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ABSTRACT: In this work, a bio-metal—organic framework (Bio-MOF) coated
with a monodispersed layer of chitosan (CS; CS/Bio-MOF) was synthesized
and applied as a pH-responsive and target-selective system for delivery of
doxorubicin (DOX) in the treatment of breast cancer. The efficiency of the
nanocarrier in loading and releasing DOX was assessed at different pH levels.
To monitor the in vitro drug release behavior of the drug-loaded carrier, the
carrier was immersed in a phosphate buffered saline solution (PBS, pH 7.4)
at 37 °C. According to the observations, the nanocarrier presents a slow and
continuous release profile as well as a noticeable drug loading capacity.
In addition, the carrier demonstrates a pH-responsive and target-selective
behavior by releasing a high amount of DOX at pH 6.8, which is indicative of
tumor cells and inflamed tissues and releasing a substantially lower amount of
DOX at higher pH values. In addition, the results indicated that pH is
effective on DOX uptake by CS/Bio-MOF. A 3.6 mg amount of DOX was
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loaded into 10 mg of CS/Bio-MOF, resulting in a 21.7% removal at pH 7.4 and 93.0% at pH 6.8. The collapsing and swelling of
the CS layers coated on the surface of the Bio-MOFs were found to be responsible for the observed pH dependence of DOX
delivery. Moreover, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and the trypan blue test
were performed on the MCF-7 (breast cancer) cell line in the presence of the CS/Bio-MOF carrier to confirm its biological
compatibility. In addition, Annexin V staining was conducted to evaluate the cytotoxicity of the free and loaded DOX
molecules. On the basis of the obtained optical microscopy, MTT assay, fluorescence microscopy, and dyeing results, the
CS/Bio-MOF carrier greatly enhances cellular uptake of the drug by the MCE-7 cells and, therefore, apoptosis of the cells due

to its biocompatibility and pH-responsive behavior.

1. INTRODUCTION

One of the current research areas of medicinal chemistry is
devoted to the development of manageable and targeted drug
delivery systems to deliver effective doses of medicines to the
targets of interest and avoid the intrinsic drawbacks of tradi-
tional therapeutic drugs.' > To complete these two missions,
several fundamental requirements should be considered in the
design of drug delivery systems. The most crucial requirement
is that the release of the loaded drug should be inhibited as
much as possible until the carrier reaches its target location to
reduce the associated side effects on healthy cells.”"® Once the
loaded carrier reaches the target, a specific mechanism should
take place to release the drug into the targeted area in a con-
trolled manner.””” Fulfilling this requirement is particularly
essential when the loaded drug is an anticancer agent. As a
DNA-damaging chemotherapeutic agent and the most well-
known anticancer drug in chemotherapy, doxorubicin (DOX)
has been used in the treatment of a wide range of cancers,
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including ovarian, cervix, bladder, lung, leukemia, prostate, and
breast cancers.'”'' Though DOX presents many favorable
characteristics, it exhibits serious complications on intact cells,
such as nephrotoxicity, cardiotoxicity, and hepatotoxicity. Along
with these cytotoxic effects, DOX suppresses multiplication of
tumor cells and causes cell apoptosis by restraining DNA replica-
tion and inhibiting the topoisomerase II enzyme.'’”'*
To circumvent the undesirable effects of DOX, it should be
delivered to the target tumor cells directly through legitimate
vectors. To this end, recent research has focused on developing
the nanocarriers that can directly deliver anticancer drugs to
tumors and leave healthy cells almost unaffected.>~"”

A mechanism for triggering drug release from a nanocarrier
is pH change."*'” This mechanism relies on the fact that the
physiological pH is 7.4, whereas the pH of cancerous extracellular
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environments is significantly lower (pH 5.7—6.8).”°7%*

According to this mechanism, if the designed carrier adopts
a “closed” conformation at physiological pH and forms an
“open” conformation at lower pH values, it can deliver the
drug to cancerous cells and protect healthy cells.”*~** Some
examples of the inorganic materials that follow this mechanism
include Fe;O, mesoporous silica nanoparticles (MSNs),
quantum dots, and carbon nanotubes.”**” Among the outlined
materials, MSNs have attracted much interest due to their
tunable size, hi§h internal surface area, and flexibility of surface
modification.”®”” The negative point about MSNis is that, like any
other silica-based nanoparticle, their disgersibility and biocompat-
ibility are limited for bioapplications.”’ Furthermore, their syn-
thesis route is multistep and is relatively complicated, which
restricts practical application of MSNs. Consequently, novel
biocompatible and efficient carriers should be developed to trans-
port anticancer drugs. Another example of inorganic drug
delivery tools refers to metal—organic frameworks (MOFs),
which have received a great deal of attention due to their huge
surface area, adjustable pore size, functionalizability, biological
inertness, and adjustable properties.‘“’32 In particular, MOFs
are appropriate for delivery of anticancer drugs, since their
structures remain intact at physiological pH and break down at
lower pH levels. In fact, acidic conditions result in the pro-
tonation of the ionic metal-linker bonds of MOFs, breakdown
of their extended structures, and release of the drug to the
target.”” This mechanism of action was first elucidated by
Ferey and Lin**~*” but inspired many other researchers to take
advantage of MOFs. For instance, it motivated us to devise a
MOF-based pH-responsive nanocarrier with high specific sur-
face area and apply it to DOX delivery to the PC3 and HeLa
cell lines, which led to the observation of noticeable cyto-
toxicity results.”® An important issue is that unmodified MOFs
are not intelligent and have the potential of exhibiting toxicity
at high doses because of the interactions of their surfaces with
cellular membranes.’”** These issues can be solved by com-
bining MOFs with biological molecules. In this respect, some
biological metal—organic frameworks (Bio-MOFs) have
emerged,d'l’d'2 in which biomolecules are integrated into the
MOF structure to make it biocompatible and more suitable for
biological and medicinal applications.”” Though Bio-MOFs
have received much attention as a result of their elegant
architecture, enriched supramolecular chemistry, and biological
compatibility"*~*” and they are ideal candidates for pH-responsive
drug delivery, most studies on Bio-MOFs are limited to analysis of
their crystalline state due to their low water solubility.***’
To solve the solubility issue of Bio-MOFs, composites of Bio-
MOFs and polymers, such as chitosan (CS), can be employed.
CS is a multifunctional natural polysaccharide that is comprised
of f-(1,4)-linked glucosamine and N-acetyl glucosamine units.
This polymer is highly biodegradable, bioavailable, and non-
toxic and possesses many important medicinal properties.
Moreover, it can be converted to soluble polycationic salts or
other derivatives to produce films, fibers, hydrogels, and other
agents with suitable traits.’”>" In addition, protonation and
deprotonation of the amino groups of CS can result in some
structural changes that permit it to act as a pH-sensitive
“gatekeeper”,”> " which means that CS can be used to design
a pH-responsive drug delivery system.”> That is why CS has
been used in biomedical contexts from drug delivery to tissue
engineering.”*>® The main disadvantages of CS for drug
delivery applications are its noncontrollable drug release pro-
file, drug delivery before reaching the target organ, and

heterogeneous dispersion of drugs within its matrix.”” These
disadvantages can be worked out by incorporating CS onto
various inorganic materials, e.g. MSNs,*° graphene oxide,®! and
organo-ruthenium complexes.

As combining both Bio-MOF and CS with an appropriate
material can help to surpass the limitations of their application
in drug delivery, this study proposes combining Bio-MOF and
CS with each other to obtain their desirable properties and
overcome their disadvantages. The resultant composite
(CS/Bio-MOF) is thought to act as a pH-responsive biodegrad-
able and nontoxic carrier that can provide (i) a great surface area
and many surficial functional groups, resulting in a high degree of
drug loading, (ii) sustainability in aqueous media, (iii) targeted,
pH-responsive, and stable drug release in cancer cells,
(iv) bioavailability, and (v) low cytotoxicity. As a model
antitumor drug, DOX is loaded onto this nanocarrier through
ionic pathways and hydrogen-bonding interactions. On the
basis of the MTT assay results, the drug-loaded nanocarrier
exhibits a cytotoxicity level higher than that of the free drug.
To the best of our knowledge, this is the first research applying
natural CS to block the pores of a Bio-MOF to develop
controlled and targeted antitumor delivery.

2. EXPERIMENTAL SECTION

2.1. Materials and Physical Techniques. N,N’-Dimethylforma-
mide (DMF) was dried over 3 A molecular sieves for 1 day, prior to
use. Cobalt carbonate (CoCO3, 48%, Aldrich), adenine (vitamin B,,
99%, Sigma-Aldrich), thionyl chloride (SOCL, 99%, Merck), and
succinic anhydride (98%, Merck) were used in the synthesis pro-
cedure. Deionized (DI) and doubly distilled water were utilized as the
washing agent. The required phosphate-buffered saline solution (PBS,
0.01 M, pH 7.4) was prepared according to a standard procedure.
Powder X-ray diffraction (PXRD) analysis, field-emission scanning
electron microscopy (FE-SEM), and Fourier transform infrared
spectroscopy (FT-IR) were used to characterize the crystal structure,
morphology, and functional groups of the CS/Bio-MOF carrier,
respectively. The samples were diluted with ethanol, dried on a silica
wafer, and sputter-coated by gold prior to the FE-SEM examination.
A Hitachi S-1460 instrument with 15 kV accelerating voltage was
employed to obtain the FE-SEM images. For all samples, the PXRD
analysis was performed using a Philips diffractometer (Model
TM-1800) with a scanning angle of 1—50°, a nickel-filtered Cu Ka
radiation source (4 = 1.542 A), 40 kV potential difference, 30 mA
current, and a proportional counter detector working at a 4°/min scan
rate. The UV—vis absorbance spectra of all samples were measured
using a Camspec M330 UV—vis spectrophotometer (200—700 nm).
The FT-IR spectra were obtained over the 400—4000 cm™' wave-
number range by a Shimadzu FT-IR spectrometer (Model Prestige
21) using the KBr disks of the samples. Ultrasonication was carried
out in a SONICA-2200 EP ultrasonic bath with 40 kHz frequency.

2.2. Preparation of Cobalt Butyrate. The cobalt carbonate
powder (1.19 g, 10 mmol) was suspended in SO mL of ultrapure
water. Butyric acid (12 mmol, 1.2 equiv) was added to the solution,
gradually. To completely dissolve the cobalt carbonate solid, the solu-
tion was heated and mixed, simultaneously. Once cobalt carbonate
was dissolved, the reaction flask was heated in an oven at 100 °C
overnight to remove the residual water molecules and obtain a purple
solid. Yield: 2.07 g of Co butyrate (92%). Anal. Caled for
Co(C;H,C0O,), (with the 0.33CoO and 0.53H,0O impurities): C,
35.89; H, 5.67; N, 0.00. Found: C, 35.86; H, 5.61; N, 0.10.

2.3. Solvothermal Bio-MOF Synthesis. Through a simple
approach and in the absence of any cryogenic agent, the Bio-MOFs
were generated.> To be more specific, the Bio-MOFs were prepared
by suspending 0.90 mmol of cobalt butyrate in 18 mL of DMF.
Simultaneously, 2.70 mmol of adenine was poured into 54 mL of
DMEF and stirred intensely for 1 h to dissolve it completely. Then, the
two solutions and 0.25 mL of pure water were placed in a 120 mL
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container and heated to 115 °C at the heating rate of 1 °C/min in a
temperature-controlled autoclave. The autoclave was kept at 115 °C
for 72 h. The resultant purple crystalline product was washed with
DMF (3 X 54 mL) and desiccated at 130 °C overnight to generate
Bio-MOF-13-Co.

2.4. Stability of the Bio-MOF Crystals in PBS. A 150 mg
portion of the Bio-MOF-13-Co sample was immersed in 10 mL of
PBS in a 20 mL glass vial and shaken rigorously. After 48 h, the PXRD
pattern of the humid Bio-MOFs was recorded. The Bio-MOEF-13-Co
samples were immersed in PBS for 48 h and then dried under an
argon flow for the FE-SEM and PXRD analyses.

2.5. Acyl Chlorination of Bio-MOF (Bio-MOF-COCI). Ultra-
sonication for 6 h was used to disperse 80 mg of the synthesized Bio-
MOFEF-13-Co in 8 mL of acetone at room temperature. Next, succinic
anhydride (3.2 mL, 1.8 M) was gradually added to the acetone
solution and the resultant solution was stirred continuously for 48 h at
4000 rpm and room temperature. The obtained suspension of Bio-
MOF-COOH was centrifuged for 5 min, and the precipitate was
rinsed using double-distilled water (5 X 1S mL) and ethanol (3 X
10 mL) to eliminate the residual solvent molecules. Then, 67 mg of
Bio-MOF-COOH was reacted with excess SOCL, (7 mL) for 20 h in a
desiccator at 80 °C. After that, the unreacted SOCIL, molecules were
eliminated under vacuum and Bio-MOF-COCI (63 mg) was produced.

2.6. Preparation of the Chitosan-Capped Bio-MOF (CS/Bio-
MOF) Nanostructures. The synthesized Bio-MOF-COCI was
coated with CS to generate a pH-responsive polyelectrolyte layer.
In this respect, 1.5 g of CS was added to an aqueous solution of acetic
acid (5 wt %, 150 mL) and stirred for 24 h at room temperature to
obtain a bright CS solution (1% w/v). In parallel, 0.1 g of Bio-MOEF-
COCl and 0.22 g of sodium dodecyl sulfate were added to 15 mL of
ethanol and 0.25 mL of acetic acid was added to adjust the pH level of
the solution to 6—6.5. Then, the Bio-MOF-COCI solution was ultra-
sonicated for 2 h. Next, 25 mL of the bright CS solution was added to
it and mixed for 48 h at room temperature to generate the chitosan-
capped Bio-MOF (CS/Bio-MOF) composite. Finally, 0.187 g of CS/
Bio-MOF was obtained by centrifugation at 2500 rpm, washed with
deionized water (3 X 15 mL) and ethanol (3 X 10 mL), and dried in air.

2.7. Drug Loading and Release under in Vitro pH-
Controlled Conditions. DOX was considered as a model drug for
the drug-loading and release tests. The two pH values of 6.8 and 7.4
were used to simulate the conditions of cancerous and healthy cells,
respectively. To load DOX, 10 mg of CS/Bio-MOF was added to an
aqueous solution of DOX (10 mL, 1.0 mg mL™") at 30 °C in the dark
and stirred for 8 h (three times). Then, the obtained DOX-loaded
CS/Bio-MOF (DOX@CS/Bio-MOF) was collected by 4 min of cen-
trifugation at 3000 rpm and rinsed with PBS to remove the surface
physisorbed DOX molecules. To determine the extent of drug load-
ing, the supernatant of the centrifuged solution was collected and
subjected to UV/vis spectrophotometry at 482 nm. In order to specify
the concentration of the drug, the recorded absorption intensity was
compared with a calibration curve that was plotted for free DOX.
Furthermore, the interaction of DOX with the nanocarrier was assessed
by comparing the UV spectra of pure DOX with the DOX-loaded
nanocarrier. The following equations were used to calculate the drug
loading content (DLC, eq 1) and efficiency (DLE, eq 2) of the

nanocarrier:
drug loading content (DLC)
amount of DOX in carrier

= ] X 100%
| amount of DOX-loaded carriers

(1)

drug loading efficiency (DLE)

amount of DOX in carrier

X 100%

| amount of DOX for carrier preparation (2)

The in vitro release tests were carried out at atmospheric pressure
by compressing the DOX@CS/Bio-MOF in the form of a disk
(0.12 g d = 7 mm) and then sealing the disk in a dialysis bag
(molecular cutoff: S0 kDa). The dialysis bag was immersed in 5 mL of

fresh PBS and stirred at 37 °C and pH 6.8 or 7.4 to disperse the
DOX@CS/Bio-MOF. In the next step, at predetermined time inter-
vals, the solution was centrifuged for 4 min at 3000 rpm and 3 mL of
the supernatant was analyzed by UV/vis spectrophotometry at
482 nm to determine the released DOX concentration. After comple-
tion of each measurement, the removed supernatant was added to the
mixture to keep its volume fixed. In this study, all reported results are
the average values of three measurements.

2.8. Cytotoxicity of DOX-Embedded CS/Bio-MOF. The 3-(4,
S-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was performed to investigate cell viability. In the present
research, the MCF-7 cell line was selected to study the biocom-
patibility and in vitro cytotoxicity of free DOX, CS/Bio-MOF ,and
DOX@CS/Bio-MOF. In this respect, 10 levels of concentration were
considered for each sample. The MCF-7 cells with the density of
10000 cells/well were seeded in 96-well plates and cultured for 24 h at
37 °C under a moist atmosphere including 5% CO,. The media of the
plates were then removed, and the cells were processed with a fresh
medium (100 uL) containing various concentrations of free DOX,
CS/Bio-MOF, or DOX@CS/Bio-MOF at pH 7.4 or 6.8. After 48 h of
incubation, 20 uL of a MTT solution (5.0 mg mL™") was added to
each well and the plates were further incubated for 4 h at 37 °C.
Then, the well supernatants were removed, 150 yL of DMSO was
added to each well, and the absorption of the resultant well contents
was monitored at 570 nm. The recorded data are expressed as mean
value + standard deviation (SD).

2.9. Cell Proliferation Assay. HUVECs (5 X 104) were cultured
in 96-well plates and various concentrations of the CS/Bio-MOF
carrier, free DOX, and DOX@CS/Bio-MOF (0, 0.195, 0.39, 0.781,
1.562, 3.125, 6.25, 12.5, 25, 50, and 100 ug mL™") were added to
them to suppress the growth of breast cancer cells. The cells were
incubated for 24 h, and then, the surviving cells were enumerated
three times by adding trypan blue.

2.10. Cell Apoptosis. Separate samples of the MCF-7 cells were
incubated in solutions of free DOX, pure CS/Bio-MOF, and DOX@
CS/Bio-MOF for 12 h. Once the cells were separated from the flask,
2 mL of PBS was added to them and the cell suspensions were cen-
trifuged for 5 min at 1500 rpm. Then, the cells were rinsed to remove
the cell medium. After washing and rinsing, S00 uL of 1X binding
buffer was added to the cells. Since the absorbances of the utilized
FITC and PI dyes overlapped, four tubes were used and the samples
with 10° cells per tube were poured into them to correct and adjust
the overlap. The tubes included a colorless tube, one tube containing
the Annexin V-FITC dye, one tube containing the PI dye, and
one tube containing both FITC and PI. Accordingly, 5 yL of Annexin
V-FITC was added to the second and fourth tubes before incubating
them for 15 min at room temperature in the dark. After incubation,
1 mL of the 1X binding buffer solution was placed in the tubes and
the tube contents were centrifuged for 5 min at 1500 rpm. Next,
another 250 yL of 1X binding buffer was added to the precipitated
cells and 3 uL of PI was placed in the third and fourth tubes. Absor-
bances of the prepared specimens were recorded immediately after
PI addition.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Synthesized Nano-
carriers. According to the literature,®> Bio-MOF-13-Co, i.e.
Co,(ad),(C4H,CO,),-1.1DMF-0.6H,0, belongs to the tetrag-
onal space group 14,/a (a = 1579 A, c=2233 Aanda=f =
y = 90°). In this MOF, the cobalt-adeninate-butyrate “paddle-
wheel” backbones are linked to the N1, N4, and NS atoms of
the adeninate ligand to create a 3D structure so that the chan-
nels are covered by the butyl groups of the butyrate building
blocks. The 3D structure of this MOF is illustrated in Figure 1.

At a given acidic pH, the amino groups of the CS chains
become protonated and allow CS to be responsive to pH
variations in its environment.*”®® This feature is important,
since solid tumors have an acidic pH of 5—6.8, which is much
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Figure 1. (a) Extended 3D structure of Bio-MOF-13-Co viewed along the a axis. (b) Space-filling view of Bio-MOF-13-Co along the a axis. The
hydrogen atoms and guest molecules are omitted for clarity. Color code: O, red; N, blue; C, gray; Co, green.

lower than that of healthy tissues.®*~°® Therefore, CS can be
used as a promising biopolymer for provision of a pH-respon-
sive polyelectrolyte layer on Bio-MOFs to control the release
of the loaded anticancer drugs to the acidic local environment
of tumor tissues. The FT-IR spectra of the samples obtained
through synthesizing CS/Bio-MOF from the pure Bio-MOF,
along with the spectrum of CS, were recorded over the range
of 400—4000 cm™" to verify the presence of cobalt and adenine
bonds and the other functional groups. The FT-IR spectra are
shown in Figure 2. Before the Bio-MOF was coated with CS,
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Figure 2. FT-IR spectra of chitosan (a), Bio-MOF-13-Co (b), Bio-
MOE-COOH (c), Bio-MOE-COCI (d), and CS/Bio-MOF (e).

the surface functional groups of the Bio-MOF structures were
manipulated using a mixture of succinic anhydride and thionyl
chloride, which acted as a suitable spacer, to facilitate the
reaction between the fixed CS amine groups and the flexible
acyl chloride groups and form Bio-MOF-COCI. As can be seen
in Figure 2, there are several low-intensity peaks from 600 to
700 cm ™" that are characteristic of Co—O stretching vibrations.
The other peaks are altered upon different surface modifi-
cations. In Figure 2b, the FT-IR spectrum of the aminated Bio-
MOF contains two weak peaks at 3211 and 3237 cm™, which
are attributed to the amine stretching bands. On the other
hand, in the spectrum of Bio-MOF-COOH (Figure 2c), the
1598 and 3320 cm ™! peaks are indicative of the N—H bending
and stretching bands of the amide groups, respectively, and the
broad peak at 3150 to 3550 cm™" corresponds to the stretching
vibration of the hydroxyl and carboxylic acid groups. In addi-
tion, in Figure 2c, the vibrational band at 1643 cm™" is related
to the stretching of the C=O bond of the amide groups. As a
comparison of parts ¢ and d of Figure 2 unravels, by a change
of the carboxylic acid groups of the Bio-MOF-COOH to

radical chloride groups, a peak appears at 1781 cm™! that could
be attributed to the C—Cl vibration of the radical chloride
bonds. Accordingly, the 678 cm™" vibrational band refers to
C—CI stretching. Finally, when the CS shell is coated on the
Bio-MOF-COCI (Figure 2e), broad peaks emerge around
1000—1150 cm™" along with two new vibrational bands at
1535 and 1643 cm™!, which can be ascribed to the amide I and
amide II vibrations, respectively.””

PXRD analysis was employed to determine the crystallo-
graphic properties of the synthesized samples over the 26 range
of 5—70°. The results are exhibited in Figure 3. As shown in
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Figure 3. PXRD patterns of simulated Bio-MOF-13-Co (a), the
synthesized Bio-MOF-13-Co sample (b), chitosan (c), and CS/Bio-
MOF (d).

f T T

this figure, the PXRD pattern of Bio-MOF-13 (Figure 3a,b) is
similar to the patterns reported by earlier studies on Bio-
MOFs.*® In the PXRD pattern of CS (Figure 3c), the two main
peaks occur at 9.49 and 19.98° with low intensities. On the
other hand, the PXRD peaks of both CS and the Bio-MOFs
are preserved upon incorporation of the CS layer onto the
Bio-MOF surface, in the CS/Bio-MOF composite (Figure 3d),
in agreement with the FTIR data and previous studies on
CS/MOFs.”""!

The Bio-MOF, Bio-MOF-COOH, Bio-MOF-COC], and
CS/Bio-MOF samples were analyzed by thermal gravimetric
analysis (TGA) to assess the thermal stability of their struc-
tures. In this respect, the samples were heated from room tem-
perature to 700 °C under a nitrogen atmosphere. The TGA
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curves are presented in Figure 4. According to Figure 4a, the
solvent molecules adsorbed into the voids of the Bio-MOF

100 +
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©
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Temperature/°C

Figure 4. TGA curves of Bio-MOF-13 (a), Bio-MOF-COOH (b),
Bio-MOF-COCI (c), and CS/Bio-MOF (d).

structures are lost from 30 to 100 °C and the coordinated
solvent molecules are lost from 100 to 180 °C. Another weight
loss occurs between 300 and 600 °C, which can be associated
with the surface functional groups and the decaying scaffolds.
Degradation of the organic linkers and the resultant collapse of
the structures can be observed between 300 and 400 °C. In a
continuation of the thermal decomposition process, at 550 °C,

. . .72, .
CoO turns into Co;0, and Co,05 in air.””’” As can be seen in

Figure 4, the residual weights at 700 °C for Bio-MOF, Bio-
MOF-COOH, and Bio-MOF-COCI are 45.2%, 41.3%, and
39.6%, respectively, which imply successful functionalization of
Bio-MOF. In addition, CS/Bio-MOF was subjected to TGA
analysis. On the basis of Figure 4d, the major mass loss of this
composite occurs around 340 °C due to its structural decom-
position. The weights lost from the Bio-MOF and CS/
Bio-MOF samples are respectively 54.8% and 86.2%, which are
31.40% different and indicate the successful coating of CS.
FESEM was conducted to investigate the variations in the
morphological traits of the Bio-MOFs induced by CS incor-
poration. The FE-SEM image and the corresponding particle
size distribution histogram of Bio-MOF-13 micro-/nanostruc-
tures are displayed in parts a and b of Figure S, respectively.
On the basis of Figure 5a, the Bio-MOF-13-Co sample is com-
posed of nanostructured crystals with octahedral morphology.
While a previous study has reported sizes ranging from 2 to
10 um for this MOF,"” the Bio-MOFs synthesized in this study
are noticeably smaller and their size ranges from 200 to 400 nm.
Since various synthesis conditions might lead to different mor-
phologies and particle sizes, the autoclaving and continuous
heating and cooling treatments should be responsible for giving
the smaller MOFs in this study. Regarding the size of the MOFs
and the effect of the synthesis method, it should be noted that
the synthesis route could be modified to produce smaller struc-
tures. For instance, application of ultrasonication enabled syn-
thesis of Bio-MOF nanostructures with 30—90 nm dimension
(see Figure S1). Another point is that coating the CS layer does
not modify the octahedral morphology of Bio-MOEF-13-Co and
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Figure S. FE-SEM image of the Bio-MOF-13 micro-/nanostructures prepared through the hydrothermal process (a), particle size distribution
histogram of the Bio-MOF-13 micro-/nanostructures (b), FE-SEM image of the Bio-MOF-13 micro-/nanostructures after chitosan incorporation
(c), and a TEM image of the Bio-MOF-13 micro-/nanostructures after chitosan incorporation (d).
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only results in irregular surficial agglomeration of CS and
increase in size (see Figure Sc). The morphology of the Bio-
MOF and CS/Bio-MOF was further studied by the TEM tech-
nique. The TEM images of the two samples are shown in
Figure S2 and Figure 5d and illustrate an octahedral mor-
phology with tough surfaces and uniform particle distributions.
Moreover, Figure 5d suggests that the TEM image of the
CS/Bio-MOF sample is consistent with the associated SEM
result by revealing no morphological change in the Bio-MOFs
upon CS deposition. In addition, this figure indicates that the CS
layer has homogeneously coated the surface of the Bio-MOFs.

The { potential of the prepared nanocarrier was measured
as a function of pH. As Figure 6 illustrates, at pH S, the

35 4
30 4
25 4
20 1
15 1

C potential (mV)

pH

Figure 6. Effect of pH on the { potential of CS/Bio-MOF in water.

¢ potential of CS/Bio-MOF is +33.0 mV due to the cationic
nature of the polysaccharide chains of CS, whereas the value of
the { potential decreases to +2.4 mV at pH 7 as an outcome of
CS deprotonation.”* Finally, the ¢ potential value decreases to
—4.3 mV at pH 10, which can lead to a low level of electro-
static repulsion between the scaffold and the CS chains. The
observed { potential trend indicates that CS has been
successfully introduced to the Bio-MOF structure.

In addition to the FT-IR, PXRD, SEM, TEM, TGA, BET,
and ¢ potential analyses, '"H NMR spectroscopy was employed
to confirm successful synthesis of the CS/Bio-MOF carrier.
Figure S3 displays the corresponding 'H NMR spectra.
In Figure S3a, the si§nals observed at 2.21 and 4.79 ppm are
indicative of CS.”’® On the other hand, in the 'H NMR
spectrum of CS/Bio-MOF (Figure S3b), the presence of the
adenine ligand is indicated by the multiple peaks positioned at
1.75—3.75 ppm and successful grafting of CS onto the Bio-
MOF structures is determined by the 0.21 ppm chemical shift
that is observed for the 4.79 ppm peak of CS.

Before experiments related to the release of DOX from the
prepared nanocarrier were performed, the structural stability
of the nanocarrier was examined by immersing it in PBS for
1—4 days. In the meantime, the nanocarrier-PBS suspension
was continuously stirred. After that, the nanocarriers were
separated, dried at 60 °C, and analyzed by PXRD, FT-IR
spectroscopy, and FE-SEM methods. As the PXRD patterns of
Figure 7 (CS/Bio-MOF) and Figure S4 (Bio-MOF) show, the
structures of the CS/Bio-MOF and Bio-MOF samples remained
intact after 4 days and no impurity or additional peak appeared
to indicated the occurrence of structural decomposition, only
the reduction of the peak intensities after 3 days of immersion
in PBS. To evaluate the shape and structural stability of the
Bio-MOFs in PBS, they were also analyzed by FT-IR and
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Figure 7. PXRD patterns of the as-synthesized CS/Bio-MOF (a) and
CS/Bio-MOF immersed in PBS for 24 h (b), 48 h (¢), 72 h (d), and
96 h (e).

FE-SEM after 48 h immersion. As can be seen in Figure SS, the
FT-IR spectrum of the carriers exhibits no structural change
after 48 h contact with PBS. In addition, the FE-SEM image of
the carrier (Figure S6) reveals no changes in its external shape
or particle size. A generalization of these results indicates that
the internal structure of the carrier has been conserved while
the crystallinity of the Bio-MOFs is altered slightly.

Similarly, the stability of the synthesized Bio-MOF and
CS/Bio-MOF was studied in aqueous solutions. Figure S7
depicts the PXRD patterns of the two samples after 48 and 96 h
of immersion in distilled water with continuous stirring at room
temperature. On the basis of this figure, the Bio-MOF sample
loses its structural integrity and crystallinity slightly after 4 days
of immersion in aqueous solutions. Meanwhile, the
CS/Bio-MOFs exhibit a higher extent of structural integrity
due to the protective role of the CS coating layer, which pre-
vents cleavage of the metal—linker bonds in the Bio-MOF
structure. Therefore, all stability results show that the studied
nanocarrier is stable in the aqueous environment of PBS and
can be considered as a capable drug delivery system.

To further evaluate the stability of the CS/Bio-MOF carrier,
its structural stability was monitored by PXRD analysis and
FT-IR spectroscopy at pH 5 and 8. With respect to Figures S8
and S9, the carrier is stable at pH 6.8 for 48 h while its
structure changes and decomposes gradually under highly
acidic conditions. Since the pH level of cancerous cells is about
6.8, the stability of the prepared carrier was also tested at pH
6.8. According to the PXRD patterns of Figure S10, the carrier
remains stable up to 3 days and then starts slowly losing its
structural integrity.

3.2. Loading Doxorubicin Hydrochloride. As a conven-
tional antitumor agent, DOX was loaded onto the Bio-MOF
and CS/Bio-MOF nanocarriers to assess their drug loading and
release behaviors. As stated by previous studies, drug loading
and release are both influenced by a number of different inter-
action modes, including the covalent, hydrogen-bonding, elec-
trostatic, and z—7 interactions. Among these modes, electro-
static interactions are found to be the most significant factor’’
and are controlled by the pH of the environment. In the case of
CS, since the pK, value of CS is roughly 6.3, pH values below
6.3 result in chain protonation and a swollen, “open” CS
state.”®”” Therefore, pH would affect the interaction of drugs
with CS. In this respect, we simulated the the in vitro loading
and release behavior of DOX through changing the pH value
of the in vitro system. When the CS/Bio-MOFs were dispersed
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Figure 8. Comparison of the FT-IR spectra of Bio-MOF-13 (a), free DOX (b), and DOX@CS/Bio-MOF (c).

in an aqueous solution of DOX with pH 5.0, the amino groups
on the surface-grafted CS chains were protonated and an
extensive hydrogen-bonding network was formed. The estab-
lished network helped to hold the CS chains in a swollen con-
formation and permitted the DOX molecules to access the Bio-
MOF channels. When the pH level was increased to 8.0, the
CS chains adopted a shielding “closed” conformation and hin-
dered the loading and release of DOX. Application of UV/vis
spectrophotometry and eqs 1 and 2 determined that the DLC
and DLE parameters of the CS/Bio-MOF carrier are 48.1%
and 92.5% while the DLC and DLE values of the Bio-MOF
carrier are 39% and 76%, respectively. The greater loading for
the CS/Bio-MOF carrier in comparison with Bio-MOF can be
attributed to the fact that the CS chains help to adsorb more
DOX drugs and result in increased loading. The successful
loading of DOX into the CS/Bio-MOFs suggests that CS is a
promising pH-sensitive coating material.

3.3. Proof of DOX Loading into the Nanocarriers.
Figure 8 displays the FT-IR spectra of Bio-MOEF-13-Co, free
DOX, and DOX@CS/Bio-MOF. In this figure, a broad band is
observed at 3450 cm™' that can be attributed to the O—H
stretching mode of the adsorbed H,0O molecules. The broad-
ness of this band is a consequence of extensive hydrogen bond-
ing between the noncoordinated and coordinated H,O
molecules.** As the IR bands of DOX@CS/Bio-MOF are com-
prised of the vibrational modes of both DOX and the CS/Bio-
MOF carrier, DOX is successfully embedded into CS/Bio-MOF
(Figure 8c). To be more precise, in Figure 8c, the vibrational
bands of the C=C skeleton at 1617 cm™" and the C—H out-
of-plane bending mode at 797 cm™" are related to the aromatic
rings of DOX. The band found at 1736 cm™' refers to the
C=0 stretching mode of the aldehyde groups, while the band
at 1712 ecm™ is associated with the C=0 stretching vibrations
of the unsaturated esters. The bands at 1064 and 1103 cm™!
correspond to the C—N stretching mode of aliphatic amines.
The main changes between the vibrations of free DOX and the
DOX molecules loaded into the CS/Bio-MOF carrier refer to
the N—H stretching band of free DOX at 3320 cm ™', which is
shifted to 3347 cm™! in the case of DOX@CS/Bio-MOF, and
intensification of the 1598 cm™" peak that is attributed to the
C=O0 bond at the 13-keto position of DOX, in the FT-IR
spectrum of the drug-loaded carrier.**

The N, adsorption—desorption isotherms of the Bio-MOF
structures were collected to evaluate the porosity of the
synthesized Bio-MOFs. As shown in Figure 9, Bio-MOF-13-Co
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Figure 9. N, adsorption—desorption isotherms of Bio-MOF-13-Co
(a), CS/Bio-MOF (b), and DOX@CS/Bio-MOF (c) collected
at 77 K.

exhibits a type I isotherm, which is a unique feature of micro-
porous materials. The same isotherm type is observed for
CS/Bio-MOEF. However, as Table S1 presents, the structural
values extracted from the nitrogen adsorption curve of
CS/Bio-MOF are lower than those of Bio-MOEF-13 so that
the BET surface area, pore volume, and pore diameter of the
Bio-MOFs are respectively 935 m” g™, 0.37 cm® ¢!, and 3.47 nm
and change to 438 m* g™}, 0.25 cm® ¢, and 3.12 nm after
coating CS on them. These values suggest that the pore struc-
ture of Bio-MOF does not substantiality change after uniform
coating of CS onto its exterior surface. Therefore, the pores of
the MOF can offer the space required for embedding the DOX
molecules. On the other hand, the N, adsorption—desorption
analysis shows a decrease in both the BET surface area and
pore volume of the CS/Bio-MOFs after DOX loading, which
confirms successful loading of the drug into the nanocarrier.
Interactions between the guest molecules and the adsorbent,
i.e. DOX and CS/Bio-MOF, respectively, result in the progress
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of the adsorption process. Generally, such MOF—drug intera-
ctions are weak. However, in some cases, the interactions
between the host and guest molecules are noticeably stronger and
lead to structural variations and chemisorption. An appropriate
technique for studying such structural changes is PXRD. The
PXRD pattern of the bare CS/Bio-MOFs is illustrated in
Figure 10a (the red pattern), while the PXRD pattern of
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Figure 10. XRD patterns of CS/Bio-MOF before DOX loading (a)
and after DOX loading (i.e, DOX@CS/Bio-MOF) (b) and the
release of the loaded DOX molecules (c).

DOX@CS/Bio-MOF is shown in Figure 10b. Comparison
of parts a and b of Figure 10 reveals a structural change in
CS/Bio-MOF upon incorporation of DOX in spite of the well-
retained crystallinity of this carrier. This change is an outcome
of the interactions developed between the supramolecular drug
and CS/Bio-MOF. The peaks appearing at the 26 values of
25.96, 14.08, and 9.82° are associated with the (220), (002),
and (102) Miller indices of DOX and confirm embedding of
the drug into the CS/Bio-MOF matrix. This result is in line
with the findings reported in the literature, as well as the FT-IR
results.*> During the dissolution test at acidic pH, the
embedded DOX molecules should have been released. The
corresponding PXRD pattern is displayed in Figure 10c (the
blue pattern). As expected, this figure reveals no DOX-related
diffraction peak and verifies successful removal of the drug.
3.4. pH-Controlled DOX Release from CS/Bio-MOF.
To explore the pH-dependent release of DOX from the
CS/Bio-MOFs and simulate the physiological conditions of tumor
cells and healthy body fluids, two PBS solutions with two dif-
ferent pH values, ie. 6.8 and 7.4, respectively, were prepared. The
concentration of DOX released from the nanocarriers into the
solutions was measured by UV—vis spectrophotometry, and
then, the absorbance data were used to calculate the per-
centage of DOX released from the carriers (Figures S11 and S12).
Figure 11a exhibits the in vitro release profiles and demonstrates a
slow growth in DOX concentration over 48 h, which means
that the loaded DOX molecules are released in a continuous
manner. As can be seen in Figure 11a (the red line), the release
behavior of DOX@CS/Bio-MOF in the acidic PBS solution
(pH 6.8) shows a significantly faster release (93% within 48 h)
relative to the buffer with pH 7.4 (the blue line), which indi-
cates just 21.7% DOX release in the first 48 h. These results
reveal the dramatic effect of the pH-responsive swelling and
contracting mechanism of the CS chains on DOX release.
In other words, the results imply that when the drug-loaded

CS/Bio-MOFs travel under healthy cell conditions, only small
amounts of DOX are released and the healthy cells are pro-
tected from the unwanted side effects of DOX. However, once
the DOX-loaded CS/Bio-MOFs reach the region with a lower
pH, ie. the tumor cells, an enormous increase in the rate of
DOX release happens. The release behavior of the Bio-MOFs
(the yellow and green lines of Figure 11a) shows that 48.3 and
54.1% of the loaded DOX molecules are respectively released
during the starting 24 h period at pH 7.4 and 6.8. Furthermore,
Figure S11 displays that the loaded DOX molecules are
released steadily from the Bio-MOFs over time. On the other
hand, on the basis of Figure 1la, the percentages of DOX
released from Bio-MOF at pH 7.4 and 6.8 after 48 h are 65.3
and 69.8%, respectively, which indicates no significant pH
response. In addition, the percentage of DOX released from
the Bio-MOFs is lower than that of CS/Bio-MOF at pH 6.8.
The main reason behind this observation is that the DOX
molecules are not only embedded within the MOF cavities but
also adsorbed by the CS layer due to the positive charges
generated on the amino functional groups of CS at lower pH
levels.*® To further explain this finding, one should know that
CS conformations under aqueous conditions can be classified
as spherical, random coil, and consolidated rods and pH is a
major determining factor affecting its conformation.®" At lower
pH values, the amino groups (—NH,) of the CS chains become
protonated (—NH;"), which improves the electrostatic repulsive
potentials among the CS chains and weakens the hydrogen
bonds. Consequently, the CS chains convert to a swollen poly-
meric matrix to lose random coils and release DOX. On the
other hand, at pH 7.4, the amino groups do not possess addi-
tional positive charges, which leads to a weaker electrostatic
repulsion and makes the CS chains adopt a collapsed confor-
mation.®* As an outcome, diffusion of DOX and its release is
hindered to a large extent. This is why, at pH 6.8, the per-
centage of DOX released from the CS/Bio-MOF carrier was
observed to be significantly higher than that at pH 7.4.
It should be noted that the CS chains act as a buffer and the
CS amine groups rather than the linker units of the MOF
become protonated, which means that unlike Bio-MOF, which
breaks down entirely at lower pH levels and exhibits a rapid
and uncontrolled DOX release behavior, CS/Bio-MOF
remains largely intact and permits DOX to escape from it in
a controlled fashion once it reaches the tumor. By considera-
tion of the pH-responsive mechanism of CS/Bio-MOF, this
carrier has the potential of carrying other therapeutic agents or
functional molecules and presenting controlled loading and
release contexts. With respect to the fact that different cellular
media have various pH levels, the release of DOX was also
studied at pH S. The obtained results are displayed in Figure S13.
According to this figure, the rate of DOX release from
CS/Bio-MOF is significantly higher at pH 5 relative to pH 6.8.
This observation can be attributed to the role of the CS layer,
which forms a swollen state in acidic environments and releases
more drugs at its “open” state.

Figure 11b illustrates the effect of CS content on the
performance of the CS/Bio-MOF carrier. As this figure shows,
the percentage of DOX released from the DOX@CS/Bio-
MOFs decreases from 93 to 21.43% by an increase in the mass
fraction of CS from 10% to 40%, at pH 6.8. The reason is that
a high degree of cross-linking will permanently entangle the CS
outer layer, reduce the swelling effect, and therefore, drastically
inhibit the release of DOX from the structure when high mass
fractions of CS are applied.
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Figure 11. (a) Profiles of DOX release from the Bio-MOF and CS/Bio-MOF drug delivery systems at pH 7.4 and 6.8. (b) Profiles of DOX release
from the DOX@CS/Bio-MOFs containing different chitosan:Bio-MOF mass ratios (10, 20, and 40 wt % CS), at pH 6.8.

4.5

4

3.5

3

2.5

2

Ln (1-M /Mc)

1.5

1

0.5

y =0.089x - 0.4787
R>=0.917

*

24 28 32 36 40 48

Time/ h

Figure 12. Kinetics of DOX release from DOX@CS/Bio-MOF in the PBS solution at pH 6.8 and at physiological temperature.

To evaluate the capability of the devised carrier in loading
and releasing DOX, the performance of CS/Bio-MOF was
compared with that of a physical mixture of Bio-MOF and CS
(CS + Bio-MOF). The results indicated that the physical
mixture does not have the potential of helping DOX loading
and release so that the DLC and DLE values of CS + Bio-MOF
were respectively obtained as 41 and 80.5%, which are almost
close to the values related to Bio-MOF-13-Co. In addition, the
release profiles of the physical mixture (Figure S14) clarified
that the release of the drugs loaded onto CS + Bio-MOF is not
affected by pH and the release rate remains almost the same at
the two examined pH levels (6.8 and 7.4). Consequently, the
physical mixture is not capable of presenting pH-responsive
drug delivery.

The time profiles of DOX release from CS/Bio-MOF were
fitted into several kinetics models to investigate the kinetics of the
reaction. The corresponding results are presented in Figure 12
and Table S2, in which R, R, and R, refer to the correlation
coefficients of the zero-, first, and second-order models,

respectively. Among these coefficients, R; shows the best corre-
lation. Therefore, the studied catalytic reaction can be best
described as a first-order reaction. This result also implies that
the CS/Bio-MOFs conserve their scaffold integrity under the
test circumstances. Since continuous desorption accounts for
DOX delivery, Fick’s diftusion law was applied and the fitted data
were described through the single-exponential function of eq 3:

In(1 — M,/M,) = —kt (3)

where M, represents the release value at time f, M, denotes to
the maximum release value, and k indicates the first-order rate
constant of drug release. According to the fitted data, the rate
constant of DOX release is 0.089 h™! (R*> = 0.917).

Prior to evaluation of the cytotoxic effect of the synthesized
samples on the MCEF-7 cell line, leaching of Co from the
CS/Bio-MOF structure to PBS was investigated at pH 6.8 after
24 and 48 h of contact time. This analysis was performed
to distinguish the role of leached Co from that of
CS/Bio-MOF in toxifying the studied cell line. In this respect,
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Figure 13. (a) Comparison of the cytotoxic effects of CS/Bio-MOF, DOX@CS/Bio-MOF, and free DOX on cell viability of the MCF-7 cells
incubated at pH 7.4 for 24 h in the presence of various concentrations of the samples. (b) In vitro viability of the MCF-7 cells dyed with trypan
blue and incubated at pH 7.4 for 24 h with various concentrations of the CS/Bio-MOF carrier, free DOX, and DOX@CS/Bio-MOF.

Figure 14. Morphological changes in the MCF-7 cells of the control group (a) and the cells exposed to the CS/Bio-MOF carrier (b), free DOX
(c), and DOX@CS/Bio-MOF (d) at pH 7.4 for 24 h. Cell density reduction, irregular shapes, and cellular shrinkage were observed by optical

microscopy.

the CS/Bio-MOFs suspended in PBS for 24 and 48 h were
centrifuged and the resultant supernatant solutions were
analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES). This analysis determined 0.37 ppm
(1.2%) and 1.1S ppm (3.75%) of Co leaching from
CS/Bio-MOF at pH 6.8 after 24 and 48 h, respectively.

3.5. In Vitro Cytotoxicity by the MTT and Trypan Blue
Tests. Biocompatibility of both the control CS/Bio-MOF and
drug-loaded CS/Bio-MOF samples was studied by carrying out
the MTT and trypan blue tests. Cell viability in the presence of
different concentrations of free DOX and DOX@CS/Bio-MOF

was investigated by performing the MTT assay on the MCF-7
cell line in acidic media (pH 6.8). The obtained results are
shown in Figure 13a, which exhibits a linear correlation
between the concentration of both DOX@CS/Bio-MOF and
free DOX with their cytotoxic impact on the examined breast
cancer cells (MCF-7). As can be seen, all concentrations of
DOX@CS/Bio-MOF present a significantly greater cytotox-
icity relative to free DOX. The higher cytotoxicity of the drug-
loaded carrier can be attributed to two main factors: first, the
CS/Bio-MOF structure remains intact, which insures a con-
trolled drug release to the target over a significant period of
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Figure 15. Flow cytometry analysis of the apoptotic and necrotic cells at pH 7.4 after 12 h incubation with the control group (a), CS/Bio-MOF
(b), free DOX (c), and DOX@CS/Bio-MOF (d). The results are expressed as mean + standard deviation (n = 3). Q1—Q4 represent the necrotic,

late apoptotic, early apoptotic, and live cells, respectively.

time, and second, the biocompatible nature of CS/Bio-MOF
allows improved DOX uptake through the membranes of the
MCE-7 cells. The same experiment was carried out at physio-
logical pH (7.4) as a control. It was observed that the DOX-
loaded CS/Bio-MOFs had no cytotoxicity at pH 7.4, even at its
highest concentration (100 pg mL™"). This result is consistent
with the proposed mechanism and the in vitro studies.
According to the results of MCF-7 cell viability (Figure 13a),
the 50% maximal inhibitory concentration (ICg,) of DOX@
CS/Bio-MOF is 3.125 ug mL™", while the IC, value of free
DOXis 25 ug mL™". Moreover, the CS/Bio-MOF carrier does
not show any significant cytotoxic impact on the MCF-7 cells.
The cell viability test was also repeated by incubating the cells
with CS/Bio-MOF, DOX@CS/Bio-MOF, and free DOX for
48 h. This experimentation led to similar results (see Figure S15)
and gave ICq, values of 6.25 and 1.562 ug mL™" for the DOX-
loaded MOFs and free DOX, respectively. Further, to evaluate
the cytotoxicity of the CS/Bio-MOF nanocarrier, free DOX,
and DOX@CS/Bio-MOF under NIR irradiation, the trypan
blue test was conducted. As is shown in Figure 13b, the results of
the trypan blue test are in harmony with the results of the MTT
assay so that the live cell membranes do not allow entry of non-
electrolyte stains into the cells whereas the dead cells are well
stained.

3.6. Cellular Changes in MCF-7 after Treatment with
Cytotoxic Agents. Optical microscopy images of the MCE-7
cells were prepared to assess the cellular morphology, cell
viability, and membrane integrity of the MCF-7 cells as direct
cytotoxicity indicators and achieve a closer mechanistic insight
into the biological impacts induced by DOX@CS/Bio-MOF.

Figure 14 illustrates the obtained morphological characteristics
after 24 h exposure of the MCF-7 cell line to CS/Bio-MOF,
free DOX, and DOX@CS/Bio-MOF. According to this figure,
the presence of 3.125 ug mL™' DOX@CS/Bio-MOF causes a
substantial decrease in cell density within 24 h of exposure and
results in an uneven cellular shape and cellular contraction.
Free DOX and CS/Bio-MOF induce similar changes, but their
effect is not as considerable as that of DOX@CS/Bio-MOF.
Therefore, these variations in cellular morphology and density
directly indicate the cytotoxicity effect®® of free DOX and,
specifically, DOX@CS/Bio-MOF on the cell line.

Induction of apoptosis is the most prevalent method of
action by most antitumor drugs.®” In other words, the most
elegant and effective strategy in cancer treatment is found to be
triggering of apoptosis.”® Therefore, the apoptotic impact of
DOX@CS/Bio-MOF on the MCF-7 cell line was assessed by
flow cytometry using the PI and Annexin-V FITC double-stain-
ing method. To evaluate apoptosis by flow cytometry, the MCF-
7 cells were treated with 3.125 ug mL™! CS/Bio-MOF, free
DOX, and DOX@CS/Bio-MOF for 12 h. Figures 15 and 16 and
Table 1 display the percentages of early apoptotic, late apoptotic,
necrotic, and live cells present after the treatments. On the basis
of the results, the MCEFE-7 cells exposed to DOX@CS/Bio-MOF
experience a significant increase in the percentage of apoptosis
(27.34%) in comparison with the cells exposed to just free DOX
(12.21%). In other words, the flow cytometry results imply that
DOX@CS/Bio-MOF triggers a substantially higher extent of
apoptosis in the MCF-7 cells relative to free DOX.

The endocytosis capacity of the carrier was determined by
incubating the MCF-7 cells with the DOX@CS/Bio-MOFs
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for 6 and 12 h in the dark and following localization of the
released DOX molecules in the cells’ nuclei by the means of
the DAPI fluorescent nuclear marker. The corresponding
results are shown in Figure 17 and confirm the presence of
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Figure 16. Quantitative necrosis, apoptosis, and death of the MCF-7
cells determined using the Annexin-V/PI dual-staining method in the
framework of flow cytometry analysis at pH 7.4 (n = 3).

DOX in the cell nuclei by exhibiting both red (DOX) and blue
(DAPI) fluorescence emissions, simultaneously. These emis-
sions are observed after both incubation times and signify the
significant endocytosis capacity of the CS/Bio-MOF carrier.
The root of this observation is the potential of the carrier in
establishing strong electrostatic interactions between the
negatively charged cell membranes and the positively charged
CS/Bio-MOFs. The important point that is highlighted by
Figure 17 is that 6 h incubation is not adequate for localization
of the released DOX molecules in the cell nuclei so that the
most intense signals of DOX refer to the cells’ cytoplasm.
However, 12 h of incubation seems sufficient, as it has led to
the detection of highly intense DOX emissions from the nuclei.
In this respect, it can be seen that prolonging the incubation
time increases the intensity of intracellular red emissions.
It should be noted that DOX release and accumulation in
nuclei continues further, since the acidic media of the MCE-7
cells promote DOX release from the carrier and increase its
efficiency, as the target of DOX resides within cell nuclei.
In general, these results show that the DOX@CS/Bio-MOFs
can diffuse into cytoplasm and release DOX, in addition to
verifying that the released DOX molecules can reach the nuclei
of cancerous cells to pose their anticancer effect. In this process,
while DOX is released in a controlled manner within the target
cells, the CS/Bio-MOFs are prohibited from diffusing into the
nuclei since they are larger than the pores of cell nuclei.

Figure 18 shows the process of DOX@CS/Bio-MOF for-
mation and its pH-responsive targeted drug delivery. When the
pH is low, the CS chains swell in the medium and open the
framework of the carrier. Upon this change, the loaded drug
molecules can be easily released from the CS/Bio-MOFs.
In contrast, at high pH, the CS chains are deprotonated and
collapse to form a shielding layer on the surficial pores of the
carrier. This conformational change leads to the blockage of
the DOX@CS/Bio-MOF pores and restriction of drug release
from them. Similarly, the Bio-MOFs coated by CS exhibit
various conformations under a wide range of pH due to their
diverse protonation states (see Figure 18).82 In this way, CS
serves as a pH-responsive “channel controller”, which ensures a
higher extent of drug delivery at pH 6.8. At this pH, pro-
tonation of the amine groups allows the formation of a strong
network of inter/intra CS chain hydrogen bonding, which holds
the chains open in the “swollen” conformation and allows the
DOX molecules to escape. Furthermore, the positive potential of
CS/Bio-MOF, i.e. +33 mV, favors its cellular uptake.

4. CONCLUSION

In this work, a straightforward synthetic procedure was applied
to modify the surface of Bio-MOF-13-Co by chitosan (CS)
chains and use the resultant CS/Bio-MOF composite as a drug
carrier. As a model drug, DOX was loaded into the prepared
carrier under a slightly acidic condition (pH 6.8), which pro-
vided 92.5% drug loading efficiency. The obtained efficiency
percentage was significantly higher than that of the unmodified
Bio-MOEF-13-Cos (76.0%). Also, during the in vitro studies,
the percentage of DOX released from the CS/Bio-MOF carrier
(93.0%) exceeded that of Bio-MOF-13-Co (54.1%) at pH 6.8
while the CS/Bio-MOF and Bio-MOF-13 samples respectively
presented 45.0 and 48.3% DOX release at physiological
pH (7.4). These results showed that surface modification of
the carrier by CS allows a higher DOX loading and release
under slightly acidic conditions, which are indicative of tumor
cells, but a lower release rate at slightly higher pH levels, which
are indicative of healthy cells. The mechanism involved was
explained with respect to protonation of the CS amine groups
at lower pH levels, which results in a strong network of inter-/
intrachain hydrogen bonding, holds the chains “open” in a
swollen random coil conformation, and permits the loaded mole-
cules to diffuse toward and away from the carrier. In contrast, at
higher pH values, the amine groups of the CS chains depro-
tonate. Chain deprotonation results in breaking of the hydrogen-
bonding network holding the chains in the swollen conforma-
tion, adopting a “closed” conformation and blocking the escape
paths of the loaded molecules. In continuation of the in vitro
studies, exposure of a breast cancer cell line, i.e. MCF-7, to the
DOX-loaded carrier and free DOX demonstrated a substan-
tially higher degree of cytotoxicity in the presence of the

Table 1. Quantitative Apoptosis Assay on the MCF-7 Cell Line Using the Annexin-V/PI Dual Staining Method in the

Framework of the Flow Cytometry Method”

concn viable cells
treatment group (ug mL™") (Q4%) (Q3%)
control 3.125 76.5 0.519
CS/Bio-MOFs 3.128 76.2 2.27
free DOX 3.125 70.0 2.48
DOX@CS/Bio-MOFs 3.125 65.0 4.84

early apoptotic cells

late apoptotic cells necrotic cells cell apoptotic cells
(Q2%) (Q1%) death (Q2% + Q3%)

16.6 6.42 23.53 17.11

14.1 7.47 23.84 16.37

9.73 17.8 30.01 12.21

22.5 7.65 34.99 27.34

“The percentages of the viable, early apoptotic, late apoptotic, and necrotic cells are presented as mean values (n = 3).
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Figure 17. Fluorescence microscope images of the MCF-7 cells incubated with DOX@CS/Bio-MOF for 6 and 12 h.
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Figure 18. Schematic diagram of the DOX@CS/Bio-MOF formation and its drug release behavior at pH 6.8. The drug loading and conjugation
processes of DOX@CS/Bio-MOF and illustration of the uptake and internalization of DOX@CS/Bio-MOF via an interaction and pH-triggered

DOX release in lysosome or endosome of the MCEF-7 cells.

DOX-loaded CS/Bio-MOF carrier in comparison with free
DOX, at pH 6.8. The observed difference in cytotoxicity was
attributed to both the slow release of DOX from the stable
CS/Bio-MOF structure and increased diffusion of DOX through
the cell walls as a result of CS biocompatibility. Further, flow
cytometry and optical microscopy were used to assess the extent
of apoptosis induced by the samples. The corresponding results,
including the fluorescence microscopy images of the control and
treated MCF-7 cells, clarified that the positively charged DOX-
loaded CS/Bio-MOFs interact with the negatively charged cell
membranes to diffuse into cancerous cells and release DOX,
under the acidic condition of tumors. There, the released DOX
molecules can localize in cell nuclei and induce apoptosis
efficiently. In this way, the DOX-loaded CS/Bio-MOFs exhibit

the highest extent of cell apoptosis. In general, the in vitro
studies showed that surface-modified Bio-MOF-13-Co can
demonstrate superior specificity and cytotoxicity relative to the
original material, in addition to acting as a pH-responsive
carrier that can result in a greater efficacy in treatment of
cancer with fewer side effects.
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