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Surface peptide functionalization of zeolitic
imidazolate framework-8 for autonomous homing
and enhanced delivery of chemotherapeutic agent
to lung tumor cells†
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Chemotherapeutic agents used in treating certain cancer types operate in a non-selective manner

tending to accumulate in normal, healthy tissue when high doses are used. To mitigate the toxicity effect

resulting from this, there is an urgent need to develop active nano delivery systems capable of regulating

optimal doses specifically to cancer cells without harming adjacent normal cells. Herein, we report a ver-

satile nanoparticle – zeolitic imidazolate framework-8 (nZIF-8) – that is loaded with a chemotherapeutic

agent (gemcitabine; GEM) and surface-functionalized with an autonomous homing system (Arg-Gly-Asp

peptide ligand; RGD) via a straightforward, one-pot solvothermal reaction. Successful functionalization of

the surface of nZIF-8 loaded GEM (GEM⊂nZIF-8) with RGD was proven by spectroscopic and electron

microscopy techniques. This surface-functionalized nanoparticle (GEM⊂RGD@nZIF-8) exhibited

enhanced uptake in human lung cancer cells (A549), compared with non-functionalized GEM⊂nZIF-8.
The GEM⊂RGD@nZIF-8, experienced not only efficient uptake within A549, but also induced obvious

cytotoxicity (75% at a concentration of 10 μg mL−1) and apoptosis (62%) after 48 h treatment when com-

pared to the nanoparticle absent of the RGD homing system (GEM⊂nZIF-8). Most importantly, this

surface-functionalized nanoparticle was more selective towards lung cancer cells (A549) than normal

human lung fibroblast cells (MRC-5) with a selectivity index (SI) of 3.98. This work demonstrates a new

one-pot strategy for realizing a surface-functionalized zeolitic imidazolate framework that actively targets

cancer cells via an autonomous homing peptide system to deliver a chemotherapeutic payload

effectively.

Introduction

Lung cancer has one of the highest prevalence rates with the
poorest prognoses amongst cancer types.1 Over 50% of those

diagnosed with lung cancer die within their first year of diag-
nosis, beyond which time, less than 18% will survive after the
fifth year.2 Traditionally, the primary approach for treating
lung cancer remains chemotherapy, in which gemcitabine
(GEM) is employed alone or in combination with other che-
motherapeutic agents.3–5 As is similar with other chemothera-
peutic agents, GEM functions in a non-selective manner and
tends to accumulate in healthy tissue with high doses; two pro-
perties that lead to severe toxicity of normal cells.6,7 As such,
there exists an urgent need to rectify this situation by develop-
ing targeted chemotherapeutic delivery systems that are
capable of regulating optimal doses specifically to cancer cells
without harming adjacent and ever-present normal, healthy
cells.8–11

To realize such systems, research attention has been placed
on the creation and use of nanocarriers.12 Different types of
nanocarriers have been formulated with varying degrees of
success.13 Indeed, several classes have exhibited excellent per-
formance in clinical phase trials.14,15 As a representative
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example, nano-scale polymeric micelles have been clinically
approved as a result of their ability to improve the low solubili-
ties of hydrophobic chemotherapeutic agents.16 Others based
on lipids have also successfully improved the loading capacity
of both hydrophobic and hydrophilic chemotherapeutic
agents.17–19 The general mechanism by which these nano-
carriers operate is most often one of a passive-targeting strat-
egy, whereby the nanocarriers take advantage of tumor-patho-
physiological conditions, including tumor vascularity and
inadequate lymphatic drainage.20 However, this mechanism is
incapable of mitigating the toxicity effect of normal cells due
to a lack of selectivity in where they off-load their therapeutic
payload, which, often times, yields unpredictable accumu-
lation in healthy tissue.

To advance the effectiveness of chemotherapeutic nano-
carriers, it is essential to focus on developing such systems
based on active-targeting mechanisms.21,22 The most straight-
forward method for achieving this is to functionalize the
surface of the nanocarrier with active ligands that specifically
target certain cancer cells; examples of which include anti-
bodies and peptides.23 In general, peptides are deemed
increasingly promising as certain sequences (i.e. Arg-Gly-Asp;
RGD) are capable of selectively interacting with specific integ-

rin receptors (αVβ3) present on the tumor endothelia.24 The
general mechanism of such an interaction is akin to a
‘homing device’, whereby the RGD-functionalized nanocarrier
navigates to a cancer cell, docks as a result of selective inter-
actions with the specific integrin receptors, and delivers the
chemotherapeutic agent.25,26

Herein, we report the synthesis and use of a nanoparticle,
zeolitic imidazolate framework-8 (nZIF-8), as a nanocarrier
that is loaded with GEM and surface-functionalized with the
RGD homing peptide ligand to actively-target and specifically-
deliver the chemotherapeutic agent to lung cancer cells
(Scheme 1). The reasons for pursuing nZIF-8 as a
nanocarrier is the fact that it is well-known to embody high
porosity with large surface areas, possess adjustable particle
sizes (nano- to millimeter scales), and often enjoy inherent
biocompatibility.27–29 Despite the fact that nZIF-8 in and of
itself has no active-targeting properties, previous studies have
shown that the surface of nZIF-8 can be modified through
different reaction avenues and therapeutic agents can be
efficiently loaded within and released from its pores.30–34 After
demonstrating the successful realization of this nanocarrier
system, we demonstrated its effectiveness in actively transport-
ing and delivering GEM to cancer cells.

Scheme 1 Synthetic scheme for realizing the nanoparticle, GEM⊂RGD@nZIF-8, that actively targets cancer cells via an autonomous homing
peptide system (RGD) on its surface in order to effectively deliver a chemotherapeutic agent (GEM). Once GEM⊂RGD@nZIF-8 has reached the
tumoral endothelium surface, cellular uptake occurs and the chemotherapeutic agent induces cytotoxicity, cell death, and, ultimately, cellular
apoptosis.
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Results and discussion
Strategy for realizing autonomous homing nanoparticles

In our quest to realize a nanoparticle for the active and auto-
nomous targeting of cancer cells for delivery of a chemothera-
peutic payload, we sought two requisite structural features: (i)
high porosity, which affords the ability to load optimal doses
of anti-tumor agents; and (ii) surface customizability so as to
ensure the active-targeting of cancer cells by the nanoparticle.
To satisfy both structural requirements, we decided to pursue
so-called reticular materials that are governed by reticular
chemistry.35,36 Zeolitic imidazolate frameworks (ZIFs), are a
subclass of reticular materials, known for their high porosity,
well-defined structures due to their crystallinity, and structural
diversity.37 ZIFs have been demonstrated capable of loading
optimal quantities of chemotherapeutic agents within their
pores, their surfaces have proven modifiable by a wide range of
moieties, and their biocompatibility has been established.38

Accordingly, ZIF-8, an archetypal reticular material adopting a
sodalite structure, was chosen given its ease of synthesis on
the nanoscale as well as the ease in which surface functionali-
zation can be performed. To ensure that nano-ZIF-8 (nZIF-8)
was capable of actively and autonomously targeting tumor
cells, we chose to functionalize its surface with the Arg-Gly-Asp
homing peptide ligand (RGD). The RGD peptide is a binding
ligand that homes the integrin receptors αVβ3, which are over-
expressed on tumoral endothelia.39–42 In the case that the
RGD-functionalized nZIF-8 is carrying a chemotherapeutic
payload, the reticular nanoparticle can dock on the surface of
the cell to deliver the agents that are being carried. As a proof-
of-concept, we synthesized and fully characterized nZIF-8,
loaded it with the chemotherapeutic agent, gemcitabine
(GEM), functionalized the surface of the nZIF-8 with the RGD
peptide, and assessed the ability of this nanoparticle to induce
apoptosis of tumor cells as a result of the actively and selec-
tively delivered GEM.

Synthesis, structural characterization, encapsulation efficiency
and loading amount

The optimized synthetic recipes for realizing the reticular
nanoparticles (nZIF-8), the chemotherapeutic agent loaded
reticular nanoparticles (GEM⊂nZIF-8), and the loaded reticular
nanoparticles whose surfaces were functionalized with RGD
homing peptide ligands (GEM⊂RGD@nZIF-8) were found to
be essentially the same with the synthesis of all three nano-
particles following a straightforward, one-pot solvothermal
reaction procedure. Once each nanoparticle was isolated,
washed, solvent-exchanged, and activated, powder X-ray diffr-
action (PXRD) analysis was performed. As shown in Fig. 1, the
experimental diffraction patterns for nZIF-8, GEM⊂nZIF-8, and
GEM⊂RGD@nZIF-8 were observed to be coincident with the
theoretical diffraction pattern simulated from the single
crystal structure of ZIF-8. This PXRD analysis provided several
critical findings: (i) loading of GEM within nZIF-8 did not
disrupt the crystallinity of the ZIF-8 structure; (ii) the structure
of nZIF-8 was robust enough to withstand the conditions

needed to modify its surface with RGD; and (iii) bulk phase
purity of all three nanoparticles was proven.

Prior to further structural characterization, the GEM
loading amount and encapsulation efficiency was determined
by reaction supernatant analysis via HPLC. Although both
GEM⊂nZIF-8 and GEM⊂RGD@nZIF-8 achieved high encapsu-
lation efficiencies of 96.9 and 97.3%, respectively, the loading
amounts were determined to be relatively low (8.6 and 7.8%,
respectively). The reason for this is two-fold: (i) loading is
limited by the amount of GEM added during the synthesis
(8 mg in 1 mL methanol); and (ii) low loading amounts are
likely a consequence of the synthesis process, in which GEM is
able to diffuse out of the nZIF-8 framework as it begins to crys-
tallize. When comparing to values reported in the literature,
both the encapsulation efficiency and loading amount are
acceptable for achieving optimal therapeutic efficiency.43,44

Permanent porosity and architectural robustness were proven
by N2 isotherms at 77 K and thermal gravimetric analyses
(TGA), respectively. As expected, the Brunauer–Emmett–Teller
surface areas as calculated from the N2 isotherms, were found
to decrease when comparing nZIF-8 (1550 m2 g−1) with
GEM⊂nZIF-8 (1535 m2 g−1) and GEM⊂RGD@nZIF-8 (1480 m2

g−1) (see ESI, Fig. S1†). At relatively low pressure (P/P0 < 0.01),
the nitrogen adsorption increased steeply, highlighting the
microporosity of the framework. The results were in line with
those reported previously.45 Similarly, TGA under N2 flow,
depicts a trend of GEM⊂RGD@nZIF-8 < GEM⊂nZIF-8 < nZIF-8
with respect to thermal stability (see ESI, Fig. S2†). Both
GEM⊂RGD@nZIF-8 and GEM⊂nZIF-8 begin to thermally
decompose over the 370–450 °C range whereas nZIF-8 is ther-
mally stable up to at least 530 °C.

Characterization of the surface functionalization of
GEM⊂nZIF-8 by RGD homing peptide ligands

Successful surface functionalization of GEM⊂nZIF-8 by RGD
was first confirmed by Fourier transform infrared spectroscopy

Fig. 1 Powder X-ray diffraction (PXRD) patterns for nZIF-8 (red),
GEM⊂nZIF-8 (blue), and GEM⊂RGD@nZIF-8 (orange). These experi-
mental PXRD patterns are presented in comparison to the diffraction
pattern simulated from the crystal structure of ZIF-8 (yellow).
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measurements (FT-IR) (Fig. 2). The parent nZIF-8 FT-IR spec-
trum exhibited a number of characteristic absorption bands
that serve as a baseline for comparison with RGD surface func-
tionalized nZIF-8: (i) 1577 cm−1 and 1450–1300 cm−1 corres-
pond to vCvN of 2-methylimidazolate and ring stretching fre-
quencies, respectively; (ii) 1142 and 992 cm−1 are attributed to
vC–N of 2-methylimidazolate stretching and bending, respect-
ively; (iii) 691 cm−1 is assigned to a 2-methylimidazolate ring
out-of-plane bending frequency; and, finally, (iv) 420 cm−1 can
be ascribed to vZn–N stretching frequency, thereby, suggesting
bond formation between tetrahedral Zn2+ and 2-methyl-
imidazolate-derived N atoms (Fig. 2A). Indeed, these observed
absorption bands are in agreement with those reported
previously.45,46 The close up FT-IR spectrum (Fig. 2B) upon
functionalization of the surface of nZIF-8 with the RGD
homing peptide shows considerable differences when com-
pared with the parent nZIF-8 spectrum. It is important to first
note that all those absorption bands observed in the FT-IR
spectrum for the parent nZIF-8 remain present in the FT-IR
spectrum for GEM⊂RGD@nZIF-8. Secondly, several character-
istic absorption bands of RGD emerge as follows: (i)
3300–3100 cm−1 corresponds to overlapping amide A and B
absorption bands; (ii) 1736 cm−1 strongly indicates the pres-
ence of a vCvO stretching frequency that is characteristic of
any given peptide; (iii) 1648 cm−1 is assigned to amide I; (iv)
1577 cm−1 exhibits a slight increase in absorbance due to an
overlap of vCvN between the 2-methylimidazolate of nZIF-8
and the Arg residue of RGD. We speculate that the Arginine
residue of RGD acts as a Lewis base while interacting with
coordinatively unsaturated Zn(II) sites at the surface of the
nZIF-8 crystal;47 (v) 1375 cm−1 is ascribed to a vC–N stretching
frequency originating from RGD; and (vi) 524 cm−1 is attribu-
ted to the vCvO bending frequency from amide VI. In general,
these assignments for the FT-IR spectra provide strong evi-

dence for chemical bond formation between RGD and
GEM⊂nZIF-8. Further support for surface functionalization of
GEM⊂nZIF-8 with RGD was provided by size exclusion chrom-
atography of acid-digested samples (see ESI, Fig. S3†). As
expected, no RGD peak was observed in the chromatographic
profiles of nZIF-8 or GEM⊂nZIF-8 whereas RGD peaks were
found at the same retention volume in the chromatographic
profiles of both pristine RGD and GEM⊂RGD@nZIF-8.
Following these experiments, imaging techniques were utilized
to gain further insight into the size, morphology, and surface
structure of the nanoparticles.

Accordingly, high-resolution transmission electron
microscopy (HR-TEM) images revealed that all particle sizes
were within the nanoscale size regime (Fig. 3). This is an
important finding, given that particles on the nanoscale are
needed for promoting uptake and cytotoxicity within cancer
cells.48 In fact, when compared to particles on the microscale,
the smaller-sized nanoparticles can reduce phagocytosis by
alveolar macrophages and thereby increase their retention rate
within epithelial cells.49,50 The average size of the non-surface
functionalized nZIF-8 and GEM⊂nZIF-8 were found to be 76.7
and 70.6 nm, respectively. The different sizes and uniformities
of nZIF-8 could be explained by coalescence during the nano-
particle growth process. According to the nucleation and
growth theory of nanoparticles, the seed formation time is an
essential factor in determining the nanoparticle size. As the
seeds rapidly developed within a short period of time, the size
of the nanoparticle decreases, and the size distribution
narrows. This is followed by a coalescence metastable state, in
which smaller particles come together before reaching a final
formation.51 Upon surface functionalization to form
GEM⊂RGD@nZIF-8, the average particle size increased by
nearly 30% to 97.9 nm. RGD on the surface of nZIF-8 not only
contributed to the difference in size of the overall nano-

Fig. 2 Fourier transform-infrared spectroscopy (FT-IR) spectra comparing nZIF-8 (red), GEM⊂nZIF-8 (blue), and GEM⊂RGD@nZIF-8 (orange) in
comparison with the spectrum for the pristine RGD homing peptide ligand (yellow). (A) Full spectra of nanoparticles and (B) close-up on those
absorption bands directly related to the identification of the successful surface functionalization of nZIF-8 with RGD are highlighted in light grey.

Paper Dalton Transactions

2378 | Dalton Trans., 2021, 50, 2375–2386 This journal is © The Royal Society of Chemistry 2021



particles, but also to the surface character as the nanoparticle
edges of nZIF-8 and GEM⊂nZIF-8 were noticeably smoother.
Additionally, utilizing the same imaging technique, we also
studied the stability of parent nZIF-8 in simulated lung fluid
(SLF) at pH 7.4 and 6.0, which provides a realistic representa-
tion of a lung cancer environment.52 Following 24 h incu-
bation, the morphology of the nZIF-8 particles in pH 7.4 were
found to remain consistent. However, the morphology of the
nZIF-8 particles in SLF pH 6.0 were found to be disrupted (see
ESI, Fig. S4†), which is a result of the nZIF-8 itself being more
responsive in an acidic environment in comparison to a
neutral one.53

To investigate the surface character even further, atomic
force microscopy measurements were performed (see ESI,
Fig. S5†). Two- and three-dimensional images showed clear
differences in the surface characters of nZIF-8, GEM⊂nZIF-8,
and GEM⊂RGD@nZIF-8. To assess these differences, a quanti-
tative parameter for the average roughness of each surface, Ra,
was employed. The Ra value provides a measurement of the
peaks and valleys found on sample surfaces. For nZIF-8 and
GEM⊂nZIF-8, smaller peaks and valleys were observed result-
ing in Ra values of 12.8 and 12.9 nm, respectively. A pattern of
moderate peaks and valleys were observed for the surface char-
acter of GEM⊂RGD@nZIF-8 resulting in a higher Ra value of
14.7 nm. The results of these measurements imply that
surface functionalization of nZIF-8 by RGD does, in fact,
increase the surface roughness of the nanoparticles, which
strongly correlates with the HR-TEM images obtained. Indeed,
these observations are important findings as rougher surface
character of nanoparticles is typically correlated with a higher
potential for influencing inhibition of certain cancer cell
types.54–56

The average hydrodynamic sizes of nZIF-8 and GEM⊂nZIF-8
were similar with values of 104.3 and 101.3 nm, respectively
(see ESI, Fig. S6†). Upon surface functionalization, the hydro-
dynamic size increased to 140 nm. It is noted that hydrodyn-
amic size, as measured by dynamic light scattering techniques,
typically leads to higher values than those observed in
HR-TEM measurements because the hydration layer around
the nanoparticles are included within the calculated size.57

Regardless, the trend in increasing hydrodynamic size corre-
lates with the trend observed for the HR-TEM measurements.

With respect to the surface charge of the nanoparticles, the
zeta potential for nZIF-8 was slightly less positive than
GEM⊂nZIF-8 (+8.44 to +9.04, respectively). Interestingly, both
nZIF-8 and GEM⊂nZIF-8 were significantly less positive when
compared with GEM⊂RGD@nZIF-8 (+20.63). This is another
important trend to observe as the more positively charged the
surface of nanoparticles are, the more likely they are to be
taken up by cancer cell membranes and, thereafter, remain
within the cell for longer periods of time.58

In vitro cellular studies

With the structural characterization in hand, our attention
then turned to assessing the efficiency of cellular uptake as
this is a prerequisite for effective chemotherapeutic delivery
when using nanoparticles. To determine the cellular uptake
efficiency, we replaced the loading of GEM in nZIF-8 with a
fluorescent dye, fluorescein (FI), in order to visualize uptake
process between non-functionalized and functionalized nZIF-8
in cancerous human adenocarcinoma alveolar epithelial cells
(A549). Accordingly, two new nanoparticles were produced,
FI⊂nZIF-8 and FI⊂RGD@nZIF-8, following the same synthetic
protocols as before. Once synthesized, A549 cells were treated
independently with both FI⊂nZIF-8 and FI⊂RGD@nZIF-8 for
2 h.

The intracellular distribution of Fl⊂RGD@nZIF-8 in A549
cells was assessed by fluorescence microscope after staining
nuclei with Hoechst 33342. The untreated cells are shown in
Fig. 4A. As shown in Fig. 4B and C, higher fluorescence inten-
sity was prominently found in A549 after 2 h treatment of
FI⊂RGD@nZIF-8 when compared with FI⊂nZIF-8. In Fig. 4C, it
is also clear that after 2 h treatment, Fl⊂RGD@nZIF-8 aggre-
gates and accumulates on the cell surface, which indicates
endothelial cell attachment greatly reducing the exocytosis
process.59 This finding suggests that, RGD functionalized
nZIF-8 binds with an endothelial receptor due to the inter-
action of the integrin-receptor on the membrane surface of
A549 cells, thus promoting fast endothelialization and translo-
cation.60 These results are in accordance to previous studies
on other nanomaterials modified with RGD.61 Given that
RGD@nZIF-8 is able to demonstrate strong cellular interaction
in A549, we then further studied its role to deliver GEM and

Fig. 3 Transmission electron microscope images of (A) nZIF-8, (B) GEM⊂nZIF-8, and (C) GEM⊂RGD@nZIF-8 with scale bar = 200 nm. Each image
provided as an inset is set with a scale bar = 50 nm.
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induce a certain level of cytotoxicity towards cancer cells as
compared to normal cells.

As such, A549 and MRC-5 cell lines were incubated with
various concentrations of nZIF-8, GEM⊂nZIF-8,
GEM⊂RGD@nZIF-8 and pristine GEM for 24 and 48 h. The
cytotoxicity was then evaluated through a MTT assay with
Fig. 4D and E, illustrating the percentage of cell viability after
24 and 48 h of treatment. From these experiments, it is con-
cluded that GEM⊂RGD@nZIF-8 displays concentration-
dependent cytotoxicity toward A549 cells following both 24
and 48 h treatments when compared with nZIF-8 and
GEM⊂nZIF-8. Certain level cytotoxicity was also evident for

GEM⊂RGD@nZIF-8 toward MRC-5 cells after 24 h of treat-
ment. It is important to point out the reason for this. Given
the fact that normal lung fibroblast cells, including MRC-5,
have been reported to temporarily express αVβ3 integrins on
the cell surface, RGD is capable of recognizing the signal
emitted from the αVβ3 integrins, thereby exhibit certain level
of cytotoxicity effect. This is supported by previous reports, in
which it was shown that chitosan conjugated RGD formulation
exhibited cytotoxicity effects in normal fibroblast cells, but not
to normal bronchial epithelial cells with no integrins
expression.62 Next, the concentration of GEM⊂RGD@nZIF-8 at
10 μg mL−1 induced 39 and 31% cell death for the A549 and

Fig. 4 Fluorescence microscopy images for (A) untreated, (B) FI⊂nZIF-8, and (C) FI⊂RGD@nZIF-8 comparing the uptake of the functionalize and
non-functionalize nZIF-8 nanoparticles within cancerous human lung adenocarcinoma alveolar epithelial cells (A549). Cytotoxicity was evaluated
through an MTT assay after treating A549 cells (solid bars) and normal human lung fibroblast (MRC-5) cells (dashed bars) with nZIF-8 (red),
GEM⊂nZIF-8 (blue), and GEM⊂RGD@nZIF-8 (orange) for (D) 24 and (E) 48 h. Shown are cell viability percentages as a function of concentration of
the nanoparticles used in the treatment. Error bars depict standard deviation (n = 3). Code: ns = non-significant; **=P < 0.01; and ***=P < 0.001.
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MRC-5 lines (P < 0.01), respectively, at the 24 h mark.
Remarkably after 48 h, the percentage of cell death increased
significantly (P < 0.001), by GEM⊂RGD@nZIF-8 for A549 (75%)
compared with MRC-5 (37%), indicating better toxicity induc-

tion toward A549 than MRC-5. At lower concentration (1 μg
mL−1), it was determined that >80% of cells were viable for
both A549 and MRC-5 cell lines after treatment with
GEM⊂RGD@nZIF-8 for up to 48 h. This means that at this low

Table 1 IC50 values for pristine GEM, nZIF-8, GEM⊂nZIF-8, and GEM⊂RGD@nZIF-8 upon treatment of A549 and MRC-5 cells

Pristine GEM nZIF-8 GEM⊂nZIF-8 GEM⊂RGD@nZIF-8

Treatment time (h) 24 48 24 48 24 48 24 48
IC50 for A549 cells (µg mL-1) 1.4 ± 1.4 1.4 ± 0.2 81.5 ± 2.1 50 ± 6.9 52.9 ± 1.6 34.4 ± 2.9 11.2 ± 0.6 5.2 ± 1.0
IC50 for MRC-5 cells (µg mL−1) 0.4 ± 0.1 0.3 ± 0.2 98.5 ± 6.9 80.2 ± 2.0 61.7 ± 1.7 42.4 ± 2.9 27 ± 3.2 20.7 ± 1.0
Selectivity index (SI)a 0.29 0.21 1.21 1.6 1.2 1.23 2.41 3.98

a SI = IC50 (normal lung fibroblast, MRC-5/lung cancer, A549).

Fig. 5 Quantification of apoptotic cell population obtained by flow cytometry analysis at 48 h time point. Dot plots of A549 (A–E) and MRC-5 (G–J)
after treated with the appropriate IC50 value (50% inhibiting concentration) of GEM, nZIF-8, GEM⊂nZIF-8, and GEM⊂RGD@nZIF-8. The untreated is
provided in (E) and (K). Graphical representation of total percentage of apoptotic cells for each is provided in (F) and (L). The cells populations were
illustrated as Q1 (annexin V negative/PI negative) indicating viable cells, Q2 (annexin V positive/PI negative indicating early apoptotic cells, Q3
(annexin V positive/PI positive) indicating late apoptotic cells, and Q4 (annexin V negative/PI positive) indicating necrotic cells. The percentage of
apoptotic cells were calculated as the sum of Q2 + Q3. A minimum of 10 000 cells were counted and processed using software FACSDiva Version
6.1.3.
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concentration, GEM⊂RGD@nZIF-8 was non-cytotoxic.
Following the cell viability data, the 50% cell growth inhibition
(IC50) values for each treatment were calculated.

Table 1 shows the IC50 and selectivity index (SI) values of
nZIF-8, GEM⊂nZIF-8, GEM⊂RGD@nZIF-8, and GEM in A549
and MRC-5 cell lines. In general, the IC50 values for all nano-
particles after 24 and 48 h of treatment, were lower for A549 as
compared to MRC-5 cells. In the absence of a nanocarrier,
pristine GEM exhibited the lowest IC50 value and showed no
significant differences (P > 0.05) when treating A549 and
MRC-5 for 24 and 48 h. The IC50 values for
GEM⊂RGD@nZIF-8 were 11.2 ± 0.6 and 5.2 ± 1.0 µg mL−1 (P <
0.001) in A549 cells after 24 and 48 h treatments, respectively,
whereas the IC50 values for GEM⊂nZIF-8 were 52.9 ± 1.6 and
34.4 ± 2.9 µg mL−1, respectively. This findings indicated the
functionalized nanoparticles were significantly better inhibit
the 50% cancer cell growth compared to non-functionalized
nanoparticles. With respect to MRC-5, the IC50 values for
GEM⊂RGD@nZIF-8 were higher after 24 and 48 h (P < 0.001;
27.0 ± 3.2 and 20.7 ± 1.0 μg mL−1, respectively). These results
have shown that the functionalized nanoparticles were signifi-
cantly better to inhibit the A549 cells compared with MRC-5
cells. Next, we further assessing the selectivity of all nano-
particles and pristine GEM towards cancer cells. The selectivity
was indicated by selectivity index (SI) = IC50 normal cell/IC50

cancer cell. When assessing the selectivity, it is important to
note that SI > 2 is considered to be significant and selective
towards cancer cells.63 Interestingly, the GEM⊂RGD@nZIF-8
demonstrated a higher selectivity towards A549 as evidenced
by SI values of 2.41 for 24 h and 3.98 for 48 h of treatment,
respectively. Larger SI values were observed for longer rather
than shorter treatment periods, which were accompanied by
smaller IC50 values (Table 1). Meanwhile, pristine GEM,
nZIF-8, and GEM⊂nZIF-8 all produced SI values <2 for treat-
ments of A549 cells, thereby indicating a lower selectivity
towards A549.64 Based on the significant cytotoxicity induction
and selectivity values, the GEM⊂RGD@nZIF-8 has been
demonstrated as a selective and active-targeting behavior of
nanoparticles for lung cancer cells.

Given that GEM⊂RGD@nZIF-8 was found to be selective in
enhancing the cytotoxicity of cancer cells, we then sought to
quantify the apoptotic cell population further via flow cytome-
try (Fig. 5). In the flow cytometry measurements, both A549
and MRC-5 cell lines were exposed to pristine GEM, nZIF-8,
GEM⊂nZIF-8, and GEM⊂RGD@nZIF-8 for 48 h. Viable cells
are depicted in the lower left quadrant (Q1). Early apoptotic
cells, which were positively stained only for Annexin V/FITC,
are plotted in the lower right quadrant (Q2). Late apoptotic
cells that were stained positive for both Annexin V/FITC and PI
are plotted in the upper right quadrant (Q3). The PI-only
stained necrotic cells are displayed in the upper left quadrant
(Q4).

When exposed to nZIF-8, GEM⊂nZIF-8, and
GEM⊂RGD@nZIF-8, the total percentage of apoptotic cells (Q2
+ Q3) in A549 were observed to be higher than MRC-5.
Furthermore, the total apoptotic cells observed after treatment

with pristine GEM alone was found to be comparable in both
A549 and MRC-5 cell lines. Notably, the treatment of A549
cells by GEM⊂RGD@nZIF-8, yielded enhanced apoptotic cells
(62%) in comparison to the GEM⊂nZIF-8 (55.9%) and pristine
GEM alone (60%). The GEM⊂RGD@nZIF-8 also showed a
lower number of apoptotic cells (51.6%) in MRC-5 in compari-
son with treatment by pristine GEM alone (63.5%). These find-
ings reveal that functionalized GEM⊂RGD@nZIF-8 is capable
of inducing apoptosis in A549 while reducing cell death in
MRC-5 cells. Once again, we attribute this to the fact that the
RGD homing peptides are more likely to actively-bind the over-
expression of αVβ3 integrins on the outer surface of A549
cells.65 Finally, we note that a follow-up study is being planned
to perform deeper investigations into apoptotic populations
that are induced by the synergistic reaction of RGD@ZIF-8 at
its IC50 value.

Conclusion

Through a straightforward, one-pot solvothermal synthetic
approach, we have reported the loading and subsequent
functionalization of nZIF-8 with an anti-cancer agent (GEM)
and an autonomous homing system (RGD peptide), respect-
ively. After full structural physicochemical characterization,
the resulting nanoparticle, RGD@nZIF-8, demonstrated
enhanced cellular uptake within cancerous human adeno-
carcinoma alveolar epithelial cells (A549). Following this, the
GEM-loaded analogue of this functionalize nanoparticle,
GEM⊂RGD@nZIF-8, exhibited a smaller IC50 value with sig-
nificantly more selectivity toward cancer cells (A549) than
normal cells (MRC-5). The apoptotic population in A549 cells
was also observed to increase after treatment by
GEM⊂RGD@nZIF-8. In summary, this work presents a new
strategy for realizing a nano-sized zeolitic imidazolate frame-
work that actively targets cancer cells via an autonomous
homing peptide system on its surface in order to effectively
deliver chemotherapeutic payload.

Experimental
Materials and supplies

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O; 99% purity),
2-methylimidazole (99% purity), gemcitabine (99% purity), flu-
orescein (95% purity), p-formaldehyde (95% purity), 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT;
98% purity) and dimethyl sulfoxide (DMSO; 99.5% purity)
were purchased from Sigma Aldrich. Methanol (≥99.9%
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. Cancerous
human lung adenocarcinoma alveolar epithelial cells (A549)
and normal human lung fibroblast cells (MRC-5) were pur-
chased from American Type Culture Collection (ATCC).
RPMI-1640, fetal bovine serum (FBS), trypsin-EDTA and anti-
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biotic-antimycotic solution were purchased from Nacalai
Tesque. Phosphate buffer saline (PBS) were obtained from
Gibco. Hoechst 33342 was received from Invitrogen. Annexin
V-FITC/propidium iodide (PI) dual kit were procured from
Sangon Biotech. Ultra-pure water was generated using a Milli-
Q gradient water system. All chemicals were used as received
without further purification.

Structure characterization

High-performance liquid chromatography (HPLC; Waters
Corporation, Milford, Massachusetts, USA) analyses were per-
formed with a C18 column (Phenomenex C18 column: 3.5 μm,
4.6 × 150 mm). Size exclusion-chromatography (SEC) was per-
formed on an Akta Avant system. Crystallinity and structural
identification of all materials presented in this work was
assessed by powder X-ray diffraction analysis (PXRD) on a
PANalytical X’Pert Pro-MPD diffractometer equipped with an
image plate detector using Cu Kα radiation (λ = 1.540598 Å) in
continuous scan mode. For each PXRD measurement, samples
were prepared at room temperature (25 °C) by placing the dry
powder onto a sample holder and flattening the crystals with a
spatula. Fourier transform infrared (FT-IR) spectra were col-
lected using a Nicolet 6700 FT-IR-attenuated total reflection
(FT-IR-ATR) spectrophotometer over a range of 4000 to
400 cm−1. The output FT-IR absorption bands are described as
follows: vs, very strong; s, strong; m, medium; sh, shoulder; w,
weak; vw, very weak; br, broad. Particle size and structural mor-
phology were identified using a field emission JEOL 2010F
high-resolution transmission electron microscope (HR-TEM)
operated at 200 kV. For all HR-TEM measurements, samples
were prepared by diluting 30 µL of a dispersed sample to
300 µL using methanol, at which point, 5 µL of the diluted,
dispersed sample was drop-casted onto a carbon-coated
copper TEM grid. Once drop-casted, the methanol solvent was
allowed to evaporate under a heat lamp. Surface imaging was
analyzed using a Bruker Dimension EDGE atomic force micro-
scope (AFM) in tapping mode at a scanning rate of 0.9 Hz. For
this measurement, samples were suspended in methanol,
transferred to a glass slide, and air dried at room temperature.
Low-pressure N2 adsorption isotherms were recorded on a
Micromeritics Tristar II. A liquid-N2 bath was used for
measurements at 77 K. All samples were degassed at 120 °C
for 8 h prior to recording the adsorption isotherm. Surface
charge and hydrodynamic size were measured using a
Zetasizer Nano ZS Malvern dynamic light scattering (DLS)
instrument. Prior to performing the DLS experiments, all
samples were diluted 8-fold with respect to the initial concen-
tration using methanol. Finally, thermal gravimetric analysis
(TGA) was measured on a PerkinElmer STA6000 thermal ana-
lysis system with the sample held in an alumina pan heated
from 50 to 800 °C (rate of 10 °C min−1) under continuous N2

flow.

Cell analysis equipment

Fluorescence imaging for cellular uptake 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 absorbance of formazan crystals was
measured using a Biotek Instrument enzyme-linked immuno-
assay (ELISA) microplate reader. Finally, the apoptotic cells
population were quantified by a BD LSRFortessa flow cyt-
ometer and the plots were analyzed using BD FACSDiva 6.1.3.

Synthesis of nano-ZIF-8 (nZIF-8)

The synthesis of nano-ZIF-8 (nZIF-8) was carried out with
slight modifications to a previously reported recipe.66 In a
typical synthesis, Zn(NO3)2·6H2O (0.3 g, 1.01 mmol) and
2-methylimidazole (0.66 g, 8.04 mmol) were weighed separ-
ately and each dissolved in 14.3 mL methanol. Once dissolved,
the 2-methylimidazole solution was added to the Zn
(NO3)2·6H2O solution and the resulting reaction mixture was
slowly stirred at 100 rpm with a magnetic stir bar. After
15 min, the milky mixture was centrifuged at 4025g for
10 min, at which point the precipitate was collected and
washed with methanol (10 mL). This washing process was
repeated three times before drying the collected solid in an
open-air oven at 80 °C for 12 h. FT-IR (4000–400 cm−1):
1577 cm−1 (vw), 1300–1450 cm−1 (sh), 1142 cm−1 (m),
992 cm−1 (m), 691 cm−1 (w), and 420 cm−1 (s).

Stability of nanoZIF-8 (nZIF-8) in simulated lung fluid (SLF)

The nZIF-8 were incubated in simulated lung fluid (SLF)
having pH 7.5 and 6.0 at room temperature. After 24 h of incu-
bation, the nZIF-8 was placed in different pH SLF suspensions.
The nanoparticles were then processed following similar pro-
cedures as described above for HR-TEM analysis.

Encapsulation of gemcitabine (GEM) within nZIF-8
(GEM⊂nZIF-8)

Zn(NO3)2·6H2O (0.3 g, 1.01 mmol) and 2-methylimidazole
(0.66 g, 8.04 mmol) were weighed separately and each dis-
solved in 14.3 mL methanol. After dissolving, a solution of
gemcitabine (GEM; 8 mg in 1 mL methanol) was added to the
Zn(NO3)2·6H2O solution and the resulting reaction mixture
was stirred for 5 min at 500 rpm with a magnetic stir bar at
room temperature. Next, the 2-methylimidazole solution was
added to the Zn(NO3)2·6H2O and GEM reaction mixture and
continuously stirred at 500 rpm with a magnetic stir bar at
room temperature. After 15 min of stirring, the milky suspen-
sion was centrifuged at 4025g for 10 min, at which point the
supernatant was decanted and the remaining solid product
was washed with 10 mL of methanol three times and then air-
dried at room temperature for 12 h. FT-IR (4000–400 cm−1):
1577 cm−1 (vw), 1300–1450 cm−1 (sh), 1142 cm−1 (m),
992 cm−1 (m), 691 cm−1 (w) and 420 cm−1 (s).

Surface functionalization of GEM⊂nZIF-8 using Arg-Gly-Asp
(RGD) homing peptide (GEM⊂ RGD@nZIF-8)

Zn(NO3)2·6H2O (0.3 g, 1.01 mmol) and 2-methylimidazole
(0.66 g, 8.04 mmol) were weighed separately and each dis-
solved in 14.3 mL methanol. After dissolving, a solution of
gemcitabine (GEM; 8 mg in 1 mL methanol) was added to the
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Zn(NO3)2·6H2O solution and the resulting reaction mixture
was stirred for 5 min at 500 rpm with a magnetic stir bar at
room temperature. Next, the 2-methylimidazole solution was
added to the Zn(NO3)2·6H2O and GEM reaction mixture and
continuously stirred at 500 rpm with a magnetic stir bar at
room temperature. After 15 min, triethylamine (1 mL, 7 mmol)
was added to the milky suspension with gentle stirring at 100
rpm for 5 min at room temperature. Next, a solution of the
peptide (1 mg peptide in 1 mL methanol), Arg-Gly-Asp (RGD),
was added to the mixture with gentle stirring at 100 rpm for
16 h at room temperature. After 16 h, the reaction mixture was
then centrifuged at 4025g for 10 min, at which point the super-
natant was decanted and the remaining solid product was col-
lected and washed with 10 mL of methanol three times, air-
dried at room temperature for 12 h, and stored at 4 °C until
further use. FT-IR (4000–400 cm−1): 3300–3100 cm−1 (br),
1736 cm−1 (m), 1648 cm−1 (vw), 1577 cm−1 (w), 1375 cm−1 (m)
and 524 cm−1 (w).

GEM loading amount and encapsulation efficiency within
nZIF-8

After the reaction mixture finished stirring for 16 h, an aliquot
of the supernatant was obtained for analysis of GEM loading
amount and encapsulation efficiency. This analysis was per-
formed using HPLC with an acetonitrile and water mixture
(10 : 90 v/v) as the mobile phase at a flow rate of 1 mL min−1.
The absorption detector for GEM was set at 268 nm. The GEM
loading amount (GL%) and encapsulation efficiency (EE%)
within nZIF-8 was calculated as follows: GL% = [amount of
GEM in nZIF-8/weight (mg) of nZIF-8] × 100 and EE% =
[amount of GEM in nZIF-8/amount of GEM added to the
encapsulation process] × 100.

RGD identification profile

After the surface of GEM⊂nZIF-8 was functionalized with RGD,
the extracted solid product was digested in 50 µL of 2 M hydro-
chloric acid. The digested solution was analyzed via SEC at
room temperature using 20% methanol to water at a flow rate
of 0.5 mL min−1. The presence of RGD was assessed by com-
paring the peak profile inferred from pristine RGD with that of
RGD@nZIF-8.

Encapsulation of fluorescein (FI) within nZIF-8 and
RGD@nZIF-8 (FI⊂nZIF-8 and FI⊂RGD@nZIF-8, respectively)

The encapsulation of fluorescein within nZIF-8 and
RGD@nZIF-8 followed the same procedures as described
above by simply replacing GEM with fluorescein in the recipe.

In vitro cellular studies

Cancerous human adenocarcinoma alveolar epithelial (A549)
and normal human lung fibroblast (MRC-5) cell lines were cul-
tured in RPMI-1640 enriched with 10% fetal bovine serum
(FBS, v/v), and 1% antibiotic-antimycotic solution (v/v). Both
cell lines were maintained at 37 °C under a humidified atmo-
sphere that contained 5% CO2. Following confluence, the cells

were sub-cultured into a new media and cellular studies were
then conducted.

Cellular uptake

A549 cells were seeded at a density of 2 × 105 cells per well in a
6-well plate and allowed to adhere for 24 h. The cells were
treated with FI⊂nZIF-8 and FI⊂RGD@nZIF-8 as a model drug
in equivalent concentration (10 µg mL−1) for 2 h. After treat-
ment, the cells were then washed with phosphate buffered
saline solution (PBS) and fixed in 4% p-formaldehyde. The
untreated cells were assigned as control. This was followed by
nuclear DNA staining with Hoechst 33342 (blue) prior to exam-
ination via fluorescence microscopy. For fluorescence detec-
tion, 450 and 517 nm bandpass filters were used for blue and
green fluorescence, respectively.

Cytotoxicity assay

The MTT assay was performed to evaluate potential cytotoxicity
of GEM, nZIF-8, GEM⊂nZIF-8, GEM⊂RGD@nZIF-8. For this
study, A549 (4 × 103 cells per well) and MRC-5 (5 × 103 cells per
well) were seeded and allowed to adhere for 24 and 48 h. The
respective cells were then treated with pristine GEM, nZIF-8,
GEM⊂nZIF-8, GEM⊂RGD@nZIF-8 for 24 and 48 h. The con-
centration ranged from 0–100 µg mL−1. After treatment, 20 μL
of MTT solution (5 mg mL−1 in PBS) was then added to each
well and left to incubate for 3 h. Subsequently, 80 μL DMSO
was added to each well to solubilize the formazan crystals. The
absorbance (Abs) at 570 nm was measured with an enzyme-
linked immunoassay (ELISA) microplate reader. The percen-
tage of cell viability was calculated as follows:67 Cell viability
(%) = [Abstreated cells/Absuntreated cells] × 100. Following the calcu-
lation and analysis of cell viability, the 50% cell growth inhi-
bition (IC50) values for each tested sample were calculated
using curve-fitting methods with statistical analysis software
for both A549 and MRC-5. Using the IC50 values of A549 and
MRC-5, the selectivity indices (SI) towards cancer cells for each
tested nanoparticles and pristine GEM were calculated as
follows:68

SI ¼ ½IC50ðnormal cellÞ=IC50ðcancer cellÞ�:

Cellular apoptosis

A549 and MRC-5 cells were seeded at a density of 2 × 105 cells
per well in a 6-well plate and allowed to adhere for 24 h. The
cells were then treated with GEM, nZIF-8, GEM⊂nZIF-8, and
GEM⊂RGD@nZIF-8 at their IC50 value for 48 h. After treat-
ment, cells were trypsinized and washed with PBS, at which
point 100 µL of 1× binding buffer was added. Subsequently,
5 µL of Annexin V-FITC and 2 µL propidium iodide were added
to the cell-containing 1× buffer. The cell mixtures were then
incubated for 15 min at 25 °C. After this time elapsed, 1×
buffer (400 µL) was added prior to flow cytometric analysis.
For each sample, a minimum of 10 000 cells were counted.
The percentage of apoptosis were calculated as the sum of Q2
+ Q.69
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Statistical analysis

All statistical analyses in the experiments described above were
analyzed using Graph Pad Prism 8.0. The error bars represent
the mean values with standard deviation (SD) unless otherwise
indicated. The statistical significance level was set at 0.05.
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