the CP NPs during the synthesis of
the CD NPs. However, the synthesis was carried out at pH 11
instead of physiological pH. This change in pH was done to
enable the encapsulation of the protein within the CD NPs. The
protein Cyt C has a pI of 10.8 and possesses a net positive
charge at physiological pH due to the presence of lysine
residues.”*>%® As a result, the positively charged Cyt C could
not interact efficiently with the quaternized dextrin due to
similar charges at physiological pH and was not encapsulated.
Hence, the protein Cyt C was suspended in a buffer of pH 11,
above the isoelectric point of Cyt C, rendering a net negative

a2
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©
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% o — CDNP-CytC
S 06
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3 0.4
O
< 24
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charge to Cyt C. The surface charges of Cyt C and CD polymer
were quantified at buffers of pH 7.4 and pH 11 using a zeta sizer
and the results are shown in Fig. 1(a). Cyt C possess a net
positive charge at pH 7.4; however, it has a net negative charge
at pH 11. At pH 11, there was a slight decrease in the zeta
potential of CD from pH 7.4, but it still possesses a net positive
charge. Thus, the synthesis of the CD NPs was carried out at pH
11 where Cyt C was added, which can now interact with the
oppositely charged CD and get encapsulated in the NPs during
the process of ionic gelation using TPP as the anionic cross-
linker. The prepared CD NPs were then characterized using
SEM and AFM and the corresponding images are shown in
Fig. 1(b) and (c), respectively. Uniformly distributed NPs were
observed in both the SEM and AFM images with an average size
of 100 &+ 30 nm. NTA analysis of the prepared CD NPs demon-
strated a hydrodynamic diameter of 98 nm (mode) with a PDI of
0.19 (Fig. S1, ESIf). The zeta potential of the Cyt C-loaded CD
NPs was determined to be +6.3 mV.

3.2. Cytochrome C loading and release from CD NPs

Cyt C has a characteristic absorption at 409 nm which allows
for the quantification of the protein in a sample (Fig. 2(a)). A
standard plot for Cyt C was prepared by taking the absorption
of varying concentration of the protein Cyt C. The CD NPs do
not have any significant absorbance at 409 nm (Fig. 2(a)) and
the amount of Cyt C loaded into the nanoparticles was
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Fig. 2 Evaluating the loading and release of cytochrome C in CD NPs: (a) UV-visible absorption spectra of Cyt C, CD NPs and Cyt C-loaded CD NPs.
(b) pH-dependent Cyt C release from CD NPs at physiological pH (7.4) and acidic pH (5.5).
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Fig. 3 Characterization of the protein released from CD NPs. (a) Near-UV CD spectra of Cyt C released from CD NPs and free Cyt C at various pH
conditions. (b) Enzyme kinetics study of native and released Cyt C for the oxidation of ABTS substrate.

determined based on the absorbance of the Cyt C-loaded CD
NPs. The loading efficiency was calculated using a standard
curve (Fig. S2, ESIt) and was found to be ~20%.

Consequently, we investigated the release of Cyt C from the
CD NPs through a dynamic dialysis technique using a dialysis
membrane (MWCO: 100 kD). The membrane containing
Cyt C-encapsulated CD NPs were suspended in buffers at two
different pH, 7.4 and 5.5, which mimic the physiological pH
and the acidic endosome pH, respectively.*® The amount of
Cyt C released in the aqueous media was estimated by mon-
itoring the absorbance of Cyt C at 409 nm through UV-vis
spectroscopy (Fig. 2(b)). At both pH, there was an increase in
the cumulative release of the drug with time. However, at acidic
PH 5.5, the release of Cyt C was more with ~40% of Cyt C
released within 30 min, whereas only ~25% was released
within 30 min at pH of 7.4. Almost 90% of the protein was
released within 24 h, at pH 5.5, whereas ~75% of Cyt C was
released at pH 7.4 in 24 h, which is a lot less than that released
at the acidic pH. Since the encapsulation of Cyt C was carried
out at a higher pH in order to achieve better encapsulation due
to the charge reversal of Cyt C above its pl, when the NPs
encounter a buffer with lower pH than its pl, the surface charge
of the Cyt C changes, which leads to destabilization in the
electrostatic interaction with the cationic dextrin polymer,
leading to its release from the CD NPs into the aqueous
medium. This justifies the higher release of Cyt C at pH 5.5
as compared to pH 7.4.

3.3. Structural and functional stability of cytochrome C before
and after release

The structural and functional stability of the released Cyt C was
investigated using circular dichroism and enzyme kinetics
study. Fig. 3(a) shows the CD spectra of free Cyt C and that
released from the CD NPs. The near-UV CD spectrum (190-
320 nm) provides information on the tertiary structure of the
protein. The spectrum of Cyt C in this range is mainly con-
tributed by four Phe residues, four Tyr residues, one Trp
residue, and two thioether bonds. There are two minima at
210 and 223 nm in the near-UV CD spectrum of native Cyt C,

254 | RSC Chem. Biol., 2024, 5, 249-261

which correspond to Trp-59." The Cyt C released at pH 5.5 after
24 h also exhibited two minima at 210 and 223 nm, which
clearly demonstrated that the structure of the Cyt C remained
unchanged. This confirms the structural stability of the
released Cyt C, which did not undergo any conformational
change during the loading and the release process.

Further, it is prerequisite for a protein to remain function-
ally active after encapsulation and release from NPs for ther-
apeutic applications. In order to investigate the functional
activity of the released Cyt C, we estimated its enzymatic activity
by means of ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) oxidation assay and compared it with that of free
Cyt C. Fig. 3(b) illustrates the formation of oxidised ABTS with
respect to time monitored using UV-vis spectroscopy. Free Cyt C
clearly shows an increase in the product formation as indicated
by the rise in absorbance at 430 nm. The released Cyt C also
demonstrated a clear increase in absorbance at 430 nm with
respect to time, clearly demonstrating its activity in the oxida-
tion of ABTS. The CD NPs did not show any absorbance rise,
demonstrating that they do not possess any enzymatic activity.
These results clearly validated the functional activity of the
released Cyt C.

3.4. Cellular internalization of FITC-conjugated CD NPs

Being positively charged, CD NPs are expected to accelerate the
process of cellular entry. In the present study, the cellular
uptake of CD NPs was evaluated using fluorescence micro-
scopy. To execute the internalization process, CD NPs were
conjugated with a fluorescent dye, FITC, to visualize the uptake
of the NPs. HeLa cells were treated with 5 pg mL~" of FITC-
conjugated CD NPs for 6 h. Following incubation, the cells were
stained with DAPI and observed under a fluorescence micro-
scope. The control untreated cells showed no green fluores-
cence; however, blue DAPI-stained nuclei were clearly observed
(Fig. 4). Conversely, the FITC-labelled CD NP-treated cells
showed the presence of green fluorescence around the blue
DAPI-stained nuclei, thus demonstrating the successful inter-
nalization of FITC-labelled CD NPs inside the cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Determination of in vitro cellular internalization of FITC-conjugated CD NPs (5 ug ml™3) in Hela cells at 6 h. Visualized under fluorescence
microscope. The upper panel is untreated control cells and the lower panel shows cells 6 h post-treatment, where blue fluorescence corresponds to
DAPI-stained nuclei and green fluorescence corresponds to FITC-conjugated CD NPs. Images were captured at 60x objective. Scale bar: 20 pm.

3.5. Invitro cell viability assay

After confirming the functional and structural stability of the
released Cyt C, we attempted to assess the effect of Cyt C in
inducing cell death upon its delivery using CD NPs post-CQ
treatment using XTT-based cell viability assay. Firstly, HeLa
cells were treated with varying concentrations of only Cyt C
(10-250 pg mL™") for 24 h to understand if free Cyt C can be
taken up by cells and induce cell death. The cell viability assay
showed that there was no significant cell death (Fig. 5(a)) and
the overall viability remained above 98%. This suggested that
Cyt C was unable to show any toxic effect, which can be
attributed to the impermeability cell membrane to the protein
due to its macromolecular form. The cells treated with Cyt C-
loaded CD NPs also did not show any significant toxicity when
treated at concentrations of 1 and 1.5 mg mL " for 24 h. This
was due to the endosomal entrapment of the protein Cyt C,
which was not released into the cell cytoplasm and thus could
not induce apoptosis. The Cyt C entrapped within the endo-
some is subsequently degraded upon maturation of the endo-
some to an endolysosome. In order to let the CD NPs-Cyt C
release into the cell cytosol, the drug CQ was employed, which
is known to act as an endosomal disruptor. Though CQ is a

a 120
., 100~
801
60

404

% Cell viabilit

20

O_

[Cytochrome C]

Fig. 5

well-known antimalarial drug that has been in use for a long
time, recently it has been the prime focus for increasing the
process of ‘endosomal escape’ in cancer therapy.** Chloro-
quine, being a very small molecule, can easily enter into cells
and its basic nature also helps them to enter inside the
endosome.*® Upon entering the acidic endosome, it will itself
get protonated and sequester protons. H' ions are thus
recruited within the endosome through an ATPase proton
channel situated at the periphery of the endosomal membrane.
As a result, chloride ions will also accompany and accumulate
within endosomes and together will lead to increased osmotic
pressure. Subsequently, diffusion of water into the endosome
will occur, which will lead to swelling and rupture of the
endosomal membrane, followed by release of the entrapped
materials into the cytosol. This whole process is termed the
‘proton sponge effect’.*"*> Hence, we investigated the viability
of cells by co-delivering CQ (0.1 mM) along with Cyt C-
encapsulated CD NPs to HeLa cells. A drastic reduction in the
percentage of viable cells was observed for both the treated
concentrations with 46% cell death at 1 mg mL™" and 88% at
1.5 mg mL~ " which is evident from Fig. 5(b). Interestingly, cells
treated with only CQ (0.1 mM) exhibited no cytotoxicity.
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In vitro cell viability assay of Hela cells treated with different concentration of (a) Cyt C and (b) Cyt C-loaded CD NPs with and without

chloroquine. Data presented as mean + SD (**p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Additionally, we investigated the viability of cells treated with
Cyt C + CQ (0.1 mM) at various Cyt C concentrations, the range
of which is equivalent to the loaded concentration within the
CD NPs. 24 h post-treatment, cell viability remained above 94%
(Fig. S3, ESIt), indicating that Cyt C + CQ was not able to cause
cell death. Therefore, it can be established from the results that
the CD NPs as a delivery vehicle aided Cyt C in cellular uptake,
whereas CQ on the other hand enabled the Cyt C-CD NP
construct to escape from the endosome into the cytosol without
causing any cytotoxicity. Overall, the cell death upon treatment
with CD NPs-Cyt C and CQ can be attributed to the action of
released Cyt C.

Besides HeLa cells, cell viability assay was also performed in
A549 cells (lung carcinoma epithelial cells) to validate the
strategy of cellular toxicity using CD NPs-Cyt C with and
without the use of CQ. The results shown in Fig. S4 (ESIt)
indicate ~30% cell death after treating with 1 mg mL~" of Cyt
C-encapsulated CD NPs + CQ and ~60% cell death at
1.5 mg mL " treated concentration, thus exhibiting the general-
ity of the strategy where the cell death action is due to the
released Cyt C along with CQ as an endosomal escape agent.

3.6. Studies on induction of apoptosis

3.6.1. Annexin V/PI staining. The cell viability results
explain the contribution of Cyt C towards cell death. However,
it is crucial to confirm that the cell death occurred due to Cyt C
following apoptosis. As Cyt C is considered as an initiator
candidate for activation of apoptosis through the caspase
cascade, we performed a couple of experiments to validate this.
Usually cells that undergo apoptosis exhibit unique character-
istics, such as flip-flop of phosphatidylserine, nuclear fragmen-
tation, mitochondrial depolarization, and membrane blebbing.
First and foremost, we performed an annexin V-FITC/PI stain-
ing assay using a flow cytometer to check if the Cyt C delivery
induced apoptosis. In general, during the early stages of
apoptosis, a change in the plasma membrane of cells occurs
that is accompanied with the loss of phospholipid asymmetry.
This results in exposure of plasma membrane-bound phospha-
tidylserine (PS) to the outer surface. Annexin V, a protein, has a
strong affinity towards PS. Therefore, when fluorophore FITC-
tagged annexin V binds to the exposed PS, the percentage of
cells in the early apoptotic phase of cell death®® can be
determined using flow cytometry. Similarly, propidium iodide
(PI) is a membrane-impermeable dye that penetrates only
compromised cells that have lost their membrane integrity
and binds to nucleic acids. Cells in the late phase of apoptosis
or towards the dead phase can easily be quantified by measur-
ing the fluorescence of PL** Thus, in the present case, the
percentage of apoptotic cells was quantified by dual staining
both treated and untreated HeLa cells with annexin V-FITC/PI
and quantifying using a flow cytometer, as shown in Fig. 6(a)
and (b). The results show that a concentration of 1.5 mg mL "
of Cyt C-encapsulated CD NPs in combination with 0.1 mM CQ
induced ~ 8% early apoptotic and ~12% late apoptotic events
towards HeLa cells after 6 h of incubation. The percentage of
cells in the early apoptotic phase increased to ~30% after 12 h
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Fig. 6 Evaluation of apoptotic events in Hela cells. (a) Flow cytometric
analysis of Hela cells treated with 1.5 mg mL™ Cyt C-loaded CD NPs in
combination with chloroquine (0.1 mM) using annexin V/PI staining. (b)
Graphical representation of the flow cytometry data. Data presented as
mean £ SD (**p < 0.01, ***p < 0.001, and ****p < 0.0001).

of incubation. After 18 h incubation, the amount of early
apoptotic cells reduced to 16% since ~75% of cells were in
the late apoptotic phase. In contrast, about 89% of
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Fig. 7 Evaluation of caspase-9 activation upon treatment with Cyt C-CD
NPs in Hela cells through western blot analysis. From left to right: control
(without any treatment), CQ-treated, and treated with 1.5 mg mL™* Cyt C-
loaded CD NPs in combination with chloroquine (0.1 mM).
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chloroquine-treated cells were live even after 18 h of incuba-
tion, which is comparable to the control untreated cells.
Altogether, Cyt C-encapsulated CD NPs with co-delivery of CQ
proved beneficial as a delivery vehicle in efficient cellular
internalization and endosomal escape leading to cancer cell
death. It is to be noted that the used concentration of CQ
produced no signs of apoptosis.

3.6.2. Correlation between activation of caspase-9 and
mitochondrial membrane depolarization. The apoptotic pro-
cess involves mitochondrial membrane depolarization, which
facilitates the release of Cyt C from the inner mitochondrial
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membrane into the cytosol, where it binds to Apaf-1 (apoptotic
protease activating factor-1) and further activates the effector
caspases.’ Hence, this is true only when there is any external
apoptotic stimulus. Therefore, the question arises of what
happens to the mitochondrial membrane potential (A¥y)
when Cyt C is directly administered into the cytosol from an
external source? Reports suggests that there are two ways by
which mitochondrial permeabilization occurs.*” One is the
formation of pores with recruitment of anti- and pro-
apoptotic proteins. Second, a direct connection has been
postulated between activated caspases with the formation of
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Fig. 8 Mitochondrial depolarization assay. (a) Flow cytometric analysis of mitochondrial state of Hela cells treated with 1.5 mg mL™* Cyt C-loaded CD
NPs in combination with chloroquine (0.1 mM) using JC-1 dye. The green colour represents the J-monomers and the red colour represents the J-
aggregates. (b) Graphical representation of the flowcytometric data. Data presented as mean + SD (**p < 0.01, ***p < 0.001, and ****p < 0.0001).
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transient pores in mitochondrial membrane.*> Reports also
suggest that the effector caspases not only serve the role of an
apoptosis executioner, but also help in opening of the mito-
chondrial permeability transient pore complex (PTPC).***” This
PTPC is a multiprotein complex located at the contact site of
the inner and outer mitochondrial membrane. Upon inter-
action with active caspases, it forms a pore in the mitochon-
drial membrane with the loss of mitochondrial membrane
potential A¥y,.***” Therefore, we hypothesize in our study that
the externally administered Cyt C will have a rapid onset time
for apoptosis by directly binding to Apaf-1 and activating the
caspase cascade (caspase 9 and 3).** Simultaneously, the acti-
vated caspases will promote pore formation in the mitochon-
dria through PTPC opening and there will be a subsequent
membrane depolarization. To confirm our hypothesis, we
examined the expression of caspase-9, which is the initiator
protein for the apoptosis pathway, through western blot
analysis in HeLa cells after treating with the CD NPs-Cyt
C + CQ. Usually, the Cyt C in the cytosol activates Apaf-1
(apoptotic protease activating factor-1), which in turn activates
procaspase-9 by cleaving the protein between a larger and a
smaller subunit and forms a complex known as an
apoptosome.*® Interestingly, within 6 h after treatment, the
expression of cleaved counterparts of caspase-9 protein at
37 kDa and 35 kDa MW was clearly observed, as evident from
Fig. 7, suggesting activation of the caspase cascade. However, in
the control and CQ-treated cells, majorly full-length caspase-9
protein expression was observed. Hence, western blot analysis
proved the activation of caspases within 6 h of treatment. The
expression of B-actin, a housekeeping gene used as a control,
did not change across the differently treated samples.

Next, we examined the mitochondrial membrane potential
(A¥y) at various time intervals post-treatment with CD NPs-Cyt
C + CQ using the dye JC-1. JC-1 is a cationic lipophilic dye that
emits green fluorescence in its monomeric form. JC-1 can
selectively enter intact mitochondria and accumulate at a high
concentration, leading to the formation of a reversible complex
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JC1 Green Fluorescence
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known as J-aggregates. In contrast with JC-1 monomeric form,
J-aggregates exhibit red fluorescence. When there is a decrease
in APy, the formation of J-aggregates will decrease and most of
the dye will remain in its monomeric form, emitting green
fluorescence. Thus, based on the permeation of the JC1 dye and
its red/green fluorescence, the state of the mitochondrial
membrane potential can be assessed. In our study, the
untreated and CQ-treated HeLa cells exhibited more than
90% red fluorescence attributed to J-aggregates and a healthy
condition of the cells as observed through flow cytometry
analysis (Fig. 8(a) and (b)), whereas cells treated with Cyt C-
encapsulated CD NPs in combination with CQ exhibited a
decrease in the red fluorescence with time. The red fluores-
cence decreased from 80% to 70% to 50% after 6 h, 12 h and
18 h of treatment, respectively. Thus, a time-dependent
decrease in percentage of red fluorescence and corresponding
increase in green fluorescence suggested a time-dependent
depolarization of A%y, Overall, this confirms mitochondrial
membrane depolarization when Cyt C is administered exter-
nally, leading to apoptosis.

Fluorescence microscopy for the same was performed and
the extent of red and green fluorescence after CD NPs-Cyt C +
CQ treatment was observed. The colocalised image of the
control untreated cells, as depicted in Fig. 9, displays a yellow-
ish colour that corresponds to the presence of both JC-1
monomers and a high concentration of J-aggregates, whereas
in treated cells, a decrease in red fluorescence was observed
with more green fluorescence, which corroborates the loss of
AYy. The overall findings suggest that depolarization of the
mitochondrial membrane occurred upon treatment.

3.6.3. Apoptotic nuclear fragmentation analysis through
fluorescence microscope. Nuclear fragmentation and chroma-
tin condensation is another hallmark of apoptosis.®*® Accord-
ingly, we examined the nuclear morphology of the untreated
and treated HeLa cells stained with DAPI. The confocal micro-
scopic images (Fig. 10(c) and (d)) show a clear granular appear-
ance and the loss of nuclear membrane integrity in the cells

Merged

Fig. 9 Confocal microscopic images for the visualization of mitochondrial membrane depolarization in Hela cells after treatment with CD NPs-Cyt C +
CQ using the dye JC-1. The top panel represents the control HeLa cells and the bottom panel represents the Hela cells treated with 1.5 mg mL™* Cyt C-

loaded CD NPs in combination with chloroquine (0.1 mM).
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Fig. 10 Nuclear fragmentation and membrane blebbing analysis. Confocal microscopic images showing nuclear fragmentation of Hela cells stained
with DAPI: (a) and (b) Untreated control cells and (c) and (d) cells treated with 1.5 mg mL™* Cyt C-loaded CD NPs in combination with chloroquine
(0.1 mM). Visualization of plasma membrane blebbing of Hela cells showing apoptosis using SEM: (e) untreated control cells and (f) cells treated with
1.5 mg mL™* Cyt C-loaded CD NPs in combination with chloroquine (0.1 mM).

treated with Cyt C-CD NPs + CQ, whereas untreated cells
revealed an intact nuclear morphology with intact nucleolus
that is clearly visible in Fig. 10(a) and (b). This clearly demon-
strates the induction of apoptosis in HeLa cells upon
treatment.

3.6.4. Visualization of cell-membrane blebbing as a con-
sequence of apoptosis using SEM. A unique characteristic of
apoptosis is the formation of apoptotic bodies through bleb-
bing of the plasma membrane. Therefore, we performed SEM
analysis to visualize the cellular surface morphology before and
after treatment. As shown in Fig. 10(e), a perfectly extended and
stretched surface morphology of the control HeLa cells was
observed, indicating the healthy status of the cells, whereas
cells treated with CD NPs-Cyt C + CQ (Fig. 10(f)) showed the
distinctive appearance of apoptotic bodies with extensive
membrane blebbing. The membrane damage was also evident
from the shrunken and round shaped cells with cytoplasmic
constrictions. Thus, the overall studies taken together elucidate
apoptosis as the mechanism of cell death contributed by the
delivered Cyt C.

4. Conclusion

Ensuring compatibility between the engineered delivery system
and the therapeutic cargo without affecting its activity and
stability is a significant challenge in protein delivery. In this
study, we developed a biocompatible and biodegradable NP
construct using material obtained from natural sources. The
CD NPs were synthesized using ionic gelation and encapsulated
with the therapeutic protein Cyt C. Co-delivery of CQ, a drug
that enhances endosomal release through the proton sponge
effect, was used to overcome the challenge of inefficient release
of the therapeutic cargo from endosomes. The bioactivity of the
intracellular released Cyt C was maintained even in acidic pH.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Our experimental findings suggest that externally administered
Cyt C rapidly activates the caspase-9 protein and helps in the
formation of pores in the mitochondria, leading to a decrease
in mitochondrial membrane potential and ultimately inducing
apoptosis. This approach offers a simple strategy for developing
a delivery system for efficient encapsulation and direct delivery
of therapeutic proteins to overcome the challenges posed by
resistant cancer cells that inhibit the release of Cyt C upon
stimulus.
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