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Surface molecularly imprinted polymers (MIPs) are an efficient and rapidly advancing approach, increasingly
being utilized in drug delivery systems (DDSs). This research involved synthesizing a core-shell structure, con-
sisting of a metal-organic framework (MOF) core and a doxorubicin (DOX) imprinted polymethacrylamide shell,
prepared via precipitation polymerization method in green media. The resulting MOF@MIP was utilized as a
nanocarrier for DOX delivery, exhibiting high drug loading capacity and pH responsiveness delivery. The ma-
terials were characterized using different techniques such as X-ray diffraction (XRD), scanning electron micro-
scopy (SEM), fourier transform infrared (FTIR), transmission electron microscopy (TEM), dynamic light
scattering (DLS), thermal gravimetric analysis (TGA), and zeta potential (ZP). In vitro studies on DOX loading
and release demonstrated that a higher amount of DOX was released in a sustained manner under tumor tissue
conditions (pH 5, 41 °C) compared to normal physiological conditions (pH 7.4, 37 °C). Additionally, cytotoxicity
evaluations revealed significant cytotoxic effects of DOX-loaded MOF@MIP on MCF-7 cells (IC50: 2 pg/mL).
Based on these findings, the synthesized MOF@MIP shows promise as a potential candidate for the development

of anticancer therapeutic delivery platforms.

1. Introduction

Cancer is a disease that leads to a considerable amount of deaths each
year. Therefore, medical and scientific communities have faced several
challenges, which have prompted ongoing attempts to better understand
and treat the illness. Chemotherapy stands as a method employed in the
treatment of cancer [1,2]. The various challenges exist in this approach,
including minimizing the adverse effects of medications on healthy tis-
sues, the precise targeting of drugs to cancerous tissues, the controlled
release of drugs within the body, and other related challenges [3,4].
Nanotechnology is considered an advancing field utilized in various
medical fields. Nanoscale fillers and particles, which consist of organic
and inorganic materials, possess unique chemical, physical, and bio-
logical properties that are widely discussed as bioplatforms [5,6]. The
utilization of nanoparticles (NPs) in bioscience and biotechnology has
shown significant promise in various biological and medical fields, such
as gene/drug delivery [7], bioimaging [8], chemotherapy [9], bio-
sensing [8], and photothermal therapy [10]. The use of nanocarriers
provides a suitable foundation for engagement in both diagnostics and
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therapy, which represent a growing trend in medical practice [11].
Recent studies have focused more on molecularly imprinted poly-
mers (MIPs) and their utilization in biomedical nanoplatforms. Molec-
ular imprinting is an increasingly popular and effective technique for
creating highly specific binding sites within a polymeric matrix for
molecular recognition [12,13]. The key challenge lies in developing
compatible binding sites within polymeric materials that match the
template molecules in terms of both shape and chemical functionality.
MIPs have been predominantly utilized in various fields such as detec-
tion [14], purification [15], and drug delivery [16,17] due to their ad-
vantageous characteristics including easy preparation, high selectivity,
and stability. These polymers serve as promising platforms in the pro-
duction of DDSs as they can improve release profiles by prolonging
release time and enhancing drug efficiency [18]. The structured in-
teractions between the recognition sites and template (drug) lead to a
sustained and controlled drug release mechanism. Moreover, these
polymers can release drugs in a feedback-controlled manner, which
could be highly beneficial in modern pharmacotherapy for delivering
the appropriate medication to a specific patient at the right time and
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location [19].

Metal-organic frameworks (MOFs), also referred to as porous coor-
dination polymers, have been extensively researched for a variety of
purposes including catalysis, membranes, gas storage, and sensors due
to their significant porosities and surface area/volume ratios [20].
Recently, there has been a growing interest in the biomedical applica-
tions of MOFs for drug delivery [21]. By reducing the size of MOF par-
ticles to the nanoscale, these nano-MOFs can serve as effective
nanocarriers for transporting agents used in chemotherapy, imaging,
photothermal therapy, or photodynamic therapy [22,23]. In comparison
to other porous materials, MOFs offer numerous advantages, such as a
high surface area and porosity enabling a high loading capacity for
therapeutic agents, as well as the ease of adjusting the chemical and
physical (e.g., pore size and shape) properties of MOFs through the use
of inorganic or organic ligands [24,25].

In this context, creating the most significant and suitable nanocarrier
tolerating biocompatible and non-toxic characteristics presents a sig-
nificant challenge. For example, acrylamide-type monomers have been
frequently utilized in the fabrication of MIPs for the development of pH-
responsive DDSs [26-28]. There exist various investigations regarding
the development of polyacrylamide-based MIPs for drug delivery pur-
poses [29,30]. However, the investigation into MIPs utilizing meth-
acrylamide (MAm) biocompatible nanoparticles as the shell and MOFs
as the core has not been documented in the existing research as far as we
know. Polymethacrylamide (PMAm), a widely used and extensively
studied polymer, exhibits significant potential for a variety of biomed-
ical applications such as biosensors and drug delivery systems [31,32].
Functional monomers play a crucial role in determining binding in-
teractions in molecular imprinting technology [33]. The presence of an
amid (-CONHj) functional group within the molecular structure of
PMAm in every repeating unit contributes to its binding with template
molecules (i.e., bioactive molecules) following the polymerization pro-
cess [29,30]. The presence of a methyl functional group in PMAm, in
comparison to polyacrylamide, influences the rigidity of a MIP, and its
affinity for efficient binding sites [34]. Furthermore, the presence of a
metal-organic framework as a core in the nanocomposite, owing to its
porous characteristics, enhances the capacity for drug loading and
contributes to a controlled release mechanism.

Based on our previous investigation of MIPs [35-37], herein, this
study aims to create a pH-responsive nanocarrier through a more
effective drug imprinting technique by combining MOF and MIP. On the
other hand, this research deals with the fabrication of MOF@MIPs for
imprinting the anticancer DOX drug, commonly used in chemotherapy.
The exclusive features of the resulting MOF@MIP such as pH sensitivity,
increased capability for drug loading, and controlled/targeted drug
delivery make the designed nanocomposite for potential smart drug
release system.

2. Material and methods
2.1. Materials

Methacrylamide (MAm), N,N-Methylenebisacrylamide (MBA),
Dimethylformamide (DMF, 99.8 %), Ammonium persulfate (98 %, APS),
Copper (II) nitrate trihydrate (Cu(NO3).3H0), Terephthalic acid
(H2BDC, 98 %), Hydroxyethylmethacrylate (HEMA), N,N'-dicyclohex-
ylcarbodiimide (DCC) and Pyridine were purchased from Sigma-Aldrich
Co. Doxorubicin hydrochloride (DOX) was obtained from Sobhan
Pharmaceuticals (Iran). All of the components listed above and all the
solvents employed in the experiments were of analytical grade and were
utilized without undergoing additional purification. Deionized water
was generated through the utilization of a Milli-Q system. (Millipore,
Milford, MA, USA).
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2.2. Characterization

UV-Vis spectrophotometer (Shimadzu, Model 1700) was used to
determine the UV-Vis spectra. An FT-IR spectrometer (Bruker In-
struments, model Aquinox 55, Germany) with a scanning range of
400-4000 cm ! was used to record the Fourier transform infrared (FT-
IR) spectra. The instrument used for the thermogravimetric analysis
(TGA) was LINSEIS STA PT-1000 Germany. The samples’ crystalline
phase analyses were determined by X-ray diffraction (XRD) measure-
ment (Siemens, D500 with Cu-Ka radiation at 35 Kv). A scanning elec-
tron microscope (SEM, SEM-TESCAN MIRA3-FEG) and Transmission
Electron Microscopy (TEM, TEM Philips EM 208S) were used to examine
the surface morphology of the samples. Zeta potential (ZP) and dynamic
light scattering (DLS) measurements were performed using a DLS-ZP/
particle sizer (Malvern model MAL1032660).

2.3. Synthesize of Cu-MOF

Cu-MOF was synthesized by precipitation method [38,39]. Briefly,
1.453 mmol (351 mg) of Cu(NO3).3H20 and 1.453 mmol (241 mg) of
H,BDC dissolved in 50 mL of DMF. The resulting mixture was ultra-
sonicated for 10 min to obtain a homogenous mixture. The final solution
was heated at 125 °C for 24 h under constant stirring. After the reaction
was completed, the products were collected by centrifugation, and they
were then washed twice with chloroform and DMF, respectively, then
overnight dried at 60 °C.

2.4. Synthesis of Cu-MOF/HEMA

The HEMA-functionalized Cu-MOF was synthesized through a
modified Steglich esterification method [40]. First, 500 mg of synthe-
sized MOF was dispersed in 100 mL of DMF and sonicated until became
the homogenous solution. Then, 200 mg of DCC and 100 mg of HEMA
and Pyridine as a catalyst were added to the above mixture. The final
solution was heated at 70 °C for 24 h at a dark place under a nitrogen
atmosphere and constant stirring. Finally, the precipitate was collected
by centrifuging and washed with DMF and Ethanol, respectively, and
dried at 40 °C.

2.5. Synthesize of MOF@MIP and MOF@NIP

The core-shell nanocomposite was produced by the free-radical
polymerization method using MOF as a core, DOX as a template, MAm
as a functional monomer, MBA as a cross-linker, and APS as an initiator
[35]. Briefly, 100 mg of synthesized Cu-MOF/HEMA was dispersed in
50 mL of bi-distilled water. After that 1 mmol (543 mg) of DOX, 2 mmol
(175 mg) of MAm, 8 mmol (1250 mg) of MBA, and 0.2 mmol (60 mg) of
APS were added to the above solution and were heated at 60 °C for 24 h
under constant stirring N atmosphere in a dark place. After completing
the reaction, the precipitate was collected by centrifuging then washed
with ethanol three times and dried at 40 °C. The procedure mentioned
above was also used to synthesize MOF@NIP as a control sample
without the using template molecule, DOX.

2.6. Binding studied

The binding study was performed in bidistilled water. In summary,
10 mg of MOF@MIP and MOF@NIP were dissolved in 10 mL of various
DOX solution concentrations (10-1000 ppm). The prepared solutions
were stored in a dark place and shaken at room temperature for 24 h.
After centrifuging for 15 min, the supernatant of precipitation was
separated and used to calculate the concentration of DOX. The binding
capacity of MOF@MIP and MOF@NIP were determined by Q (mg 4rug/g
nanocarrier) s the following Eq. (1):
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Table 1
DOX release kinetics.

Kinetics model Coefficient of determination (R?)

MOF@MIP MOF@NIP

pH5pH 7.4 pH5pH7.4
Zero-order 0.528 0.347 0.282 0.264
First-order 0.526 0.346 0.265 0.25
Higuchi 0.699 0.537 0.465 0.439
Weibull 0.998 0.981 0.996 0.998

(CO — Ce)*V
m

Q= (@)

2.7. DOX loading

Generally, 50 mg of MOF@MIP and MOF@NIP were added to 50 mL
of 1000 ppm concentration of DOX and shaken continuously for 48 h at
room temperature in the dark tube. After the separation of the precipi-
tate by centrifuging, the sample was washed with deionized water to
eliminate the unlocated drugs. UV-vis spectroscopy was used to deter-
mine the amount of loaded DOX using the standard DOX calibration
curve. The loading efficiency (LE) and loading capacity (LC) were esti-
mated with Eq. (2), and Eq. (3), respectively.

Mass of drug in nanocarrier
Mass of drug fed inotially

%LE =

(2)

HO OH
Cu(NO3).3H;0 @
o) 6}

'
1
'
'
1
'
’

e

DOX Rebinding
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Mass of drug in nanocarrier

%LC = -
Mass of nanocarrier

100 3

2.8. Invitro DOX release studies

The in vitro DOX release behavior from nanocarrier was studied in
two different pH conditions (i.e., pH 5 and 7.4). Generally, 10 mg of each
nanocarrier was immersed in 10 mL of PBS buffer solution in a simulated
tumor tissue (pH 5, 41 °C) environment and physiological conditions
(pH 7.4, 37 °C). At specific time intervals, sufficient volume was
collected from the releasing media, and the same amount of new me-
dium was replaced. The UV-Vis spectrophotometer was used for
calculating the amount of DOX released from the nanocarrier. Eq. (4)
was used for calculating the percentage of released DOX.

The amount of released drug, 100

Drug release = The amount of loaded drug

4

2.9. Drug release kinetics

By using mathematical models such as the zero-order (Eq. (5)), first-
order (Eq. (6)), Higuchi (Eq. (7)), and Weibull models (Eq. (8)) to
analyze the release data, the release mechanism of the DOX from
nanocarrier was examined by Mathcad version 15 software [41,42]. The
results are reported in Table 1.

F=KOt )

In(1-F)= —Kft (6)

Yy¥vZ-0.09
X0Q-Sdv-vaWN-Wyn

(9

Soxhlet Extraction
(Methanol:Acetic acid)

1)

Fig. 1. The schematic of synthesizing MOF@MIP nanocarrier and DOX rebinding.
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Fig. 2. The FT-IR spectra of a) Cu-(BDC), b) Cu-MOF/HEMA, c) MOF@NIP, d) DOX-loaded MOF@MIP, e¢) MOF@MIP.
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where Ko, K¢, Ky, B, t4, and F describe the constant of drug release for the
zero-order model, the constant of first-order drug release, Higuchi’s
dissolution constant, the shape parameter, the time scale of the process,
and drug release rate at time t, respectively.

2.10. MTT measurement

MTT tests were employed to assess the in vitro cytotoxicity of the
synthesized materials [43]. Typically, MCF-7 cells were chosen and
placed in 96 well plates at a density of 6000 cells per well in 200 pL of
cell medium and incubated for a period of 24 h. The resulting cells were
exposed to DOX, DOX-loaded MOF@MIP, and DOX-loaded MOF@NIP
with an equivalent drug concentration. The equal concentration of DOX
was adjusted (from 0.5 to 8 pg/mL) by considering its release profile of
nanocarriers. Furthermore, the cells were treated with blank NPs
(MOF@MIP and MOF@NIP) to assess the cytocompatibility of the
samples. Following 48 h incubation period, cell cytotoxicity was
assessed by removing the culture medium from each well and adding 50
pL of MTT solution with a concentration of 3 mg/mL to the 100 pL of
fresh culture medium in each well. After discarding the culture medium
and incubating for 4 h at 37 °C, dimethyl sulfoxide (DMSO) in a volume
of 100 pL was added to solubilize the formazan crystals. The cell count
was determined using a hemacytometer (DANA-DA3200). The experi-
ments were conducted in triplicate for every sample.

2.11. Statistical analysis

The mean + standard deviation was employed to present the out-
comes. To determine statistical significance, a one-way analysis of
variance (ANOVA) was conducted using the Microsoft Excel software,
while considering a P value below 0.05. Each experiment was repeated a
minimum of three times.

2.12. DAPI staining

DAPI staining was employed to identify nuclear condensation and
fragmentation in apoptotic cells, which were triggered by the control,
DOX/MOF@MIP, and DOX/MOF@NIP samples. MCF-7 cells (5 x 10°

cells/well) were cultivated on glass coverslips and subjected to the
samples at their IC50 concentrations for a duration of 48 h. After the
treatment, the cells were rinsed, fixed with paraformaldehyde, per-
meabilized with Triton X-100, stained with DAPI, and apoptosis was
assessed through fluorescence microscopy. All experimental procedures
were conducted in triplicate.

2.13. Annexin V staining apoptosis analysis

The evaluation of apoptosis-mediated cytotoxicity in neoplastic cells
was conducted employing an Annexin V/PI dual staining assay,
adhering strictly to the protocols outlined by the manufacturer (Invi-
trogen, USA). MCF-7 cells (3 x 10° cells/well) were cultivated in 6-well
plates and maintained in a controlled environment at 37 °C with 5 %
CO2 overnight. The cells underwent treatment conditions (control,
DOX/MOF@MIP, and DOX/MOF@NIP) at their respective IC50 con-
centrations. Following the treatment period, the cells were detached,
washed with ice-cold PBS, and subjected to centrifugation at 4000 rpm
for 5 min. Thereafter, 5 uL of Annexin V-FITC and 5 pL of propidium
iodide (PI) staining solution were introduced into the cell suspension,
and the resultant mixture was incubated in the dark for 5 min at 25 °C.
Subsequently, flow cytometry analysis was executed utilizing an
Annexin V-FITC apoptosis detection kit (Ebioscience, USA) on a FACS
Calibur flow cytometer (USA).

3. Result and discussion
3.1. Synthesis of MOF@MIP

Fig. 1 illustrates the synthesis scheme of the MOF@MIP nanocarrier
by precipitation free-radical polymerization method [35]. First, the
Cu-MOF was prepared via a precipitation technique; subsequently, the
MOF was modified by HEMA via an esterification method to produce
functionalized MOF. In the next stage, the MOF@MIP nanocarrier was
synthesized utilizing a functionalized Cu-MOF as core, MAm as the
functional monomer, MBA as the cross-linker, and DOX as a template
through a free-radical polymerization process. During this procedure,
DOX reacted with the functional monomers of MIP via H-bonding in-
teractions (Fig. 1). Finally, the DOX was eliminated by employing the
“Soxhlet apparatus“ technique, establishing recognition sites for the
template molecule. It should be mentioned that using unfunctionalized
Cu-MOF in the synthesis of MOF@MIP nanocarrier results in two phase
materials in reaction media, the first one is MOF, and the other is MIP.
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This revealed the functionalizing Cu-MOF with HEMA is necessary for
successful surface imprinting of MIP onto Cu-MOF.

3.2. FT-IR analysis

The FT-IR spectra of the Cu-(BDC), Cu-MOF/HEMA, MOF@NIP,
MOF@MIP, and DOX-loaded MOF@MIP are shown in Fig. 2. The
observed peaks at 468 and 569 cm ™! are associated with the stretching
vibration of the Cu-O bond. The peaks that appeared in 1619 and 1394
em ! in all samples are associated to the asymmetric and symmetric
stretching of the carboxylate groups in cross-linker, respectively [44]. In
the HEMA-functionalize spectra, the peak emerged at 1666 cm™! is
related to the C=0 bond of the ester group, proving the successful
functionalizing Cu-(BDC) with HEMA [35]. In the prepared MOF@MIP
and MOF@NIP nanocomposite, the absorption peaks at 1522, 1660 and
2943 cm ™! corresponded to phenyl rings, C=0 bonds, and aliphatic C-H
bonds, respectively. Furthermore, the tensile vibration peak of the hy-
droxyl group overlaps with the absorption peak of the N-H group in
MAm and MBA, which is approximately appeared around 3400 cm™?
[37]. Moreover, due to the overlapping C-H bending with Cu-O
stretching vibrations, the related peak was disappeared in the other
spectrums. The presence of these bonds revealed the successful synthesis
of MOF@MIP nanocomposites.

Fig. 4. The SEM image of A) Cu-(BDC), B) Cu-MOF/HEMA, C) MOF@MIP, D) MOF@NIP.
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3.3. XRD analysis

X-ray is a highly effective method for analyzing the crystal properties
of synthesized composites. The XRD patterns of Cu-MOF, MOF@MIP
and MOF@NIP in the 20 range of 5-65° are demonstrated in Fig. 3. In
the XRD spectra of Cu-MOF, the peaks that appear in 26 = 10.2°,12.04°,
13.64°,17.16°, 17.74°, 20.42°, 24.8°, 34.14° and 42.12°, corresponded
to (111), (200), (202), (220), (311), (222), (313), (331), (402) and (420)
planes of Cu-MOF confirmed its FCC cubic crystal structure [45,46]. The
broad peak observed at about 260 = 20-25 in the XRD spectra of the
MOF@MIP and MOF@NIP nanocomposites can be attributed to the
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amorphous nature of the polymer network. Also, the displacement of the
peaks shown in the MOF@MIP and MOF@NIP diagrams compared to
Cu-MOF can be due to the covering of the crystal structure of the core by
the polymer [47]. The reason for the decrease in the intensity of Cu-MOF
peaks in MOF@MIP and MOF@NIP can be due to the lower weight ratio
of Cu-MOF into the polymeric matrix [37].

3.4. Morphological and DLS analyses

SEM and TEM analyses were used to investigate the morphology of
the nanocarrier as shown in Figs. 4 and 5. The SEM images of MOF and
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Fig. 6. The EDX analysis of A) Cu-(BDC), B) Cu-MOF/HEMA, C) MOF@MIP, D) MOF@NIP.
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MOF-HEMA show the cubic crystal structure of the synthesized mate-
rials, which is also consistent with the XRD analysis. In addition, ac-
cording to the SEM image of MOF-HEMA, the presence of spherical
particles on the surface of MOF can be related to the functionalizing
MOF with HEMA. Also, this revealed that the functionalization of MOF
with HEMA has not changed its crystalline morphology [48]. SEM and
TEM images of MOF@MIP and MOF@NIP showed spherical structures
with irregular surface morphology (about 60 nm) due to the grafted
polymer (Fig. 4). In addition, it showed little differences in the mor-
phologies of MOF@MIP and MOF@NIP, demonstrating the polymeri-
zation process is not considerably affected by the addition of template in
the reaction medium. Besides, TEM images of MOF@MIP revealed the
characteristic core-shell structure, wherein the inner MOF cores are
encapsulated by an amorphous polymeric layer [49].

Particle size distribution was obtained by the DLS technique (Fig. 5).
According to the diagram, the average particle size for MOF@MIP and
MOF@NIP was calculated to be about 150 and 130 nm, respectively. The
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size difference between MIP and NIP particles can be due to the presence
of DOX drugs in the MIP structure, which increases the size of the par-
ticles [50]. Also, the difference in particle size between DLS and SEM
analysis can be due to the slight swelling of particles in water over the
performing DLS analysis. Moreover, in deionized water, the average zeta
potentials of the MOF@MIP and MOF@NIP were determined to be
+14.4 and + 11.9 mV respectively. Additionally, the PDI of nanocarriers
were calculated at about 6.39 and 11.35 for MOF@MIP and MOF@NIP,
respectively. The positive charge of prepared nanocomposites can be
due to the large number of amide moieties in their structures [51]. The
greater charge value of the MOF@MIP compared to the MOF@NIP can
be related to the quantity of DOX that is still present even after the
removal of the template [35]. The positive charge of particles can be
considered a good factor in nanocarrier. This is because of the negative
surface charge of cancer cells, causing better absorption of the com-
posite into the cells, enhancing the efficiency and performance of the
nanocarrier [52].

3.5. EDX analyses

The EDX analysis of the synthesized samples is shown in Fig. 6. In
general, the analysis of EDX is performed to illustrate the various ele-
ments present on the surface of materials. The obtained results
emphasize the presence of C, O, Cu, and N elements. Furthermore, the
percentage of elements present on the surface of samples is related to the
peak intensity of the element. According to the obtained results, the
higher percentage of C and O elements in the HEMA-functionalized Cu-
MOF than that of the Cu-MOF confirms the successful functionalization
of MOF with HEMA. In addition, according to the percentage of elements
obtained from MOF@MIP and MOF@NIP nanocomposites, it can be
concluded that the difference in the percentage of elements in these
structures compared to the MOF and MOF-HEMA, can be due to the
presence of C, O, and N in the structure of MAm and cross-linker (MBA),
which confirms the successful polymerization [53].
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Fig. 8. A) DOX Adsorption isotherms of MOF@MIP and MOF@NIP. B) DOX loading of MOF@MIP and MOF@NIP. C, D) Cumulative DOX release from MOF@MIP

and MOF@NIP at different pH (P < 0.05).
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3.6. TGA analyses

TGA was utilized to investigate the thermal stability of MOF@MIP
and MOF@NIP nanocomposites, and the findings are illustrated in
Fig. 7. As seen in the TGA curve, the weight loss process was observed in
three stages at the temperature range of 20-700 °C. The initial reduction
in weight, measuring approximately 8.84 % for MOF@MIP and 9 % for
MOF@NIP, occurred within the temperature range of 24-123 °C. This
decrease in weight can be ascribed to the elimination of moisture that
had been absorbed by the samples [54]. The second weight reduction
occurred at approximately 85.26 and 84 % between temperatures of
125-643 °C can be ascribed to the degradation of the polymer network
and carbon skeletal present on the surface of the MOF core in both
MOF@MIP and MOF@NIP, respectively. Finally, a weighted residual of
approximately 7 % was observed at 700 °C, likely due to the presence of
Cu metal available in MOF structure remnants following the burning
process [55]. The minimal residual mass in the TGA diagrams compared
to the reported pure Cu-(BDC) in previous work [56] can be due to the
degradation of the polymeric network in the nanocomposite structure.

3.7. Binding kinetics

The static adsorption experiments were investigated to assess the
binding capacity of the MOF@MIP and MOF@NIP. Fig. 8 illustrates the
DOX binding capacity to MOF@MIP and MOF@NIP. As seen in Fig. 8,
the amount of DOX binding capacity to nanocomposites was increased
by increasing the initial concentration of DOX. In the various concen-
trations of DOX, the capacity of MOF@MIP for DOX adsorption was
higher than that of the MOF@NIPs. This is because the MOF@MIP has
both specific and nonspecific binding sites, whereas the MOF@NIP
exclusively possesses nonspecific binding sites [33,35]. Both non-
covalent and H-bonding interactions may serve as potential adsorption
mechanisms for DOX on the nanocomposite structure [37]. For this
reason, these nanocomposites can release drugs slowly at the right time
and in the right place in modern classes of drug delivery.

3.8. Drug loading and release studies

The amount of loading DOX in the MOF@MIP and MOF@NIP
nanocomposites was calculated to be 66.64 % and 59.1 %, respectively
(Fig. 8). As well, the loading capacity for the MOF@MIP and MOF@NIP
were calculated 1.33 % and 1.18 % respectively. The higher amount of
drug loaded in MOF@MIP than in MOF@NIP was due to the presence of
drug recognition sites and specific cavities in the MIP structure [37].
Fig. 8 shows the cumulative release profiles of DOX from MOF@MIP and
MOF@NIP structures at pH 7.4 and 5. According to the graphs, it can be
seen that a pH-responsive property and the most of drug releases occur
in acidic conditions (pH 5, conditions of the cancer environment).
Whereas the rate of drug release from the MOF@MIP is slower than

MOF@NIP, it showed a sustained and more controlled release. This can
be due to more specific cavities and interactions between the drug and
polymer matrix [57,58]. Furthermore, it was noted that the rate of drug
release from the nanocomposites at pH 5 was more than the pH 7.4
(physiological conditions of the body). At pH 7.4, the H-bonding be-
tween the functional groups of the polymer matrix and the NH and OH
groups of the DOX are stable. While, at pH 5, protonation of the DOX
amino groups causes the loss of H-bonding and increases the drug’s
solubility and hydrophilicity [35], additionally, due to the lack of sta-
bility and degradation of Cu-MOF used in an acidic environment, the
cancer tissues (acidic environment) cause the degradation of the nano-
carrier’s structure [59,60]; therefore, DOX is rapidly released in an
acidic medium. Furthermore, an analysis of the release Kinetic of DOX
showed that the Weibull model is the most suitable model for the
MOF@MIP at pH of 5 (Table 1). In the Weibull model, the predominant
mechanisms of release are solvent diffusion and polymer chain relaxa-
tion, while polymer swelling represents a less significant mechanism
contributing to a sustained and regulated release rate [61]. The
parameter f is crucial for defining the characteristics of the release
curve. A p value of 1.0 is associated with an exponential release profile,
values exceeding 1.0 signify a sigmoidal profile, whereas § values below
1.0 indicate a parabolic curve [62,63]. In this research, the p values
obtained were primarily below 1.0, with an average value of 1.53. These
values are indicative of the general morphology of the release profiles
observed in the MOF@MIP nanocarrier. The results recommended the
designed nanocarrier as a good candidate for anti-cancer DDSs.

3.9. Cytotoxicity study

The cytotoxicity of the synthesized nanocarrier was estimated by
using the MTT test. As shown in Fig. 9, the cytotoxicity against MCF-7
cells showed a dose- and time-dependent behavior, in which longer in-
cubations at higher active drug concentrations lead to high cytotoxicity.
At the equal concentration of DOX, the DOX-loaded MOF@MIP nano-
composite was more cytotoxic than both free DOX and DOX-loaded
MOF@NIP. The ICsq value for DOX-loaded MOF@MIP was calculated
to be about 2 pg/mL for 48 h of incubation time. The elevated cyto-
toxicity observed in DOX-loaded MOF@MIP is probably attributed to
the positively charged nanocarrier and the existence of amide bonds in
the structure of the employed MAm and MBA, forming pseudo peptide
skeletons in the nanocarrier. It makes a strong affinity in nanocarriers
for nucleic acids and cells, as well as it may speed up their interactions
with cells and tissues after entering [35,64,65]. In addition, the nano-
scale size of the synthesized nanocomposite facilitated the penetration
into the cancerous tissues and enhanced the cytotoxicity of the drug
[66]. Remarkably, the blank nanocarriers demonstrated cytocompati-
bility behavior as the cell viability maintained above 80 % after 48 h of
incubation. According to the results, the prepared MOF@MIP nano-
carrier could be a good candidate for anticancer DDSs.
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Fig. 10. Apoptosis study by DAPI staining and flow-cytometry after treatment of MCF-7 cells with DOX-loaded MOF@MIP and MOF@NIP.

3.10. Apoptosis studies

To further assess the outcomes derived from the MTT assay, a fluo-
rescence imaging experiment was performed on MCF-7 cells undergoing
various treatments (Fig. 10). DAPI staining, a reliable technique for
discerning cellular apoptosis and necrosis predicated on its affinity for
binding to cellular nuclei, was employed in conjunction with fluores-
cence imaging techniques. To end this, MCF-7 cells were subjected to
treatments with DOX-loaded MOF@MIP, and MOF@NIP. Cells that
received treatment with DOX-loaded MOF@MIP demonstrated a
marked reduction in viability when compared to the control group and
MOF@NIP, accompanied by an increase in blue fluorescence indicative
of nuclear fragmentation and chromatin condensation [67]. This phe-
nomenon revealed that DOX was improvly transported into the tumor
cells using the prepared MOF@NIP nanocarriers, facilitating circumvent
multidrug resistance (MDR) efflux, known as “stealth” endocytosis [35].
Moreover, flow cytometric analysis was utilized to quantify the
apoptotic rate of MCF-7 cells. The treatment with DOX/MOF@MIP
displays significantly increased apoptotic cell numbers (~49 %)
compared to DOX/MOF@NIP and control (Fig. 10). This indicates that
the expression of DOX/MOF@MIP is accompanied by cell apoptotic
evolution [68].

4. Conclusion

In brief, the molecularly imprinted method was utilized to produce a
DOX imprinted PMAm using Cu-MOF NPs as the pH-responsive anti-
cancer drug carrier. Initially, Cu-MOF NPs were synthesized and then
modified with HEMA. In the next step, by using MAm as a monomer,
MBA as a crosslinker, and DOX as template molecules the MOF@MIP
nanocomposite was synthesized by free-radical polymerization.
Different methods were employed to analyze the synthesized materials,
confirming the effectiveness of the current approach. Binding tests
demonstrated the presence of specific recognition sites in the MOF@MIP
than MOF@NIP. The in vitro drug release profile displayed minimal
drug leakage in physiological conditions (pH 7.4, 37 °C) from

MOF@MIP, reducing potential side effects. Conversely, drug release at
tumor conditions (pH 5, 41 °C) showed a sustained increase, leading to
desired cytotoxicity against cancer tissues. Significantly, MTT assay re-
sults indicated the cytotoxicity of DOX-loaded MOF@MIP towards MCF-
7 cells, while blank MOF@MIP exhibited good cytocompatibility. These
findings suggest that the synthesized MOF@MIP could serve as an
effective nanocarrier for targeted anticancer drug delivery due to its pH-
responsive nature.
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