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ABSTRACT: Cancer-targeting nanotherapeutics offer promising opportunities for selective delivery of cytotoxic chemotherapeutics
to cancer cells. However, the understanding of dissolution behavior and safety profiles of such nanotherapeutics is scarce. In this
study, we report the dissolution profile of a cancer-targeting nanotherapeutic, gemcitabine (GEM) encapsulated within RGD-
functionalized zeolitic imidazolate framework-8 (GEM⊂RGD@nZIF-8), in dissolution media having pH = 6.0 and 7.4.
GEM⊂RGD@nZIF-8 was not only responsive in acidic media (pH = 6.0) but also able to sustain the dissolution rate (57.6%) after
48 h compared to non-targeting nanotherapeutic GEM⊂nZIF-8 (76%). This was reflected by the f 2 value of 36.1, which indicated a
difference in the dissolution behaviors of GEM⊂RGD@nZIF-8 and GEM⊂nZIF-8 in acidic media compared to those in neutral
media (pH = 7.4). A dissolution kinetic study showed that the GEM release mechanism from GEM⊂RGD@nZIF-8 followed the
Higuchi model. In comparison to a non-targeting nanotherapeutic, the cancer-targeting nanotherapeutic exhibited an enhanced
permeability rate in healthy zebrafish embryos but did not induce lethality to 50% of the embryos (LC50 > 250 μg mL−1) with
significantly improved survivability (75%) after 96 h of incubation. Monitoring malformation showed minimal adverse effects with
only 8.3% of edema at 62.5 μg mL−1. This study indicates that cancer-targeting GEM⊂RGD@nZIF, with its pH-responsive behavior
for sustaining chemotherapeutic dissolution in a physiologically relevant environment and its non-toxicity toward the healthy
embryos within the tested concentrations, has considerable potential for use in cancer treatment.
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■ INTRODUCTION

Cancer is one of the leading causes of mortality with a
significant number of reported global cases each year.1

Although chemotherapy plays a vital role in cancer treatment,
many non-selective chemotherapeutics are fundamentally
limited by dose-dependent toxicity that leads to hair loss,
diarrhea, constipation, nausea, vomiting, fatigue, skin problems,
hearing loss, and low blood cell counts.2 For this simple
reason, there is an immediate need, and moral obligation, to
develop more efficient, selective chemotherapeutic systems
that have minimal adverse side effects. A viable strategy for
minimizing adverse side effects while maintaining high
efficiency and efficacy is to encapsulate the non-selective
chemotherapeutics inside a biocompatible nanocarrier whose
external surface is functionalized with an arsenal of ligands that
are capable of selectively targeting and, thereafter, releasing the

chemotherapeutics directly to cancer cells without harming
normal cells.
Nanosized zeolitic imidazolate framework-8 (nZIF-8) is

widely used as a nanocarrier for chemotherapeutics due to its
unique properties such as high loading capacity, surface
customizability, and pH-responsive nature for the desired
treatment purpose.3−8 The flexibility of nZIF-8 offers vast
opportunities for chemical or ligand surface functionalization
to improve chemotherapeutic nanodelivery methods, especially
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as it pertains to dissolution, selective toxicity, biodistribution,
and efficacy.9−12 As an example, amino-polyethylene glycol-
functionalized ZIF-8 demonstrated low toxicity to normal cells
when compared to cancer cells as a result of drug retention
inside the framework under neutral conditions (pH = 7.4).13,14

Other ZIF-8 nanodelivery systems based on targeting ligands,
such as folic acid and hyaluronic acid, have successfully
promoted the uptake and inhibited the growth of cancer
cells.12,15 Our group recently reported an exceptional active-
targeting chemotherapeutic system in which gemcitabine
(GEM) was encapsulated within RGD-functionalized nZIF-8
(GEM⊂RGD@nZIF-8). This nanotherapeutic system demon-
strated selective and active targeting action in delivering the
gemcitabine (selective index, SI > 2) toward A549 lung cancer
cells with enhanced cellular uptake and apoptotic populations.
GEM⊂RGD@nZIF-8 was able to regulate the GEM selectively
toward lung cancer cells (A549) while ensuring less harm to
healthy lung cells (MRC-5). As the interaction between
biological organisms and nanotherapeutics is mediated via their
respective surfaces, in our previous study, the surface of nZIF-8
loaded with fluorescein (for uptake) or gemcitabine (for
therapy) was surface-functionalized with the RGD homing
peptide.16 RGD on the surface of nZIF-8 was recognized as an
important parameter determining the interaction of
GEM⊂RGD@nZIF-8 with the biological membranes, thus
influencing cellular uptake, toxicity, and apoptotic in cancer
cells. It was also known that the safety of nanotherapeutics was
related to physicochemical characteristics, including size and
surface chemistry.17 Hence, to gain further insight into the
safety and biocompatibility, we determined that there was a
need for careful biological assessment to confirm that the
interaction of GEM⊂RGD@nZIF-8 with biological mem-
branes caused minimal toxicity effects to otherwise healthy
biological functions.
Zebrafish (Danio rerio) is a well-established vertebrae animal

model for human disease study, including cancer.18 Many
important findings in zebrafish development apply to human
development due to high genomic similarities (70%).19,20

Owing to their smaller size, zebrafish have high reproducibility

and rapid embryo development with optical transparency.21

The transparent protective membrane encircles the embryo,
known as a chorion, thereby allowing nanotherapeutics to
permeate and be readily visualized.22,23 Depending on the
disease model, various biological aspects including toxicity,24

hatching,25 organ development, and behavior26 can be
assessed, all of which support the safety and efficacy assessment
of newly developed drug delivery systems.27−29

Considering this, our interest herein was to ascertain the
ability of a cancer-targeting nanotherapeutic system, gemcita-
bine encapsulated within RGD-functionalized nZIF-8
(GEM⊂RGD@nZIF-8), to promote permeability through
the biological barrier and to assess possible toxicity within
healthy zebrafish embryos. Prior to embryo assessment, we also
studied the dissolution profile of GEM⊂RGD@nZIF-8 in
physiologically relevant environments (Scheme 1). It was
worth studying the dissolution profile, as GEM was used in
treating not only lung cancer but also other types of cancers,
including breast, bladder, and pancreatic.30 Following the
evaluation of the dissolution profile and the biological
assessment of this nanotherapeutic’s use in healthy embryonic
zebrafish, our study provided a deeper insight into the safety of
a new nanotherapeutic holding tremendous potential for
cancer treatment.

■ MATERIALS AND METHODS
Materials and Supplies. Zinc nitrate hexahydrate (Zn(NO3)2·

6H2O; 99% purity), 2-methylimidazole (99% purity), gemcitabine
(99% purity), fluorescein (95% purity), p-formaldehyde (95% purity),
acetonitrile (≥99.9% purity), and triethylamine (99.5% purity) were
acquired from Fisher Scientific. Arg-Gly-Asp (RGD) homing peptide
was purchased from GL Biochem. Phosphate-buffered saline (PBS)
was purchased from Gibco. Acetonitrile (≥99.9% purity) was
acquired from Fisher Scientific. Zebrafish embryos (D. rerio) and
Danio-SprintM embryo media were purchased from Danio Assay
Laboratories Sdn. Bhd. (Selangor, Malaysia) that operates under and
according to the Institutional Animal Care and Use Committee of
Universiti Putra Malaysia.

Equipment. High-performance liquid chromatography (HPLC;
Waters Corporation, Milford, Massachusetts) for dissolution study
was performed with a C18 column (Phenomenex C18 column: 3.5 μm,

Scheme 1. Schematic Representation of the Dissolution Study of Gemcitabine (GEM) in Physiologically Relevant Conditions
and the Biological Assessment of Permeability and Toxicity of the Cancer-Targeting Nanotherapeutic, RGD-Functionalized
GEM-Encapsulated nZIF-8 (GEM⊂RGD@nZIF-8) at Different Incubation Timesa

aHealthy embryos were transferred to a 96-well round-bottom plate for the biological assessments.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.2c00186
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00186?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00186?fig=sch1&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4.6 × 150 mm2). Fluorescence imaging for permeability was carried
out with a Carl Zeiss fluorescence microscope. The images were taken
with a Zeiss AxioCam MRm camera and processed with Zen Lite
2012 software. The development of embryos for survival analysis,
malformation, and hatching was observed using an inverted
microscope (Nikon Eclipse TS100).
Nanotherapeutic Preparation and Characterization. Our

previous report details the preparation and characterization of the
cancer-targeting nanotherapeutic (GEM⊂RGD@nZIF-8), non-target-
ing nanotherapeutic (GEM⊂nZIF-8), and pure nano-zeolitic
imidazolate framework-8 (nZIF-8) nanosystems used in this work
(see Supporting Information (SI), Figures S1−S3).16
Gemcitabine (GEM) Dissolution Profile of Cancer-Targeting

Nanotherapeutic (GEM⊂RGD@nZIF-8). The dissolution study of
GEM was performed in PBS dissolution media (200 μg mL−1 in pH =
7.4 and 6.0, respectively) at 37 °C under gentle stirring (100 rpm). At
a given time (2, 4, 6, 24, and 48 h), the nanotherapeutics were
collected by centrifugation at 11,300g for 10 min to separate the
precipitate from the supernatant.31,32 The supernatant was analyzed
by high-performance liquid chromatography (HPLC) at 268 nm with
an acetonitrile and water mixture (10:90 v/v) as the mobile phase at a
flow rate of 1 mL min−1. The GEM dissolution percentage of all
nanotherapeutics was determined as the ratio of the released amount
to the total loaded amount of GEM.31,32

To compare the dissolution profiles between cancer-targeting
GEM⊂RGD@nZIF-8 and non-targeting GEM⊂nZIF-8, a similarity
factor ( f 2) was measured. The f 2 similarity metric is a function of the
reciprocal of the mean square root transform of the sum of square
distances. The f 2 similarity metric was calculated as follows (eq 1)33
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where n is the number of time points and Rt and Tt represent the
percentage of the GEM released within the comparator curve for non-
targeting nanotherapeutic (GEM⊂nZIF-8) and the cancer-targeting
nanotherapeutic (GEM⊂RGD@nZIF-8), respectively. The compar-
ison dissolution profiles are similar when the f 2 value is 50−100.33
Mathematical models including zero-order (eq 2), first-order (eq

3), Higuchi (eq 4), Hixson−Crowell (eq 5), and Korsmeyer−Peppas
(eq 6) were fitted to determine the dissolution kinetics of GEM from
GEM⊂nZIF-8 and GEM⊂RGD@nZIF-8 in both dissolution media
having pH = 7.4 and 6.0. The model equations are as follows34−36

M M k tt 0 0= + (2)

M M k tlog logt 0 1= + (3)

M k tt H= √ (4)

M M K t0
1/3

t
1/3

w− = (5)

M M K t/ n
t
1/3 1/3

m=∞ (6)

where M0 is the initial amount of GEM in the dissolution media; Mt is
the amount of GEM in the dissolution media at time t; k0, k1, kH, kw,
and km are dissolution rate constants; and Mt/M∞ is the fraction of
GEM released at time t. n is used to characterize different release
mechanisms. Finally, the coefficient of determination (R2) was
considered to measure the best-fit model equation, thereby
representing the dissolution pattern.

Biological Assessment of Cancer-Targeting GEM⊂RGD@
nZIF-8 on Embryonic Zebrafish (D. rerio). The embryos were
observed under an inverted light microscope (Nikon Eclipse TS100)
to ensure that only viable and healthy embryos were selected for
assessments including permeability, toxicity, malformation, and
hatching rate. All nanotherapeutics were exposed to 96-well round-
bottom plates containing zebrafish embryos via an incubation
approach (SI, Figure S4).

Permeability Assessment. For permeability assessment, healthy
embryos (aged; 1 h post-fertilization) were loaded at a count of 1
embryo per well in a 96-well round-bottom plate at constant
temperature (28 °C). The embryos were incubated with fluorescent
fluorescein (FI) suspensions (Fl as control, Fl⊂RGD@nZIF-8 as the
targeting model, and Fl⊂nZIF-8 as the non-targeting model) at a
concentration of 50 μg mL−1 for 2 h. Following incubation, the
embryos were then washed with embryo media. This was followed by
visualization via fluorescence microscopy (Carl Zeiss AxioCam
MRM). For detection purposes, 517 nm bandpass filters were
employed for green fluorescence.

Toxicity, Malformation, and Hatching Assessment. The
zebrafish embryotoxicity assessment was carried out following Test
No. 236: Fish Embryo Acute Toxicity Test (FET).37 FET allows for
the evaluation of the phenotypes displayed by embryos after chemical
treatment. For this study, healthy embryos (aged; 24 h post-
fertilization) were transferred to a 96-well round-bottom plate with 1
embryo per well at 28 °C. The embryos were then incubated with the
cancer-targeting GEM⊂RGD@nZIF-8, non-targeting GEM⊂nZIF-8,
and pure nZIF-8 for 96 h. Concentrations ranging from 0 to 250 μg
mL−1 were applied with a total of 24 embryos per concentration. A
0.1% dimethyl sulfoxide (DMSO) concentration in each well was
maintained, including controls.

Figure 1. Comparison of GEM dissolution profiles from cancer-targeting GEM⊂RGD@nZIF-8 (orange) and non-targeting GEM⊂nZIF-8 (blue)
in (A) PBS media at pH = 7.4 (dashed line) and (B) pH = 6.0 (solid line) at 37 °C over a period of 48 h. Error bars depict standard deviation (n =
2).
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Survival studies, malformation, and hatching rates of embryos were
observed using an inverted microscope (Nikon Eclipse TS100). The
observation and scoring were measured as compared with the control.
Death, coagulation of embryos, lack of somite formation, non-
detachment of the tail, and lack of heartbeat were important
parameters to determine embryos or larvae lethality. The lethal
concentration (LC50) was calculated using GraphPad Prism 8.0
software. Finally, the hatching rate was calculated as follows (eq 7)38

hatching rate (%) number of hatched embryos

/initial number of embryos 100

= [

] × (7)

Statistical Data Analysis. All statistical analyses in the experi-
ments described above were analyzed using GraphPad Prism 8.0.
Error bars represent the mean values with standard deviation (SD)
unless otherwise indicated. The statistical significance level was set at
0.05.

■ RESULTS AND DISCUSSION
Dissolution Profile. The dissolution rate of GEM from

cancer-targeting GEM⊂RGD@nZIF-8 and non-targeting
GEM⊂nZIF-8 nanotherapeutics was first studied in PBS
dissolution media having pH = 6.0 or 7.4. The equation for
the GEM standard curve in PBS was y = 42.902x, R2 = 0.993
(SI, Figure S5). As shown in Figure 1, both cancer-targeting
GEM⊂RGD@nZIF-8 and non-targeting GEM⊂nZIF-8 ex-
hibited a low dissolution percentage of GEM at pH = 7.4
during the first 2 h (8.0 and 8.2%, respectively) but increased
drastically after 48 h (37.8 and 40.4%, respectively). In
contrast, at pH = 6.0, GEM⊂RGD@nZIF-8 and GEM⊂nZIF-
8 displayed fast dissolution of GEM in the first 2 h (12 and
23.9%, respectively), which then increased to 57.6 and 76.0%,
respectively, after 48 h. From these findings, we noted that
both nanotherapeutics had a higher dissolution rate and
responsiveness in an acidic pH environment mimicking that of
a tumor microenvironment as compared to a neutral pH
environment. Indeed, slow dissociation of the nZIF-8 frame-
work occurred in acidic media due to hydrolysis of the
coordination bonds between the Zn(II) metal ions and the 2-
methylimidazolate linker. This dissociation promoted drug
release slowly at first; however, as more framework was
dissociated, the drug was released at an increasingly higher
rate.39−42 This is supported by a previous report that showed
that a fast and higher drug dissolution rate from BNZ@ZIF-8
was achieved in acidic media when compared with a media
having neutral pH.43

The dissolution profiles of cancer-targeting GEM⊂RGD@
nZIF-8 and non-targeting GEM⊂nZIF-8 are then compared in
dissolution media with either pH = 6.0 or 7.4 by calculating the
similarity value ( f 2) (Table 1). For this, it is important to note
that an f 2 value of 50−100 is considered to be similar and with
the dissolution profiles being comparable.33 In pH = 7.4, an f 2
value of 75.3 was calculated, indicating a similar dissolution
rate by cancer-targeting GEM⊂RGD@nZIF-8 and non-
targeting GEM⊂nZIF-8 in a neutral pH environment. In pH
= 6.0, a calculated f 2 value of 36.1 means that the dissolution

profiles are not similar, which correlates with a lower
dissolution rate for cancer-targeting GEM⊂RGD@nZIF-8
than non-targeting GEM⊂nZIF-8. Furthermore, it is con-
cluded from this that cancer-targeting GEM⊂RGD@nZIF-8 is
better at sustaining GEM dissolution in an acidic environment
(pH = 6.0). We surmise that this sustained behavior is due to
the RGD-binding effect at the surface of GEM⊂nZIF-8, which
improves framework stability in an acidic tumor-like environ-
ment.
The dissolution kinetics of GEM were studied via zero-

order, first-order Higuchi, Korsmeyer−Peppas, and Hixson−
Crowell models with the goal being to elucidate the
mechanism of drug transport out of the studied porous
nanotherapeutics.44 From the coefficient of determination
(R2), we found that the Higuchi model was most satisfactory in
describing the kinetics of the GEM dissolution process from
both cancer-targeting GEM⊂RGD@nZIF-8 and non-targeting
GEM⊂nZIF-8 at pH = 6.0 or 7.4 (Table 2 and SI, Figures S6
and S7). The Higuchi model ascribes the rate of water-soluble
and low-soluble drugs incorporated within semisolid and solid
materials based on the diffusion process according to Fick’s
law.35 From these kinetic studies, GEM is proposed to be
released from the nZIF-8’s framework by the drug leaching
through the pore openings upon dissociation of the nZIF-8
framework in acidic media. Indeed, these findings are in
agreement with those reported in the literature.45,46

Cancer-targeting GEM⊂RGD@nZIF-8 is responsible for
elevating cancer outcomes at the cellular level including
uptake, cytotoxicity, and apoptosis.16 Following these out-
comes, cancer-targeting GEM⊂RGD@nZIF-8 was studied
further to gain deeper insight into the biological effects of its
use in healthy small organisms.

Permeability and Toxicity Assessment on Zebrafish
Embryos (D. rerio). Targeted nanotherapeutics with the
potential to reach the exterior cell membrane and promote
uptake16,47,48 require organism-based study to assess safety and
viability. The transparency of the zebrafish embryo (D. rerio)
allows for rapid and clear imaging of fluorescent dyes passing
through biological barriers to measuring a nanotherapeutic
system’s given permeability.49 To determine the permeability
of the cancer-targeting GEM⊂RGD@nZIF-8, we replaced the
loaded GEM in RGD@nZIF-8 with a fluorescent dye,
fluorescein (Fl), to visualize the dye signal of Fl⊂RGD@
nZIF-8 (the fluorescent-tagged cancer-targeting model) and
Fl⊂nZIF-8 (fluorescent-tagged non-targeting model) in zebra-
fish embryos. Embryos (aged; 1 h post-fertilization; hpf) were
incubated independently with both FI⊂RGD@nZIF-8 and
FI⊂nZIF-8 for 2 h, at which time the permeability capacity
through the embryos was observed via a fluorescence
microscope. It is noted that the permeability of the chorion
changes during development.50,51 Very early age embryos (<1
hpf) are chosen for this study because they are more
responsive to chemicals than later ages (4 hpf).52 The
zebrafish embryo without the nZIF-8 incubation (fluorescein,
Fl) is shown in Figure 2A. In Figure 2B,C, the fluorescence
(Fl) intensity was considerably higher in the zebrafish embryos
after 2 h of incubation with FI⊂RGD@nZIF-8 when compared
with FI⊂nZIF-8. This is strong evidence of the ability of the
RGD homing peptide attached to the surface of nZIF-8 to
achieve a higher permeability potential through the chorion
membrane than the unfunctionalized nZIF-8. Indeed, it is
known that specific RGD−integrin interactions take place on
the chorion membrane due to the temporal expression of αvβ3

Table 1. Similarity Factor ( f 2) of Non-targeting
GEM⊂nZIF-8 and Cancer-Targeting GEM⊂RGD@nZIF-8

medium comparison f 2
a value

pH 7.4 GEM⊂nZIF-8 vs GEM⊂RGD@nZIF-8 75.3
pH 6.0 GEM⊂nZIF-8 vs GEM⊂RGD@nZIF-8 36.1

aA f 2 value of 50−100 indicates similarity.
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integrins during the early embryonic zebrafish stage.53−55

Furthermore, the temporal integrins transmit the bidirectional
signals across the chorion membranes to activate the ligand-
binding through integrin-mediated signaling mechanisms.56,57

Once activated, the integrins’ ectodomains extend to an open
state, which leads to high ligand affinity and excellent signal
transmission. This subsequently promotes the permeability by
an endocytic pathway.58

Given that the cancer-targeting GEM⊂RGD@nZIF-8
showed a high permeability across the chorion membrane,
we then turned our attention to evaluating potential toxicity

that could result in healthy zebrafish embryos (aged; 24 hpf).
Studies have reported that early age fish and invertebrates are
far more sensitive to toxins than adult organisms.59,60 This is
because the toxins may take less time to reach the organ at an
early age due to their smaller size than at later ages and adults.
Accordingly, the embryos were incubated with various
concentrations of cancer-targeting GEM⊂RGD@nZIF-8,
non-targeting GEM⊂nZIF-8, and pure nZIF-8 as a control.
As displayed in Figure 2D, toxicity was assessed by calculating
the survival percentage at 96 h post-incubation. From these
experiments, cancer-targeting GEM⊂RGD@nZIF-8, non-

Table 2. Kinetic Parameters of GEM Dissolution

kinetic model

coefficient of determination (R2)

PBS dissolution medium (pH) nanotherapeutic zero-order first-order Higuchi Hixson−Crowell Korsmeyer−Peppas
7.4 GEM⊂RGD@nZIF-8 0.7778 0.8305 0.9340 0.8132 0.7822

GEM⊂nZIF-8 0.1746 0.7757 0.8903 0.7555 0.7135
6.0 GEM⊂RGD@nZIF-8 0.8415 0.9209 0.9759 0.8971 0.7261

GEM⊂nZIF-8 0.7005 0.8410 0.9067 0.7996 0.6165

Figure 2. Fluorescence microscopy images for (A) fluorescein (Fl), (B) non-targeting FI⊂nZIF-8, and (C) cancer-targeting FI⊂RGD@nZIF-8
comparing the permeability within zebrafish embryos (D. rerio). Toxicity was assessed after incubating zebrafish embryos (D. rerio) with a total of
24 embryos/concentration with pure nZIF-8 (red), non-targeting GEM⊂nZIF-8 (blue), and cancer-targeting GEM⊂RGD@nZIF-8 (orange) at
(D) various concentrations for 96 h and (E) the highest concentration (250 μg mL−1) at 24−96 h of incubation time. Error bars represent standard
deviation (n = 2). Code: ns = non-significant; and ***P < 0.001.
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targeting GEM⊂nZIF-8, and pure nZIF-8 demonstrate
concentration-dependent toxicity toward zebrafish embryos
after 96 h of incubation. Survivability of the embryos decreased
significantly (P < 0.001) as the concentrations of the
nanotherapeutics increased from 7.81 to 250 μg mL−1. The
highest concentration (250 μg mL−1) of cancer-targeting
GEM⊂RGD@nZIF-8 and non-targeting GEM⊂nZIF-8 exhibit
a decreasing trend (P < 0.001) in survival rate at the 24−96 h
mark (Figure 2E). Although both these nanotherapeutics
illustrate a decrease in survivability, it was noted that cancer-
targeting GEM⊂RGD@nZIF-8 had a significant survivability
advantage (P < 0.001) with a 75% survival rate compared with
non-targeting GEM⊂nZIF-8 (58.3% survival rate). This
finding is exciting when correlated with the promising cell
viability data reported in our previous work in which the
percentage of viability in normal MRC-5 cells was significantly
higher (63%; P < 0.001) than in cancerous A549 cells (25%)
after 48 h of incubation with cancer-targeting GEM⊂RGD@
nZIF-8.16 It is noted that pure nZIF-8 showed the least toxicity
as there was no significant difference (P > 0.05) in the survival
rate when nZIF-8 was incubated with embryos for 24 until 96
h.16 After this, the lethal concentration (LC50) was quantified
for each nanotherapeutic at its lethal endpoint of 96 h. LC50
values were found to be more than 250 μg mL−1, indicating
that the concentrations tested are not toxic to healthy zebrafish
embryos.
Next, malformations among surviving zebrafish embryos

were evaluated after incubation with cancer-targeting
GEM⊂RGD@nZIF-8, non-targeting GEM⊂nZIF-8, and pure
nZIF-8 for 96 h using a concentration range of 7.81−250 μg
mL−1 (Figure 3A,B). Overall, the surviving zebrafish embryos
did not exhibit any sign of scoliosis. A low percentage of edema

(8.3%) was observed at only 62.5 μg mL−1 post-incubation
with cancer-targeting GEM⊂RGD@nZIF-8. Meanwhile, for
non-targeting GEM⊂nZIF-8, edema (4.2 and 8.3%) was
observed at 125 and 250 μg mL−1. At the higher
concentrations (125 and 250 μg mL−1), the nanocarrier
aggregates around the porous chorion, which may decrease the
nanocarrier permeation. The lack of toxicity demonstrated by
our system is in contrast to previous reports that use either Cu-
metal-organic framework (MOF) or MIL-101, in which those
MOFs induced toxicity in zebrafish embryos owing to metal
ion leaching during MOF degradation.24,61

Hatching rates were also studied to better understand the
effects on zebrafish embryos upon incubation with cancer-
targeting GEM⊂RGD@nZIF-8, non-targeting GEM⊂nZIF-8,
and pure nZIF-8. As shown in Figure 3C, all zebrafish embryos
hatched after incubation with pure nZIF-8 in concentrations
ranging from 7.81 to 125 μg mL−1. The hatching rate
decreased only to 83.3% after applying the highest concen-
tration (250 μg mL−1) of pure nZIF-8. Contrastingly, cancer-
targeting GEM⊂RGD@nZIF-8 and non-targeting GEM⊂n-
ZIF-8 displayed concentration-dependent inhibition of zebra-
fish embryo hatching. Overall, the hatching rate of zebra
embryos incubated with cancer-targeting GEM⊂RGD@nZIF-
8 was lower than those incubated with non-targeting
GEM⊂nZIF-8. The cancer-targeting GEM⊂RGD@nZIF-8
and non-targeting GEM⊂nZIF-8 start to inhibit zebrafish
embryo hatching at concentrations as low as 7.81 μg mL−1

(50%) and 31.25 μg mL−1 (25%), respectively. The zebrafish
embryos completely failed to hatch when incubated with
higher concentrations (125 and 250 μg mL−1) of cancer-
targeting GEM⊂RGD@nZIF-8. The reason for this is that
aggregates of the nanocarrier can form around the outermost

Figure 3. (A) Representative images of zebrafish embryo development showing (B) malformation and (C) different hatching rates after 96 h
incubation with pure nZIF-8 (red), non-targeting GEM⊂nZIF-8 (blue), and cancer-targeting GEM⊂RGD@nZIF-8 (orange). Concentrations
ranging from 0 to 250 μg mL−1 were applied with a total of 24 zebrafish embryos per concentration. Images were captured under an inverted
microscope with a scale bar of 200 μm. Error bars represent standard deviation (n = 2).
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porous chorion, which leads to an alteration in its elasticity
function (Figure 3A).62 This is likely due to the fact that the
key part of the hatching process is the secretion of a
metalloprotease enzyme from the hatching gland.63 Indeed,
this process weakens the chorion and permits the embryo to
escape. There have also been reports that functionalized
nanocarriers can also interfere with the hatching process by
inhibiting the enzyme64 or by slowing the maturation of the
hatching gland.65 This mechanism can differ with a variety of
chemical properties of functionalized agents and the employed
concentration of the incubated nanocarriers.66 Therefore, we
emphasize that the data reported herein requires further study
of the tested zebrafish embryo stage to obtain more
information on its hatching profile.
It is important to note that, although GEM⊂RGD@nZIF-8

displayed an enhanced permeability, it is not necessary for a
cancer-targeting nanotherapeutic to impair survivability in
healthy zebrafish embryos. This can happen as a result of the
RGD interaction with transient expression of αvβ3 integrins
within a certain period of time. In our study, the non-hatched
embryos treated with GEM⊂RGD@nZIF-8 did not cause
death, coagulation, lack of somite, and non-detachment of the
tail, all of which are important parameters that determine
survivability.37

■ CONCLUSIONS
In this report, we detailed the dissolution profile of nZIF-8,
which provided an estimate of the pH responsiveness of this
important nanotherapeutic system. With a similarity value ( f 2)
<50, the dissolution of cancer-targeting GEM⊂RGD@nZIF-8
was more pH-responsive and sustained in a tumor environ-
ment mimicking acidic media (PBS solution with pH = 6.0)
than neutral media (PBS solution with pH = 7.4). A detailed
dissolution kinetic study demonstrated that the Higuchi model
played a role in determining the dissolution mechanism of
GEM from the nanotherapeutic based on Fickian diffusion in
both pH = 6.0 and 7.4 media. Furthermore, evidence was
presented for an enhanced permeability rate within the chorion
membrane of zebrafish embryo for cancer-targeting
GEM⊂RGD@nZIF-8 as opposed to non-targeting GEM⊂n-
ZIF-8. With respect to toxicity assessment, the cancer-targeting
GEM⊂RGD@nZIF-8 demonstrated greater survivability of the
zebrafish embryos due to its targeting effectiveness created
upon RGD functionalization at the surface of GEM⊂nZIF-8.
Minimal adverse side effects were evident with a low
percentage of edema (8.3%) at only 62.5 μg mL−1. Hatching
failure was found at only higher concentrations of 125 and 250
μg mL−1. When taken together, this study suggests that cancer-
targeting GEM⊂RGD@nZIF-8 could serve as a viable cancer
nanotherapeutic for cancer treatment due to its pH-responsive
character, ability to protect the chemotherapeutic agent in
physiologically relevant conditions, and non-toxicity to a
healthy organism. GEM⊂RGD@nZIF-8 is a promising
candidate to be further studied in rodents or relevant cancer
models to determine its efficacy.
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Quintais, L. T.; Guerra-Assunca̧õ, J. A.; Zhou, Y.; Gu, Y.; Yen, J.;
Vogel, J. H.; Eyre, T.; Redmond, S.; Banerjee, R.; Chi, J.; Fu, B.;
Langley, E.; Maguire, S. F.; Laird, G. K.; Lloyd, D.; Kenyon, E.;
Donaldson, S.; Sehra, H.; Almeida-King, J.; Loveland, J.; Trevanion,
S.; Jones, M.; Quail, M.; Willey, D.; Hunt, A.; Burton, J.; Sims, S.;
McLay, K.; Plumb, B.; Davis, J.; Clee, C.; Oliver, K.; Clark, R.; Riddle,
C.; Eliott, D.; Threadgold, G.; Harden, G.; Ware, D.; Mortimore, B.;
Kerry, G.; Heath, P.; Phillimore, B.; Tracey, A.; Corby, N.; Dunn, M.;
Johnson, C.; Wood, J.; Clark, S.; Pelan, S.; Griffiths, G.; Smith, M.;
Glithero, R.; Howden, P.; Barker, N.; Stevens, C.; Harley, J.; Holt, K.;
Panagiotidis, G.; Lovell, J.; Beasley, H.; Henderson, C.; Gordon, D.;
Auger, K.; Wright, D.; Collins, J.; Raisen, C.; Dyer, L.; Leung, K.;
Robertson, L.; Ambridge, K.; Leongamornlert, D.; McGuire, S.;
Gilderthorp, R.; Griffiths, C.; Manthravadi, D.; Nichol, S.; Barker, G.;
Whitehead, S.; Kay, M.; Brown, J.; Murnane, C.; Gray, E.; Humphries,
M.; Sycamore, N.; Barker, D.; Saunders, D.; Wallis, J.; Babbage, A.;
Hammond, S.; Mashreghi-Mohammadi, M.; Barr, L.; Martin, S.;
Wray, P.; Ellington, A.; Matthews, N.; Ellwood, M.; Woodmansey, R.;
Clark, G.; Cooper, J.; Tromans, A.; Grafham, D.; Skuce, C.; Pandian,
R.; Andrews, R.; Harrison, E.; Kimberley, A.; Garnett, J.; Fosker, N.;
Hall, R.; Garner, P.; Kelly, D.; Bird, C.; Palmer, S.; Gehring, I.; Berger,
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