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ABSTRACT: Molecularly imprinted biodegradable polymers are receiving
considerable attention in drug delivery due to their ability of targeted recognition
and biocompatibility. This study reports the synthesis of a novel fluorescence-active
magnetic molecularly imprinted drug carrier (MIDC) using a glucose-based
biodegradable cross-linking agent for the delivery of anticancer drug docetaxel. The
magnetic molecularly imprinted polymer (MMIP) was characterized through
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction spectroscopy, and vibrating sample magnetometry
(VSM). The MMIP presented a magnetization value of 0.0059 emu g−1 and
binding capacity of 72 mg g−1 with docetaxel. In vitro and in vivo studies were
performed to observe the effectiveness of the MIDC for drug delivery. The cell
viability assay suggested that the MMIP did not present toxic effects on healthy
cells. The magnetic property of the MMIP allowed quick identification of the drug
carrier at the target site by applying the external magnetic field to mice (after 20 min
of loading) and taking X-ray images. The novel MMIP-based drug carrier could thus deliver the drug at the target site without
affecting the healthy cells.

1. INTRODUCTION
Docetaxel (DTX) is an extract from a rare Pacific yew tree,
Taxus briefolia, and hence is classified as a plant alkaloid.1 DTX
possesses a side chain with tertbutyl carbamate ester and a
carbon 10 hydroxy functional group. By binding and stabilizing
tubulins, DTX prevents disintegration of the cell’s physio-
logical microtubules, resulting in G2/M cell cycle arrest and
cell death. DTX also suppresses the anti-apoptotic expression
of the Bcl2 gene and supports the expression of the p27
inhibition cell cycle.2−4 Its mechanism of action is effective
against a wide variety of cancer tumors,4 including breast,
ovarian, gastric, and prostate cancer.5−8

Several drug carriers such as polymer drug conjugates,9,10

polymer protein conjugates,11,12 polymer micelles,13,14 poly-
meric nanoparticles,15 and gold nanoparticles16,17 have been
used as carriers for a variety of drugs previously. Few drug
nanocarriers such as galactosamine-D-α-tocopherol polyethene
glycol 1000 succinate-poly(lactide) (Gal-pD-TPGS-PLA/NPs)
loaded with DTX have recently been reported with 55%
release time in 14 days.18 Previous studies used chitosan-
coated solid lipid nanoparticles (CS-SLNs) containing
docetaxel for development and optimization. The high-
pressure hot homogenization approach was used to create
solid lipid nanoparticles (SLNs) with and without chitosan

coats, but the targeted selectivity and release of DTX were
feeble.19 Monoolein cubic nanoparticles containing docetaxel
were another carrier of DTX prepared by a top-down
procedure through the homogenization technique with differ-
ent amphiphile concentrations with a release rate of 24 h.20

Therefore, further research on drug carriers focused on
overcoming the side effects and fast release of DTX and
improving its cancer effects is immensely required. Among
various techniques, molecular imprinting polymerization is
being deeply explored to synthesize biodegradable drug
carriers. They possess a dominating characteristic of molecular
recognition depending on the form, size, and interactions of
the cavity produced by the template.21,22 Monomers usually
form these polymers in the presence of a target molecule as the
template and an excess of cross-linker.23 MIPs are extremely
efficient artificially manufactured receptors capable of rapid
mass transfer and have high binding capacity.24,25 They display
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considerable extraction capabilities and can be modified to
incorporate various properties like fluorescence activity,
magnetic activity, etc. Magnetic MIPs have received prominent
attention basically due to their outstanding properties such as
magnetic susceptibility, small size, and high coercivity. They
have also been considered suitable candidates in fields like
bioengineering, catalysis, and bioseparation.26 In molecularly
imprinted polymer systems, recent magnetic separation
techniques have received a lot of attention to facilitate
separation by introducing an outside magnetic field.27,28

Such systems are capable of delivering loaded drugs at specific
sites.29 Various polymeric as well as sol−gel modifications can
be performed to design magnetic imprinted drug carriers. One
such example is Fe3O4@SiO2 nanoparticle drug delivery
systems.30 The superparamagnetic core shell of iron silica is
ideal for biomedical applications. They are protected and made
acceptable for in vivo use by the surrounding polymeric layer.
Iron nanoparticles are preferred over other forms of nano-
carrier cancer therapy because their advantageous magnetic
characteristics, higher chemical stability, minimal toxicity, and
simplicity of surface modification are considered preferable to
those of other nanocarriers for tumor-specific delivery of
anticancer drugs.31,32 Additionally, iron nanoparticles of
smaller sizes have several additional benefits, such as improved
pharmacokinetics, better in vivo stability, and site-specific
delivery of loaded cargo as well as increased internalization
through the tumor vasculature (enhanced permeability and
retention effect) and successful escape from the reticuloendo-
thelial system (RES).33 Furthermore, these synthetic or natural
biodegradable materials in drug delivery systems enable them
to be implanted in living organisms without further treat-
ment.34,35 Other qualities such as stability in the 3D network,
customizable drug release, elasticity, and flexibility with good
mechanical characteristics are also beneficial in drug systems.36

It has been shown that cross-linking polymers are usually stable
and can protect their dimensions for longer periods. They offer
a uniform biodegradability that may directly be changed by
cross-linking density.37 It has been observed that biologically
degradable cross-linking polymers are among the most
promising materials in targeted and regulated drug delivery.38

Few papers are encountered in the literature regarding
biodegradable molecularly imprinted polymers possessing
magnetic characteristics and their applications in targeted
drug delivery.39−41

Hence, to further explore the unique traits of imprinted
materials, we synthesized a novel fluorescent active magnetic
molecularly imprinted polymer (MMIP) using glucose as the
cross-linker. The synthesized MMIP was studied for its ability
to deliver targeted drug docetaxel, an anticancer drug.
Furthermore, the selection of glucose as the cross-linker
describes this material as green, quick, and easy for rapid
release of docetaxel at the target site.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. Ferric chloride (FeCl3) and

ferrous sulfate heptahydrate (FeSO4·7H2O), ammonia solution
(33%), trisodium citrate (Na3C6H5O7, 99.0%), tetraethyl
orthosilicate (TEOS, 99.9%), fluorescein-5-isothiocyanate
(FITC), 3-aminopropyl trimethoxysilane vol (APTS), 3-
trimethoxysilyl propyl methacrylate (MPS) 99.9−101%,
toluene, triethylamine, methacryloyl chloride (99%), decane,
2,2′-azobis-2-methylpropionitrile (AIBN, 99.7%), sodium
dodecyl sulfate (SDS), absolute ethanol (99.8%), acetone,

and acetonitrile (ACN) were purchased from Sigma Aldrich.
Double distilled water was used for washing.
2.2. Synthesis of Magnetic Nanoparticles. The

magnetic nanoparticles of Fe3O4 were synthesized by the co-
precipitation method.42 20 mmol of ferric chloride and 10
mmol of ferrous sulfate were mixed in 140 mL of water. The
obtained solution was added into a two-neck round-bottom
flask and purged under a N2 atmosphere for 30 min. In this
flask, 33 mL of 2 M ammonia solution was added dropwise
under constant stirring till the precipitation of magnetic
nanoparticles. After centrifugation, the brownish-black mag-
netic nanoparticles were washed with deionized water. An
external magnetic field was applied to separate the nano-
particles. The isolated nanoparticles were then re-dispersed in
200 mL of water with 0.3 M trisodium citrate and heated at 70
°C for 2 h. After that, the nanoparticles were washed with
acetone three times to remove the excess citrate and dried in a
desiccator.

2.2.1. Modification of Magnetic Nanoparticles with Silica.
The citrate-modified magnetic nanoparticles were dispersed in
50 mL of water in an ultrasonic bath for 10 min. Next, 2 mL of
dispersed nanoparticles was taken and diluted to 40 mL with
distilled water. An ammonia solution (33%, 5 mL) and 140 mL
of ethanol were added and mechanically stirred for 18 h. In the
next step, tetraethyl orthosilicate (1 mL) was added dropwise
to the mixture of dispersed nanoparticles and the reaction was
allowed to proceed at room temperature for 16 h. The
obtained material was then washed with distilled water and
ethanol to remove any unreacted reagent. The silica-coated
magnetic nanoparticles were dispersed in ethanol with the help
of an ultrasonic tub.

2.2.2. Synthesis of FITC Magnetic Nanoparticles. The
silica-coated fluorescent nanoparticles were synthesized
according to the method by Huang et al.43 A solution of
fluorescence isothiocyanate FITC (0.04 g) in 10 mL of ethanol
with APTS (0.22 mL) was mixed together and stirred for 18 h
in the dark (solution A). Solution A was added to the flask
containing silica-coated magnetic nanoparticles and mechan-
ically agitated for 16 h. Fabricated FITC nanoparticles were
obtained after drying at room temperature.

2.2.3. Modification with Methacryloxypropyl Trimethox-
ysilane. Finally, Fe3O4@SiO2@FITC nanoparticles were
modified with methacryloxypropyl trimethoxysilane (MPS).
For this purpose, 50 mL of toluene and 3 mL of MPS were
mixed with Fe3O4@SiO2@FITC magnetic nanoparticles, and
the reaction was performed at 70 °C with magnetic stirring for
15 h. After magnetic separation, these nanoparticles (Fe3O4@
SiO2@FITC@CH2=CH2) were modified with a double bond,
washed with distilled water and ethanol, and stored in a
desiccator at 40 °C.

2.2.4. Synthesis of the Cross-Linker. Glucose (1 mmol) and
dry ACN were mixed in a Schlenk flask (10 mL). A few drops
of N (C2H5)3 (3 mmol) triethylamine and a solution of
methacryloyl chloride (3 mmol) prepared in ACN were added
into the Schlenk flask and stirred at 0 °C for 3 h. Finally, the
unstable organics and extra methacryloyl chloride were rotary-
evaporated, and the resultant solid was dried in a vacuum oven
at 40 °C.

2.2.5. Fabrication of Molecularly Imprinted Polymer
Nanoparticles. The MIP-coated Fe3O4 magnetic nanoparticles
were synthesized using a microemulsion polymerization
process. In the first step, to form a template monomer
complex, cross-linker glucose (monomer) and docetaxel were
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Figure 1. Scanning electron microscope images of Fe3O4 (a), silica-coated nanoparticles (b), and MMIPs (c).

Figure 2. EDX diagrams of (a) Fe3O4, (b) silica-coated nanoparticles, and (c) the molecularly imprinted polymer.
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dissolved in ACN/DMSO solution in a ratio of 5:1 (v/v). The
solution was shaken for 5 h at room temperature. In the next
step, 120 mg of modified magnetic nanoparticles and 60 mg of
AIBN were added into ACN/DMSO solution and sonicated
for 10 min. The reaction was continued under a N2
atmosphere at 60 °C, and after 20 h, the fabricated imprinted
polymer was collected using a strong external magnetic field,
which was then washed with water and acetone.

Similarly, the non-imprinted polymer (NIP) was also
synthesized using the same procedure in the absence of
docetaxel. In the next step, both the drug-loaded MIP and NIP
were administered orally to the mice with the help of a gavage.
The mice’s blood plasma was taken for drug detection and
analyzed through HPLC.
2.3. Characterization of Nanomaterials. FTIR was used

to study the functional groups present on the newly
synthesized drug carrier. FTIR was performed using a Bruker
Alpha II (USA) within the range 500−4000 cm−1. The carbon,
hydrogen, and oxygen contents were determined with a CHN
analyzer (CHNO/S 2400 from PerkinElmer, USA). The phase
angle of the materials was determined with X-ray Power
diffraction (XRD-Powder D8 [Advance, Bruker Germany]
with Cu Kα radiation = 0.154 nm). The operational condition
of XRD was a current of 30 mA and voltage of 40 kV for 2θ
(20−80°). The particle size was determined using a scanning
electron microscope (SEM) with an EDS and the E-Beam
lithograph FEI Nova 450 NanoSEM. The magnetometry of
magnetic nanoparticles, silica-coated magnetic nanoparticles,
and MMIP nanoparticles was determined with VSM (Model
7407, Lakeshore, USA). The elemental composition was
determined using EDS. In vitro drug location was performed
with an X-ray analysis technique. The degradation of the
MMIPs was performed at various pH levels. The dosage
response of cell viability was studied with an MTT assay.
2.4. X-ray Analysis. For X-ray analysis, materials were

made into tablets and placed on a gavage syringe. Two mice
were taken and labeled with two dots at the tail for control and
three dots at the tail for tablet containing medicine. An external
magnetic field was used to attract materials. 30 min after
administering the dose, X-ray images were taken. A magnetic
field applied outside the body attracts the material, as
evidenced by white spots on X-rays. Chloroform was used to
make the mice comatose.
2.5. Blood Sample Analysis. The blood plasmas from

blood samples of the mice were first separated through
centrifugation. Then, the obtained plasmas were added to a
mixture of acetic acid and methanol (8:2 v/v) in order to
extract the drug. The extracted drug sample was analyzed
through HPLC.

HPLC was performed using a Shimadzu LC-10 AT HPLC
system (Japan) with a 266 nm UV detector and a reversed-
phase column (ODS, C18 4.6 mm × 250 mm, 5 μ waters
USA). The mobile phase consisted of methanol:phosphate
buffer (90:10 v/v), and the flow rate was adjusted to 0.5 mL
min−1.

3. RESULTS AND DISCUSSION
The synthetic scheme involves the MIP modified with
fluorescence-active functional group FITC. Moreover, the
magnetic properties were also introduced to the MIP through
the incorporation of Fe3O4 nanoparticles. The main advantage
of FITC is to locate or detect the drug inside the body (in vivo
study) through fluorescence, and the purpose of glucose was to

serve as a biodegradable cross-linker replacing harmful cross-
linkers such as tannic acid44 commonly used in conventional
synthesis.
3.1. Characterization. 3.1.1. Scanning Electron Micros-

copy. Figure 1 shows the morphology of Fe3O4 NPs, Fe3O4-
SiO2 NPs, and the MMIP nanoparticles. The Fe3O4 NPs were
in minor accretion, according to published data of scanning
electron microscopy,45 with an average size of about 70 nm.
Fe3O4 NPs were modified with TEOS (tetraethyl orthosilicate)
to produce core−shell Fe3O4-SiO2 NPs with an average size
range of 105 nm. The silica layer in the case of Fe3O4-SiO2
NPs was approximately 30 to 36 nm-thick. The shape of the
MIP nanoparticles produced after the polymerization process
remained spherical, and the diameter increased to 250 nm,
indicating that this synthetic technique for MIP synthesis was
successful. For measurement, two different nanoscales of 5 and
10 μm were used as given in Figure 1. The size of particles was
confirmed by using software (Image J1.52v/ java 1.8.0_112
(64 bit).

3.1.2. Elemental Detection Analysis. The elemental
properties of materials were assessed through EDS analysis.
The Fe, O, H, and Na peaks in Figure 2a indicate that iron
nanoparticles were loaded with sodium citrate. The Fe, O, H,
Na, S, and Si peaks in Figure 2b confirm the coating of silica.
The peak at around 23 keV corresponds to S in the fluorescent
layer, and the relatively higher amount of C in the MMIP
pattern supports the production of a multicore−shell structure
nanoparticle, as shown in Figure 2c.

3.1.3. Vibrating Sample Magnetometer. In Figure 3,
magnetic nanoparticles (Fe3O4), silica-coated magnetic nano-

particles (Fe3O4-SiO2), and the magnetic molecularly
imprinted polymer (MMIP) loaded with docetaxel were tested
using a vibrating sample magnetometer (VSM). Because of the
pure magnetic material with no coatings or alterations, Fe3O4
nanoparticles have the highest capacity magnetization value.
The magnetization of the second material is then reduced due
to amalgamation with SiO2. After coating Fe3O4-SiO2 with
cross-linkers and producing a polymer, the saturation magnet-
ization decreased significantly. The magnetic characteristics of
samples were thus altered to some extent after incorporating

Figure 3. Vibrating sample magnetometer hysteresis loop of Fe3O4,
Fe3O4-SiO2, and MMIPs.
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various non-magnetic layers on Fe3O4 acting as the core, but
they were still magnetic enough to respond to an external force
(Table 1). A similar behavior was observed in previous studies.

According to the trend of magnetization given in the literature
for the synthesis of magnetic MIPs, the magnetization value
reduced with the formation of the core shell and then
decreased further after polymer formation.46,47

3.1.4. Fourier Transform Infrared Spectroscopy. Fourier
transform infrared spectroscopy (FTIR) is a technique for
detecting various functional groups in organic and inorganic
molecules. Figure 4a displays an Fe3O4 spectrograph with only

one conspicuous signal at 580 cm−1, indicating that only Fe3O4
is present. In Figure 4b, a new strong peak appeared at 1085
cm−1 correlated to the Si−O−Si stretching vibration, and
another peak appeared at around 800 cm−1, which was referred
to the Si−O stretching vibration and showed the successful
encapsulation of SiO2 onto the surface of Fe3O4. In Figure 4c,
the peaks at 3600, 2990, 2850, 1730, 1200, 1090, and 580 cm−1

represent many functional groups such as OH, C−H, C�O,
C−C, and some bending frequencies of this spectrograph.

3.1.5. X-ray Diffraction Analysis. The crystalline structure
of the drug carrier was determined by X-ray diffraction analysis.
XRD was used to examine the structural characteristics of
generated Fe3O4, core shells, and MMIPs. Diffraction peaks in
the 2θ region of 10° to 75° (30°, 35°, 43.5°, 53.6°, 56.0°, and
63°) with crystalline planes of (2 2 0), (3 1 1), (4 0 0), (4 2 2),
(5 1 1), and (4 4 0), respectively (JCPDS NO. 19-0629), were
in agreement with the typical spectrum of Fe3O4 NPs and
identical to its core−shell, as shown in Figure 5. Broad peaks in
the region of 2θ = 12° to 26° were observed in the XRD
patterns of synthesized MMIPs, indicating the formation of an
amorphous polymeric layer on the surface of Fe3O4 NPs.
Furthermore, prominent reflection peaks in the range of 2θ =
30° to 75° were in agreement with the Fe3O4 pattern. The
similarity of the patterns of Fe3O4, core−shell, and MMIPs
revealed that the crystallography of magnetic NPs was
maintained during the creation of MMIPs on the surface of
Fe3O4. The intensity of signals or peaks decreases when we
move from Fe3O4 to core−shell, and the intensity was further
lowered from core−shell to the final product, which indicated
the coating of silica and polymerization on Fe3O4.
3.2. X-ray Analysis, MTT Assay, and Binding Capacity.

The designed drug carrier possesses the benefit of quick
identification through direct external application of a magnetic
field. This was made possible by incorporating iron oxide
nanoparticles in the drug carrier. Figure 6 confirms that the
drug loaded with the carrier reached near the magnet after the
mice were administered with the dose.

The dose−response data was used to measure the toxicity of
the polymer toward healthy cells. Hence, the MTT (3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide)

Table 1. Magnetic Character of Fe3O4, Fe3O4-SiO2, and
MMIP

material magnetization (emu/g)

Fe3O4 0.01509
Fe3O4-SiO2 0.00861
MMIP 0.000587

Figure 4. IR spectra of iron nanoparticles Fe3O4 (a), core−shell (b),
and the magnetic molecularly imprinted polymer (c).

Figure 5. XRD graph of Fe3O4, silica-coated nanoparticles, and the magnetic molecularly imprinted polymer.
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assay was performed describing the percentage of living cells.
The cell viability of the polymer was measured against non-
cancerous cell lines (HepG2) and is given in Figure 7. This

data showed that by increasing the concentration of polymer
(MIDC), the percentage of living cells increased, proving that
the polymer is non-toxic to healthy cells. When the
concentration was changed from 0.3 to 100 μg, the percentage
of living cells increased from 60% to 83% and these values were
calculated after 72 h.

The amount of docetaxel bound to the MMIP was
calculated using eq 1.

q
C C

m
v

( )f0= ×
(1)

where q (mg g−1), C0 (mg mL−1), Cf (mg L−1), V (L), and m
(g) are the adsorption capacity, initial and final concentrations
of DTX, sample volume, and mass of MMIP, respectively. The
binding capacity was thus found to be 72 mg g−1.
3.3. Blood Sample Analysis. The drug released into the

blood stream was investigated by analyzing the blood plasmas
collected from the mice that were orally administered with the
MMIP and MNIP. In Figure 8a, the primary standard drug was
used as a reference and its peak appeared after 4 min of sample
loading. In the case of the MNIP, the peak of the docetaxel did
not appear in the HPLC chromatogram (Figure 8b), while the
relevant peak of the drug was observed at a retention time of 4
min in the chromatogram obtained by using the MMIP
(Figure 8c). This confirms the drug release from the MIP into
the blood at the targeted site. Figure 8d shows the overlap of
all the three chromatograms. Three types of chromatograms of
the sample, standard, and MMIPs without the drug were taken

for such analysis. From these values, the percentage recovery
was calculated by applying the following equation

C C
C

percentage recovery
(found) (real)

(added)
100= ×

Cfound and Creal were calculated from their respective peak
areas, and Cadded is the spiked amount. The percentage
recovery of 96% (n = 9) was thus obtained.

The expected mechanism of drug loading and release
involves the formation of hydrogen bonds between the drug
and cross-linker. Docetaxel contains various functional groups
such as amino, hydroxyl, and carbonyl that can interact with
glucose (cross-linker). These interactions are possibly
reversible in aqueous medium; therefore, it was anticipated
that the drug would probably release in the stomach due to its
favorable environment.
3.4. Degradation Test. Studying the material’s self-

degradation ability provides the most vital information for its
selection in biomedical uses because its presence in the body
for an extended period may be detrimental. At pH = 3, which is
close to the stomach environment, and pH = 7.35, which is
close to the physical state, the degradation of the MMIP was
investigated (Table 2). The deterioration rate at pH = 3
(stomach environment) was faster than at pH 7.35, according
to the data (Figure 9). Furthermore, the data show that
material breakdown was faster in acidic and basic environ-
ments than in the body’s natural pH of 7.4. The discovered
results are connected to the glucose-based cross-linker in the
molecularly imprinted polymer structure.
3.5. Comparative Study. Though docetaxel is among one

of the commonly employed anticancer drugs, its targeted drug
delivery through MMIP has not been studied previously. The
MMIP synthesized in this work for this purpose presented a
binding capacity of 72 mg g−1. This value was compared with
other drugs that have also been studied for the targeted
delivery using MIPs as carriers. It is eminent to mention here
that these MIPs were obtained through different synthetic
schemes. Table 3 clearly depicts that the MMIP reported in
this study presented a qe value comparable to others and hence
can successfully be selected as a potential drug carrier for the
targeted delivery.

4. CONCLUSIONS
This study was based on the synthesis of fluorescence-active
MMIP using a glucose cross-linker to create docetaxel-loaded
unique multicore−shell structure nanocarriers. The final
product was in the nano range, which can facilitate its in

Figure 6. X-ray analysis image of mice loaded with (without drug) a tablet dose (a) and a MIP tablet dose (b).

Figure 7. Effect of concentration of MIDC on cell viability.
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vivo movement. The MMIP exhibited an acceptable magnetic
property for its detection through an external magnetic field.
Moreover, due to the need for non-toxic materials in medical

applications, several studies were developed to prove the
biocompatibility of such materials. The MTT viability assay
showed the MMIP’s non-toxic nature. In vitro drug release in
simulated stomach fluid showed a fast release profile. A qe
value of 72 mg g−1 describes its ability to load a considerable
amount of drug. Overall, the findings show that the described
MMIP can be exploited as a substantial device in drug delivery
applications for malignant tissue treatment due to its
exceptional features and diversified performances.
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sr.
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Table 3. Comparison of the Current Study with the
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50 curcumin 77
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