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pH-triggered degradation and release of
doxorubicin from zeolitic imidazolate framework-8
(ZIF8) decorated with polyacrylic acid¥

Vy Anh Tran22® and Sang-Wha Lee (2 *@

Zeolite imidazolate framework-8 (ZIF8) represents a class of highly porous materials with a very high surface
area, large pore volume, thermal stability, and biocompatibility. In this study, ZIF8-based nanostructures
demonstrated a high loading capacity for doxorubicin (62 mg Dox per g ZIF8) through the combination
of m—m stacking, hydrogen bonding, and electrostatic interactions. Dox-loaded ZIF8 was subsequently
decorated with polyacrylic acid (PAA) (ZIF8—Dox@PAA) that showed good dispersity, fluorescent imaging
capability, and pH-responsive drug release. The stable localization and association of Dox in ZIFB@PAA
were investigated by C' nuclear magnetic resonance (NMR) and Fourier transform infrared
spectroscopy. The NMR chemical shifts suggest the formation of hydrogen bonding interactions and w—
7 stacking interactions between the imidazole ring of ZIF8 and the benzene ring of Dox that can
significantly improve the storage of Dox in the ZIF8 nanostructure. Additionally, the release mechanism
of ZIF8—Dox@PAA was discussed based on the detachment of the PAA layer, enhanced solubility of Dox,
and destruction of ZIF8 at different pH conditions. In vitro release test of ZIF8—Dox@PAA at pH 7.4
showed the low release rate of 24.7% even after 100 h. However, ZIF8—Dox@PAA at pH 4.0 exhibited
four stages of release profiles, significantly enhanced release rate of 84.7% at the final release stage after
30 h. The release kinetics of ZIF8—Dox@PAA was analyzed by the sigmoidal Hill, exponential Weibull, and
two-stage BiDoseResp models. The ZIF8-Dox@PAA nanocarrier demonstrated a promising theranostic
nanoplatform equipped with fluorescent bioimaging, pH-responsive controlled drug release, and high

rsc.li/rsc-advances drug loading capacity.

1. Introduction

Zeolitic imidazolate framework 8 (ZIF8) is a class of porous
materials that have been the focus of considerable interest
because of their potential applications in adsorption processes,
gas storage, catalysis, and drug delivery systems.'” The rota-
tional angle of the 2-methylimidazolate linker through the two
nitrogen atoms leads to the flexibility of the ZIF8 framework.***
The systematic variations of linker substituents can yield widely
diverse framework structures that allow for the rational design
of surface properties.’>™® ZIF8 possesses extra-high porosity,
chemical and thermal stability, biocompatibility, and easily
controllable size and shape.***®

Multifunctional ZIF8 nanomaterials have adaptability and
responsiveness to various endogenous stimuli (e.g., pH,
enzyme, and redox gradients)'*?® and exogenous stimuli (e.g:,
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temperature, magnetic field, and light)***® and controllable
drug release for disease therapy and cell imaging.>*** Addi-
tionally, ZIF8 nanocarriers can have various nanomedicine
applications, such as targeting cancer cells with hyaluronic acid
conjugates,® magnetic resonance and fluorescence imaging using
fluorescein isothiocyanate (FITC)," and controlled drug release by
graphene oxide.”® Photothermal therapy, which utilizes the near-
infrared laser-induced thermal ablation of cancer cells, has been
widely explored and has shown significant therapeutic effects
when combined with conventional chemotherapy.*

Although there have been many studies on the application of
ZIF8 for drug transmission systems,*? the effective absorption of
a drug through various methods, such as in situ and multi-
function steps, has been rarely investigated.”®** Additionally,
the interaction effects between drug molecules loaded in ZIF8
nanostructures and drug release have not been well discussed
in detail.**** An important factor to model the release of a drug
has not been well considered.****** To the best of our knowl-
edge, the correlation between the decomposition of ZIF8 in
acid-base environments and changes in ZIF8-modified mate-
rials has not been analyzed in detail.>**

In this study, we synthesized ZIF8-derived nanostructures
incorporated with doxorubicin (Dox), an anticancer drug, via

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the external coating of the polyacrylic acid (PAA) layer. The
localization and association of Dox in ZIF8 and its interaction
with PAA were investigated by C'* nuclear magnetic resonance
(NMR) and Fourier transform infrared (FTIR) spectroscopy. The
release behavior of Dox at different pH values was investigated
in terms of the detached PAA layer, enhanced solubility of Dox,
and the mechanism of ZIF8 destruction under acidic condi-
tions. The release kinetics of sigmoidal (S-shaped), exponential,
and two-stage behaviors were analyzed through the combina-
tion of empirical Hill, Weibull, and BiDoseResp models. ZIF8-
Dox@PAA is a promising drug delivery system with bioimaging,
pH-triggered chemotherapy, and theranostic abilities.

2. Methods and experiment

2.1. Chemical materials

2-Methylimidazole (99% purity), zinc nitrate hexahydrate
(Zn(NO;),-6H,0, =99.0% purity), PAA (M, ~450 000), and
methanol (=99.9% purity) were purchased from Sigma-Aldrich.
Phosphate-buffered saline (PBS) was purchased from Bioneer
(South Korea). Ethanol and water (HPLC grade) were used as
received without further purification. All other chemicals were of
the highest commercially available quality and used as received.
The glassware was cleaned by an acidic solution of HNO; : HCI
(3 : 1) and rinsed several times with deionized water.

2.2. Synthesis of pristine ZIF8

ZIF8 was synthesized based on previously reported proce-
dures.*** Zinc nitrate (0.60 g) and 2-methylimidazole (1.32 g)
were dissolved in methanol (20.0 mL) in separate glass jars.
Then, the zinc nitrate solution was rapidly poured into the 2-
methylimidazole solution under constant stirring (400 rpm).
The reaction was performed at room temperature (RT).

To investigate the factors that affect the structure and size of
ZIF8, it was synthesized under various conditions. After mixing
the two solutions, the first sample was maintained under
tranquil conditions (no stirring) for 24 h. The second sample
was sonicated using a sonicator (Mujigae Sonicator Model
SD350H) with an average power output of 300 W and a frequency
of 40 kHz. The third and fourth samples were stirred for 10 min
and 30 min, respectively. Then, all mixtures were maintained
under tranquil conditions for 24 h. The obtained products were
collected by centrifugation at 6000 rpm for 6 min, rinsed with
excess methanol, and dried in an oven at 80 °C.

2.3. Synthesis of PAA-coated ZIF8 and drug loading

Dox in methanol (2 mg mL ') of 7.5 mL was added to the
100 mg of ZIF8 NPs dispersed in 10 mL methanol. Then, the
color of mixed solution became slightly red, implying the
formation of Dox-loaded ZIF8. The mixture was kept at RT for
24 h and centrifuged at 5000 rpm for 5 min to obtain the Dox-
loaded ZIF8. The obtained sample was washed with 10 mL of
methanol several times to completely remove the Dox adsorbed
outside the ZIF8 sample. The loading amount of Dox was
calculated by subtracting the mass of Dox in the supernatant
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from the total mass of the drug in the first initial solution by UV-
vis spectroscopy at 480/500 nm.*>**

To improve the modification ability of ZIF8 NPs, they were
processed with a PAA coating layer. In water at a neutral pH,
PAA is an anionic polymer; thus, many side chains of PAA lose
protons and obtain a negative charge. PAA-coated ZIF8
(ZIF8@PAA) was prepared based on the electrostatic and acid-
base interactions between PAA and ZIF8. Briefly, 500 mg of
ZIF8-Dox NPs was dispersed in 50 mL of an aqueous solution
under intensive stirring. Then, 10 mL of 10 mg mL ™" PAA (pH
~7.4) was added dropwise and the solution was stirred for 10 h
at RT, during which PAA electrostatically attached to the surface
of the ZIF8-Dox NPs. Afterward, the ZIF8-Dox@PAA NPs were
separated from the PAA solution and washed in water many
times to remove residual PAA.*?

2.4. In vitro release test

Dox-loaded ZIF8 or Dox-loaded ZIF8 coated with PAA (ZIF8-Dox
and ZIF8-Dox@PAA, respectively) was added to 10 mL of PBS
(pH 7.4 and 4.0) under stirring in the dark at 37 & 0.5 °C, which
is the human physiological body temperature. To estimate the
concentration of released drug, standard curves were obtained
over a wide concentration range, which followed the linear
behavior of the Beer-Lambert law (Fig. S1t). During an in vitro
release test, a 6 pL aliquot was periodically sampled to monitor
the release kinetics by UV-vis spectroscopy (NanoDrop; Nano-
Drop Technologies, Wilmington, DE, USA).

3. Results and discussion

3.1. Preparation and characterization of ZIF8-derived
samples

The effect of sonication on the formation of ZIF8 was investi-
gated under various conditions. Under sonication for 10 min,
the particle size distribution became bimodal, which was sup-
ported by the scanning electron microscopy (SEM) image that
showed two different populations of particles (i.e., ~50 nm and
~150 nm; Fig. 1(A1)). These results support the occurrence of
a sonication-induced Ostwald ripening that induces the pref-
erential dissolution of smaller particles and recrystallization
and growth into larger particles. During the sonication process,
cavitation from sonic waves creates localized areas where the
pressure and temperature are significantly higher than those of the
surrounding medium.*® This is followed by the diffusion of dis-
solved species and rapid recrystallization onto the larger particles.
Because the smaller particles, with a higher surface-to-volume
ratio, have low thermodynamic stability, the ripening process
leads to the slow disappearance of small particles and the simul-
taneous growth of large particles (oriented attachment growth) to
minimize the surface free energy*”*® (Fig. 1(B1)).

The effect of stirring on the formation of ZIF8 was also
investigated. The tranquil condition without stirring produced
uniform and round ZIF8 (~50 nm) (Fig. 1(A2)). A narrow size
distribution is only obtained without stirring during the
synthetic process.*” Under constant stirring for 10 min, ZIF8
crystals were dispersed and dodecahedral, yet uniform. The
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Fig. 1 (A) SEM images of ZIF8 formed at different agitation conditions: (1) sonication (power: 200 watts, frequency: 80 kHz) for 10 min, (2)
tranquil without stirring, (3) constant stirring 300 rpm for 10 min, and (4) constant stirring for 40 min; (B) factors that affect the formation process
and the structural morphology of ZIF8: (1) sonication effect, (2) stirring and time effect. Abbreviations: SEM, scanning electron microscopy; ZIF8,
zeolite imidazolate framework-8.

average size of ZIF8 was 160 nm and the surface was smooth nucleates, resulting in the growth of small particles with the
(Fig. 1(A1-3)). When the stirring time was increased to 40 min, large preformed ZIF8 (Fig. 1(B1 and 2)).

ZIF8 became less uniform and decreased in size by ~10 nm 3.1.1 Brunauer-Emmett-Teller (BET) and thermogravi-
(Fig. 1(A4)), probably because of secondary nucleation that metric (TGA) analyses. The N, adsorption/desorption isotherms
causes broad size distributions.?® After a short stirring time, the  of ZIF8 are shown in Fig. 2A. They are close to type II isotherms,
first nucleation creates the uniform and large ZIF8 particles; belonging to the hysteresis loop of type H3.>>** At the initial part
however, a longer stirring time induces the secondary nucle- of the adsorption isotherm, the adsorption capacity increased
ation caused by turbulence, which can form additional sharply, which indicated an abundance of nanopores. The
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Fig. 2 (A) Nitrogen adsorption—desorption isotherm of ZIF8; (B) TGA and DSC of ZIF8 in the atmosphere; (C) FTIR spectra of ZIF8 and ZIF8-
Dox@PAA; and (D) XRD spectra of ZIF8 and ZIF8—-Dox@PAA. Abbreviations: DSC, differential scanning calorimetry; Dox, doxorubicin; FTIR,
Fourier transform infrared; PAA, polyacrylic acid; TGA, thermogravimetric analysis; XRD, X-ray diffraction; ZIF8, zeolite imidazolate framework-8.
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surface area of ZIF8, determined by BET, was 1925 m* g~ " with
a pore size of 2.1 nm (Fig. 24A).

TGA and differential scanning calorimetric (DSC) analyses
were conducted to investigate the thermal decomposition
behavior of ZIF8 at a ramping rate of 10 °C min~" (Fig. 2B). The
weight loss in the first stage was attributed to the evaporation of
solvents, showing endothermic heat flow at 112-251 °C. In the
second stage, at 252-302 °C, rapid weight loss occurred owing to
the decomposition of ZIF8 in the air. In the third stage, the
sharp decrease of weight loss was caused by the decomposition
of organic imidazolate species into CO,, NO,, and H,O efflu-
ents.”® According to the DSC results, ZIF8 showed a high
exothermic heat flow at 375-455 °C, showing the peak at 430 °C.
Additionally, a low exothermic heat flow occurred at 490-550 °C.
The exothermic peaks could be attributed to the cleavage of
chemical bonds between zinc and 2-methylimidazole during
the TGA process in air.>” These decomposition reactions resul-
ted in a final loss of 71.36% of the total mass.

3.1.2 FTIR and X-ray diffraction (XRD) analysis. Fig. 2C
shows the FTIR spectra of the ZIF8 and ZIF8-Dox@PAA
samples. The peak at 1579 cm ™' was attributed to the C=N
stretching mode and the broad peaks at 1430 and 1305 cm™*
corresponded to the stretching of the entire ring. The spectral
bands between 1145 and 997 cm ™ were ascribed to the in-plane
bending of the ring and the peaks at 736 and 684 cm " were
associated with aromatic sp> C-H bending.'*** After ZIF§-Dox
was coated with PAA, the peak at 1682 cm™* was due to the
bending bands of the N-H groups. The double bands at 878 and
833 cm ™! were due to the primary amine NH, wag and N-H
deformation bonds of doxorubicin, respectively.”® The ZIF8-
Dox@PAA produced new peaks at 1054 and 1580 cm ™', which
were attributed to C-O groups and the C=O0 stretching vibra-
tion of PAA. The double peak at 2973 cm™* indicated the pres-
ence of C-H groups. In particular, band stretching of the OH
group at 3140 cm ™' was observed.*

Fig. 2D shows the XRD patterns of the synthesized ZIF8. The
diffraction peaks of ZIF8 were indexed to a cubic structure with
an I43m (217) space group (CCDC number: 602542). The peak
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locations and relative intensities of all diffraction peaks
matched well with the simulated and published XRD patterns of
ZIF8.'%%¢ No other impurity peaks were detected, which indi-
cated the highly crystalline structure of pure ZIF8. The diffrac-
tion peaks at 8.16°,11.20°, 13.48°, 15.44°,17.14°, 18.79°, 20.28°,
and 25.34° corresponded to the (110), (200), (211), (220), (310),
(222), (321), and (332) planes, respectively.'**” There was no
difference in the XRD peaks of ZIF8 and ZIF8-Dox@PAA, indi-
cating the stable structure of ZIF8 even after PAA coating.

3.2. Drug loading and in vitro release test of ZIF8-Dox@PAA

Herein, the multi-step synthesis of ZIF8-Dox@PAA was carried
out to yield a drug delivery vehicle with an ultrahigh drug
loading capacity. As summarized in Scheme 1, the drug-loaded
ZIF8 was subsequently coated with a PAA layer. Dox was used as
a model drug to test the pH-triggered release of ZIF8-Dox@PAA.
PAA easily formed a coating layer over ZIF8 owing to electro-
static interactions between positively charged ZIF8 and nega-
tively charged PAA. Besides, the formation of hydrogen bonding
between ZIF8 and PAA improved the coverage of PAA on the
substrate of ZIF8. The PAA coating layer acted as an unshakable
and consolidated barrier that blocked the pore outlets of ZIF8,
consequently preventing the rapid release of Dox. As PAA is
biocompatible in vitro and in vivo,*** PAA modification to ZIF8-
based delivery systems increases the safety and biocompatibility
of the vehicle for use in bio-applications.

The encapsulation of small molecules into the pores of the
framework during crystal growth was dynamically coordinated
to the zinc centers via the polar groups (i.e., carboxylates and amines)
or electrostatic binding between positively charged ZIF8 and nega-
tively charged drug molecules. In general, negatively charged small
molecules (ie., Dox, FITC, and camptothecin) are easily encapsulated
in the positively charged ZIF8 framework, whereas neutral or posi-
tively charged molecules are poorly incorporated or weakly trapped in
the porous structure of ZIF8 (e.g;, bisphenol A).%

In this study, Dox was absorbed by the ZIF8 nanostructure
via a diffusion process. Subsequently, PAA was applied to
encapsulate the ZIF8-Dox within an active surface via the

Drug \
delivery |

In vitro drug delivery
[ 0©

\\ Hydrogen |
\ bonding ™

PAA gatekeeper

Scheme 1 Schematic illustration of the preparation of ZIF8—Dox@PAA as a vehicle for the loading and pH-controlled release of Dox and pore
wall structure of ZIFB—Dox@PAA. Abbreviations: Dox, doxorubicin; PAA, polyacrylic acid; ZIF8, zeolite imidazolate framework-8.
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polymerization of PAA. The synthesized ZIF8-Dox@PAA could
be a potential nanocarrier for controlled drug delivery, bio-
imaging, and biocompatible templates (Fig. 3A). The prepared
ZIF8-Dox, before and after functionalization, was explored by
transmission electron microscopy (TEM). We successfully fabri-
cated a ZIF8-Dox nanostructure, which displayed a typical hexag-
onal appearance with a diameter of ~150 nm (Fig. 3B). After PAA
coating (Fig. 3B), the TEM image of ZIF8-Dox@PAA shows a rough
surface but no significant change in the hexagonal morphology
was observed. However, the surface pores of ZIF8-Dox@PAA were
not observed owing to coverage by the PAA coating layer.

Fig. 3C shows the '*C cross-polarization magic angle spin-
ning NMR spectra of the ZIF8, Dox, and ZIF8-Dox samples.
Compared with the '*C NMR of ZIF8, that of ZIF8-Dox indicated
the chemical shift of CH;, C-N, and double carbon -C= groups.
The methyl group changed from 12.94 ppm (ZIF8) to 13.95 ppm
(z1F8-Dox), which indicates the electrostatic and hydrogen
bonding interactions between the ZIF8 and Dox molecules.
Additionally, the chemical shift of C-N was observed from
123.27 ppm (ZIF8) to 124.35 ppm (ZIF8-Dox), along with the
chemical shift of double carbon -C= from 150.41 ppm (ZIF8) to
151.42 ppm (ZIF8-Dox). These chemical shifts suggest the
formation of -7 stacking interactions between the imidazole
ring of ZIF8 and the benzene ring of Dox.'*” Based on the
benzene ring structures of Dox and the imidazole of ZIF8, the
intermolecular interactions are mainly attributed to w-w
stacking interactions that can significantly improve the storage
of Dox in the ZIF8 nanostructure. Moreover, hydrogen bonding
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interactions were observed for both the hydrogen of ZIF8 and
the carboxylic group of Dox'*'”** (Fig. 3D).

An in vitro release test was carried out for the ZIF8-drug
system at different pH conditions. The release rate of Dox-
loaded ZIF8 (ZIF8-Dox) in PBS at pH 7.4 was lower than that
at pH 4.0. ZIF8-Dox showed a low release rate at pH 7.4,
approximately 7.0% after the first 5 h, followed by a relatively
faster release of up to 22.5% after 20 h (Fig. 4A). The cumulative
release of Dox reached only ~24.7%, even after 100 h. In
contrast, at pH 4.0, ZIF8-Dox showed a higher release rate of
Dox through four consecutive stages. At the first stage of release,
37.6% of Dox was rapidly released after only 1 h. In the second
stage of release (from 1 to 10 h), Dox was slowly released and
reached 45.6%. At the third stage (from 10 to 15 h), the released
fraction drastically increased to 83.4%. The slight disparity in the
released fraction of Dox was maintained and gradually approached
an asymptotic value of 84.7% at the final stage of release after 30 h.

For ZIF8-Dox@PAA, the amount of Dox released was lower
than that for ZIF8-Dox because PAA plays the role of a gate-
keeper to control the transmission of Dox. During the in vitro
release test for 10 h, only 6% Dox was released from the ZIF8-
Dox@PAA at pH 7.4, followed by an asymptotic approach to the
saturation value of 6.5% after 25 h. However, ZIF8-Dox@PAA at
PH 4.0 exhibited four stages of release profiles that were similar
to those of ZIF8-Dox, although the release rate of ZIF8-Dox@-
PAA was lower than that of ZIF8-Dox, probably owing to the
presence of the PAA coating layer. After ZIF8-Dox detached
from PAA, the Dox release profiles were significantly enhanced
because of the destruction of the ZIF8 structure at pH 4.0. The
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(A) Illustration of trapping anticancer drug into the framework of ZIF8 by multifunctional synthesis; (B) TEM images of ZIF8—-Dox (left) and

multifunctional synthesis ZIF8—Dox@PAA (right); (C) NMR spectra of ZIF8, Dox, and ZIF8—Dox; (D) proposed interaction mechanisms of ZIF8 and
Dox, i.e., electrostatic interactions, hydrogen bonding, and t—7 stacking interactions. Abbreviations: Dox, doxorubicin; PAA, polyacrylic acid;
TEM, transmission electron microscopy; ZIF8, zeolite imidazolate framework-8.
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(A) Release profiles of Dox from ZIF8—-Dox and ZIF8—Dox@PAA in PBS under pH 7.4 and pH 4.0 at 37 °C; (B) release profiles of Dox at two

different pH conditions, change in pH after the first 40 h; SEM images of ZIF8—Dox@PAA before (C) and after (D) degradation after first 1 h under
pH 4.0 (the inset image of release Dox solution and aggregation of nanoparticles from ZIF8—Dox@PAA after centrifugation after first 1 h under pH
7.4 (C) and pH 4.0 (D); (E) fluorescent images and photoluminescence of synthesized ZIF8 and ZIF8—Dox@PAA samples. Abbreviations: Dox,
doxorubicin; PAA, polyacrylic acid; PBS, phosphate-buffered saline; SEM, scanning electron microscopy; ZIF8, zeolite imidazolate framework-8.

released fraction of Dox showed a rapid increase to 31.8% for
the first 1 h, followed by a relatively slower increase to 38.8%
after 10 h during the second stage of release. In the third stage,
the released fraction continuously increased to 74.5% at 15 h,
and slowly approached an asymptotic value of 81.3% after 30 h
(at the final stage) (Fig. 4A).

3.2.1 pH-responsive drug delivery. To evaluate the release
profiles of Dox from ZIF8-Dox and ZIF8-Dox@PAA, two stages
of the drug release profile were investigated by changing the
solution pH after the first 40 h release (Fig. 4B). To simulate
drug-loaded ZIF8 passing through a healthy cell environment,
the first stage of Dox release from a ZIF8-based delivery
system (ZIF8-Dox and ZIF8-Dox@PAA) was carried out at pH
7.4. As expected, the release rate of ZIF8-Dox was higher than
that of ZIF8-Dox@PAA. During the first 3 h, only 1.2% Dox
was released from ZIF8-Dox@PAA but the released fraction
from ZIF8-Dox was 6.6%. At 30 h, the released fraction
gradually reached 5.7% (ZIF8-Dox@PAA) and 25.5% (ZIF8-
Dox). A further increase in the release time did not increase
the released fraction, i.e., 6.1% of Dox release (with PAA) and
25% of Dox release (without PAA) at 40 h. These results
indicate that ZIF8-Dox@PAA exhibits a more stable and sus-
tained release in the neutral environment than the PAA-free
analog.

© 2021 The Author(s). Published by the Royal Society of Chemistry

When the pH solution was changed from 7.4 to 4.0 (cancer
cell environment), the ZIF8-Dox exhibited a rapid increase in
the released fraction to 50.6% and 56.4% after 3 h and 5 h,
respectively. The released fractions again increased to 61.6%
and 71.9% after 10 and 20 h, respectively. The released frac-
tion of Dox finally approached an asymptotic value of 72.5%
after the final release time of 60 h. Under a decreasing pH
solution, ZIF8-Dox@PAA exhibited the fastest release rate and
remarkably sensitive release at pH 4.0. The disparity in the
release rate was attributed to the combination of three effects:
detachment of the PAA layer, enhanced solubility of Dox in the
acidic environment, and destruction of the ZIF8 nano-
structure. At pH 4.0, the released fraction of 6.1% increased
three (19.1%) and six-fold (39.0%) after 5 h and 10 h, respec-
tively. The disparity of released fractions continuously
increased to 58.2% after 20 h. Then, the released fraction
approached a saturation value of 67.5% after 30 h. When ZIF8-
Dox was immersed in PBS at pH 4.0, the spherical shape of the
NPs changed into irregular shapes because of the decompo-
sition of the ZIF8 framework (Fig. 4C and D). After ZIF8 was
destroyed at the final stage, Zn>" ions and imidazolates origi-
nated from ZIF8 nanostructure showed the biocompatibility
and no significant influence on cell viability, even up to
concentrations of 50 pg mL™", as reported by previous
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studies.®** The sediment amounts of ZIF8-Dox@PAA after
centrifugation at the bottom of the plastic tube at pH 4.0 was
negligible compared with the large amounts of the sample at
pH 7.4. Additionally, the ZIF8-Dox@PAA solution at pH 4.0
was dark red, which indicated that large amounts of Dox were
present in the PBS solution after destructive release. Further-
more, at pH 7.4, the ZIF8-Dox@PAA solution was light red
because of the small amount of Dox release.

Fig. 4E presents the photoluminescence (PL) and fluorescent
images of pristine ZIF8 and ZIF8-Dox at both excitation (Aex)
and emission (A.;,) wavelengths. The distinguishable concen-
tration of ZIF-8-Dox@PAA by PL was 0.82 pg mL™'. From this
result, the concentration of detectable doxorubicin was esti-
mated as ~0.052 pg mL™". This value is consistent with the
previous studies for the detection of doxorubicin by PL.®* This
concentration is suitable to apply for bioimaging from confocal
microscopic fluorescence images.®® From the slight milk-white
of the pristine ZIF8 in PBS, the solution changed to purple
after Dox was loaded into ZIF8. Pristine ZIF8 showed no PL
spectra, whereas Dox-loaded ZIF8 revealed the distinct PL
spectra of Dox molecules. Dox-loaded ZIF8 exhibited signifi-
cantly higher fluorescence intensities at 30 pg mL ™" than pris-
tine ZIF8. These spectra present two emission peaks of Dox at
565 nm and 600 nm under broadband excitation at 465 nm.
Thus, the PL spectra confirmed the successful trapping of Dox
in the ZIF8, which indicates that this fluorescence property
could be used to monitor cellular uptake and drug delivery
behaviors.* UV-vis and PL spectra of as-prepared samples (ZIF8,
ZIF8-Dox@PAA, and Doxorubicin) to show the difference of
ZIF8 before and after loading Dox and coating with PAA were
presented in Fig. S3.}

3.3. Analysis of pH-triggered release kinetics of ZIF-derived
nanocarriers

The release kinetics of ZIF8-Dox@PAA at pH 7.4 can be
analyzed using the empirical Hill equation:

QI _ szlxty
Ow QOipt+17

where Qax is the maximum amount of drug release, Q4 is the
time required for 50% drug release, and vy is a sigmoidicity
factor. The Hill equation can suitably describe release profiles
with sigmoidal behavior.

The release kinetics of Dox from ZIF8-Dox at pH 7.4 can also
be predicted by an exponential equation based on the Weibull
equation, the Weibull model:

g:A(l —exp*“(”T)o’s) (2)
Q-
where Q,/Q. is the amount of drug released as a function of
time ¢, A is the total amount of drug released, T accounts for the
lag time measured as a result of the release process, and the
parameter constant k,, describes an exponential profile.
Additionally, the release kinetics of Dox from the pure ZIF8-
drug system at pH 4.0 can be predicted by a sigmoidal equation
based on the BiDoseResp function, the BiDoseResp model:

(1)
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where Q,/Q is the released fraction of the drug at time ¢ Q/Q
and Q,/Q. are the released percentage of Dox at the start and
finish processes, respectively; #; and &, are the Hill slope cor-
responding to the two-stage release; ¢, t;, and ¢, are the release
times of processing and the first and second stages, respec-
tively; and A is the relaxation rate constant.

Fig. 5A shows the model fit of the Dox release profiles at pH
7.4. The release kinetics of ZIF8-Dox can be interpreted as first
Fickian diffusion followed by exponential release at the second
stage that can be fitted by the Weibull model. After the first
released fraction of 7.4%, ZIF8-Dox showed the second release
of Dox, which was a burst release to a saturation value of 25.5%.
Using the Weibull model, the lag time (7) and exponential
profile (k) of the second release process are fitted as 3.0 and
2.2, respectively (Table S11). However, Dox release from ZIF8-
Dox@PAA follows the sigmoidal behavior fitted by the Hill
equation, in which the sigmoidicity factor was 5.2 (Table S17).
At the first stage of release, ZIF8-Dox@PAA showed a very low
released fraction of 1.2%, caused by the restriction of Dox
diffusion by the PAA layer. The fast release stage occurred
shortly after, to the saturation value (5.7%). This release profile
occurred owing to the mechanical lag processing of the PAA
coating and the diffusion of Dox caused by its good solubility in
water. In summary, at pH 7.4, the release kinetics of ZIF8-Dox-
PAA can be controlled by the PAA layer because of restricted
diffusion by the PAA barrier.

The release kinetics of both samples followed the BiDoseR-
esp model (Fig. 5B). After the initial release (stage I), an accel-
erated burst release occurred (stage II) as drug molecules
situated on the outer surface of the ZIF8 framework migrated
into the release medium owing to the degradation of the outer
layers at pH 4.0 (Fig. 5C). At stage III, both ZIF8-Dox and ZIF8-
Dox@PAA showed drug release stagnation. This slow stage of
release occurred owing to the gradual degradation of the ZIF8
framework after all drug molecules located in the outer frame-
work had been released. Additionally, the outer layer of the ZIF8
fragments prevented the release of inner Dox. At the final stage,
IV, ZIF8-Dox exhibited continuous drug release but the release
rate was slightly decreased, i.e., the curve slope of stage IV (h, =
3.20) was higher than that of stage II (%, = 2.50). ZIF8-Dox@PAA
exhibited strong Dox release profiles at this stage, which cor-
responded to the reduced slopes from 3.20 (k,, stage II) to 2.0
(h,, stage IV) (Table S21), owing to the hindered release of Dox
by the PAA layers in stage II. However, the ZIF8 structure was
broken at stage IV, which, consequently, led to rapid Dox
release, approaching the asymptotic saturation state. In
summary, both ZIF8-Dox and ZIF8-Dox@PAA show high
degrees of deterioration at pH 4.0. Therefore, Dox more easily
diffuses out and is almost completely released (stage V).*”

3.3.1 Release mechanism. At an acidic pH, dissociation
occurs by the detachment of the coordination between Zn metal
ions and organic imidazole ligands (Fig. 5D).*® This leads to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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destruction of the ZIF8 structure and increases Dox release from
ZIF8-Dox and ZIF8-Dox@PAA. Thus, the ZIFS@PAA system,
with pH-dependent drug release, is promising for use as a drug
carrier and to target cancerous tissues, as the extracellular pH of
tumors is lower than that of normal tissues and the microen-
vironments of tumors are acidic. Another factor that affects the
release process is the solubility of Dox under different pH
conditions. The model drug Dox hydrochloride, a poorly water-
soluble anticancer drug, was loaded into the pores of ZIF8/
ZIF8@PAA to assess the drug release behavior. At a low pH,
Dox solubility is improved in water; thus, the release of Dox
from the ZIF8/ZIFS@PAA structure was enhanced.®

A drug nanocarrier with pH-triggered release is suitable to
target cancer cells. The human body naturally exhibits different
PH values, such as in the stomach (pH ~3.0) and the colon (pH
~7.5).”%7* PAA was employed as the gatekeeper to control cargo
transport. At a neutral pH, PAA is an anionic polymer, i.e., many
of the side chains of PAA lose their protons and acquire
a negative charge (—17.12 mV) owing to a COO™ group, which
causes PAA to form a coating layer with a positive ZIF8 surface
(+37.3 mV) through electrostatic interactions. Therefore, in
a neutral environment, the PAA layer became unshakable and
formed a dense barrier on the pores of ZIF8-Dox@PAA, thereby

© 2021 The Author(s). Published by the Royal Society of Chemistry

preventing the release of Dox by closing the pores. In a low pH
environment (at pH 4), PAA gains protons and becomes non-
ionized. This leads to a change in the surface charge of the
PAA layer, which weakens the electrostatic interaction with the
positive ZIF8 surface. Thus, Dox is easily released from the
ZIF8-Dox@PAA because the pore outlets are opened by the
detachability of the PAA layer (Fig. 5D). Surface modification is
a commonly used approach to improve the biocompatibility of
nanomaterials for safe biomedical application. Owing to the low
protein adsorption in serum and weak interaction with
macrophages, PAA is biocompatible in vitro and in vivo.” Thus,
PAA modification represents a safe method to improve the
biocompatibility of ZIF8 for future biomedical use.”

The relevant studies were listed and compared to highlight
the superiority of our research work, which was summarized in
Table 1. In this work, we demonstrated the high loading
capacity of ZIF8 for doxorubicin through the combination of 7—
7 stacking, hydrogen bonding, and electrostatic interactions.
The stable localization and association of Dox in ZIFS@PAA
were confirmed by **C nuclear magnetic resonance and Fourier
transform infrared spectroscopy. Besides, the release mecha-
nism of ZIF8-Dox@PAA was discussed based on the detach-
ment of the PAA layer, enhanced solubility of Dox, and

RSC Adv, 2021, 11, 9222-9234 | 9229
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Table 1 Summary of studies on the drug delivery by metal-organic framework (MOF)
Amount drug
Interaction loading
Kind drug of mechanism Model of (mg drug Effects to
MOF store Drug-MOF release kinetic per g carrier)  drug release Modified agent  Ref.
ZIF8 6- Not Not Not PH condition Not 34
Mercaptopurine
ZIF8 Benznidazole Hydrogen bonding Not Not PH condition Not 74
via FTIR spectra
MIL-53 Thymol The assumption of Not 9.3 pH condition Not 75
(AD); hydrogen and w1 10.2
MIL-101 bonding interaction
(cr)
MIL-88B  Ibuprofen Hydrogen-bonding Hill equation Not Not Not 76
(Fe) and weak van der
Waals interactions
FTIR spectra
ZIF8 Doxorubicin Not Not 15.7 Solubility of Folic acid 77
doxorubicin at
low pH
ZIF8 5-Fluorouracil Not Not 30.0 pH condition Polyaniline 78
ZIF8 Curcumin -T* transitions via  Not Not Acidic condition ~ Not 24
UV-vis and NMR
proton
MIL-100  Docetaxel Not Not Not pH condition Not 79
MIL-100  Isoniazid Not Freundlich and Not Not Not 80
Langmuir models
ZIF8 Doxorubicin -7 stacking Sigmoidal behavior  62.0 PH condition, Poly acrylic acid  This work

interactions,
hydrogen bonding,
and electrostatic
interactions via *C
CP/MAS NMR; FTIR
spectra,
photoluminescence

Weibull models

destruction of ZIF8 at neutral and acidic pH conditions. Espe-
cially, the release kinetics of ZIF8-Dox@PAA was analyzed using
three different models such as sigmoidal Hill, exponential
Weibull, and two-stage BiDoseResp models. The ZIF8-Dox@-
PAA nanocarrier demonstrated a promising theranostic nano-
platform equipped with fluorescent bioimaging, pH-responsive
controlled drug release, and high drug loading capacity.

4. Conclusions

ZIF8 is a class of porous materials that exhibit a high surface
area, well-defined pore size, and hybrid organic-inorganic
nature. The Dox drug was first loaded into the ZIF8 structure
and Dox-loaded ZIF8 (ZIF8-Dox) was subsequently coated with
PAA (ZIF8-Dox@PAA). The stable localization and association
of Dox in ZIF8 and its interaction with PAA were investigated by
C"™ NMR and FTIR spectra. The high loading of Dox by the ZIF8
nanostructure was possible through its extra-high porosity,
surface area, and physical-chemical bonds (such as m-m
stacking interactions, hydrogen bonding, electrostatic interac-
tion, and pore/size-selective adsorption). The release of Dox was
carried out at different pH conditions. The influencing factors
on the release were determined as the detachment of the PAA

9230 | RSC Adv, 2021, 11, 9222-9234

(S-shaped behavior),
BiDoseResp, and

solubility of
doxorubicin

layer, enhanced solubility of Dox, and destruction of the ZIF8
structure at acidic pH condition. The kinetic release profiles of
Dox from ZIF8-Dox and ZIF8-Dox@PAA were analyzed through
the combination of diffusion models, such as sigmoidal
behavior (S-shaped behavior), BiDoseResp, and Weibull
models. The ZIF8-Dox@PAA demonstrated high drug loading
capacity, fluorescent bioimaging, and pH-triggered drug
release, suggesting as a good candidate for a theranostic
nanoplatform.
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