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Abstract—A pH-responsive system was prepared by using a magnetic nanocomposite, folic acid-conjugated chitosan
(FA-CS) grafted Fe;O,/GO, and then used for loading and controlled release of an anti-cancer drug, gemcitabine (GEM).
The successful synthesis of FA-CS/Fe;O,/GO was confirmed by various characterization techniques such as FE-SEM/
EDX, TEM, FT-IR, XRD, TGA, VSM, and BET. The nanocomposite had a mesoporous structure with the specific sur-
face area of 68.96m’ g ', the pore volume of 0.25 cm’ g ', and the mean pore size of 14.78 nm. The optimum condi-
tions for drug loading through adsorption were found to be pH=4, adsorbent dosage of 0.5g L', temperature of
298 K, and contact time of 45 min. Experimental data indicated that GEM adsorption onto FA-CS/Fe;O,/GO has a sat-
isfactory correlation with the pseudo-second-order kinetic and Freundlich isotherm equations. The maximum adsorp-
tion capacity of GEM was 221.17 mg g ' for FA-CS/Fe;O,/GO, which was quite higher than the non-functionalized
Fe,0,/GO with the value of 33.99 mg g '. Furthermore, the in-vitro drug release profile of GEM from drug-loaded FA-
CS/Fe;0,/GO was studied within 48 hours at 37 °C, and the results indicated a higher drug cumulative release amount
in simulated cancer fluid (pH 5.6) compared to simulated human blood fluid (pH 7.4). Also, the Peppas-Sahlin kinetic
model best fitted the release kinetics data. The result of drug release implied that FA-CS/Fe;O,/GO magnetic biocom-
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posite could be a potential carrier for the sustained and controlled release of GEM.
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INTRODUCTION

Nanotechnology has recently attracted a great deal of interest due
to its ability to effectively diagnose and treat various tumors [1,2].
The common problems associated with conventional anti-tumor
drug release systems include non-selectivity, severe side effects, a
fast release profile, and damage to normal cells. In this regard, new
drug delivery systems have been developed based on nanocarri-
ers, which are also known as smart drug delivery systems (SDDs)
[2-4]. These systems are capable of carrying and releasing the drug
at the proper concentration at the targeted site under external or
internal stimulation. In this way, they can improve the bioavailabil-
ity and therapeutic efficacy of the anti-tumor agents while decreas-
ing their side effects. The toxicity of nanocarriers is the main ob-
stacle to the success of SDDs. Some studies have addressed the opti-
mization of the toxicity of currently available nanocarriers or develop-
ing new nanocarriers with lower toxicity [3,5].

Recently, GO has been widely considered in the areas of drug
delivery, biosensing, bioimaging, and phototherapy due to its water
solubility, facile chemical modification, biocompatibility, high opti-
cal absorbance in the NIR region, low cost, abundance, and long
circulation time in the blood [6]. Various compounds have been
employed to modify the GO surface to design the controlled drug
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release systems responding to environmental stimuli, for instance
pH, temperature, redox potential, light, enzyme, and external mag-
netic field. Among these stimuli, sensitivity to external magnetic
field and pH is of crucial significance for the design of smart drug
delivery devices [7-9].

The extracellular environment around the tumor tissues has an
acidic pH, making it a proper stimulation for drug release [3]. Chi-
tosan is a natural polysaccharide polymer with superior biodegrad-
ability, bio-availability, and biocompatibility that can be protonated
at acidic pH values, resulting in de-polymerization [10,11]. There-
fore, chitosan is a safe and excellent pH-responsive coating [9,12].
Fe,0, nanoparticles can also be employed for the preparation of
particles responsive to external magnetic fields [13]. These nano-
carriers can be utilized for directing and accumulating drugs into
tumor tissue cell by means of a magnetic field. Furthermore, mod-
ification of the carriers with ligands capable of binding to specific
tumor cells is a well-known strategy to develop targeted drug release
systems. Folic acid (FA) has a high affinity for folate receptors whose
activity and quantity are significantly higher on the tumor cell mem-
brane than that on the normal ones. FA can be a promising candi-
date as the targeted ligand [10,14].

Kim et al. developed FA-conjugated CS functionalized GO (FA-
CS-GO) as a multifunctional nanoplatform that has a high photo-
thermal efficiency and good near-infrared fluorescence/photoacous-
tic imaging ability [9]. The in-vitro cytotoxicity of FA-CS-GO against
human breast cancer MDA-MB-231 cells was evaluated by MTT
assay. According to the obtained results, the viability of MDA-MB-
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231 cells remained above 65%, which confirmed the low cytotox-
icity and high biocompatibility of FA-CS-GO against MDA-MB-231
cells. Also, magnetic halloysite nanotubes trifunctionalized with
FA, CS, and CPT medication have been applied as a dual-targeted
drug nanocarrier to deliver camptothecin (CPT) into human epi-
thelial colorectal adenocarcinoma cells (Caco-2), showing a strong
cell growth inhibitory effect against the Caco-2 cancer cells [15].
However, the cytotoxicity of the blank nanocomposites (FA-COS/
MHNTE) was negligible even under the high concentration of 1,000
pg mL™" due to the high cell viability, which was approximately
81%.

Despite a number of previous studies, the field of multi-stimuli
responsive drug delivery systems is still at its earliest stages, and the
design of stimuli-responsive materials for controlled release is being
incessantly researched in order to move it from the bench to the
clinic. Hence, a multi-stimuli-responsive and tumor-targeted sys-
tem that can be attained by integrating the advantages of biopoly-
mer CS, FA ligand conjugation, and magnet directing could inter-
actively improve the helpful effectiveness of graphene-based vehi-
cles. Chemotherapeutical drugs such as gemcitabine (GEM) [16],
CPT [17,18], doxorubicin [19,20], cisplatin [16], paclitaxel [21], and
curcumin [22] can be conjugated to the GO composites contain-
ing FA.

GEM (22 "difluoro-2"-deoxycytidine; dFdC) is a fluorinated nucle-
oside analog (NA) widely used in clinical practice for the treatment
of several solid tumors, such as non-small cell lung, ovarian, blad-
der, thyroid, ovarian, pancreatic, breast, and multiple myelomas. In
this study, FA-CS/Fe;0,/GO was successfully prepared as a pH-
and magnetic field-responsive nanocarrier. GEM was selected as
an anti-cancer drug to study the performance of FA-CS/Fe;0,/GO
in drug loading and drug release in the simulated human blood
fluid and cancer fluid. Moreover, non-linear adsorption isotherms,
kinetics, and release kinetics were also conducted to better under-
stand the mechanism of adsorption and in-vitro release.

MATERIALS AND METHODS

1. Materials

The GEM (GH,,F,N;0,) drug was provided by Arasto Phar-
maceuticals Co. (Iran, Tehran). CS (CssH;;NoOs), FA (C,sH;oN;Oy),
dimethyl sulfoxide (DMSO, C,H(OS), 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC, CH,,N;), disodium hydrogen phos-
phate (Na,HPO,), sodium dihydrogen phosphate (NaH,PO,) were
all bought from Merck (Darmstadt, Germany). N-hydroxysuccin-
imide (NHS, C;H;NO;), iron (III) chloride hexahydrate (FeCl,-6H,0),
and iron (II) chloride tetrahydrate (FeCl,-4H,O) were provided
from Sigma Aldrich, USA. A stock standard solution of the GEM
was prepared with deionized water and used for the preparation of
the GEM working solutions by dilution.

2. GEM Carrier Preparation
2-1. Preparation of Magnetic Graphene Oxide (Fe;0,/GO)

GO was synthesized by the oxidation of expandable graphite
similar to the ultrasound-assisted Hummers method [23]. Magnetic
GO (Fe;0,/GO) was prepared by dissolving 6.8 g of FeCl,-6H,0
and 3.5g of FeCl,-4H,O into 250 mL solution containing 1 g of
tully-dispersed GO under N, atmosphere, and heating to 358 K for

30 min. Subsequently, ammonia solution (20 mL) was added drop-
wise into the mixture to bring the pH value to 10. Then, the result-
ing reaction mixture was refluxed under the same conditions for
another 60 min. After being cooled to room temperature, the black
Fe;0,/GO sediment was collected, rinsed sequentially with deion-
ized water and ethanol, and then dried under vacuum at 323 K
[24].

2-2. Preparation of Folic Acid-Conjugated Chitosan (FA-CS)

To conjugate FA on CS, 0.15g of FA dispersed in 250 mL of
anhydrous DMSO was poured into a conical flask at room tem-
perature and mechanically stirred for 60 minutes. Next, the reac-
tion solution was activated by a known amount of EDC and NHS
(a mass ratio of 1:2) and then added slowly to the CS solution
(0.5% w/v) in 100 mL of acetic acid solution (0.1 M). The mixture
was further agitated for 16 hours at room temperature under dark
conditions (to avoid photo-degradation of FA). Following that, an
appropriate amount of aqueous NaOH (0.1 M) was charged to the
solution to adjust the pH value to 9. After centrifuging, the yellow
precipitate was separated, then fully dispersed into 10 mL of dis-
tilled water and dialyzed against PBS solution for three days. Finally,
the FA-CS was collected by centrifugation and freeze-dried [13].
Fig. S1 in the supplementary material illustrates the schematic of
the FA-CS synthesis.

2-3. Preparation of FA-CS Grafted Magnetic GO (FA-CS/Fe;O,/
GO)

First, 0.1 g of FA-CS was dissolved in acetic acid (20 mL) under
constant stirring conditions for 24 h. The prepared Fe,O,/GO was
dispersed in 20 mL of ethanol and placed in an ultrasonic bath for
3h. Next, FA-CS solution (20 mL) was charged to the above sus-
pension and agitated for a day at room temperature. The final prod-
uct, FA-CS/Fe;0,/GO, was recovered using a permanent magnet,
freeze-dried, and stored in the desiccator [9]. Fig. 1 displays the
schematic illustration of (a) the synthesis root of FA-CS/Fe,0,/GO
and (b) GEM loading.

3. Characterization Techniques

Details about the characterization techniques of materials are
available in the supplementary material.
4. GEM Adsorption Tests

To carry out the experiments, first, a precise amount of the syn-
thesized FA-CS/Fe;O,/GO was dispersed into the 20 mL of GEM
solution with the specified concentration in an Erlenmeyer flask.
The pH values of the GEM solutions were adjusted by adding a
small volume of NaOH (0.01 M) or HCI (0.1 M) solution. Subse-
quently; the obtained mixture was stirred for specific time intervals
on a water bath shaker at 200 rpm at a given temperature. At the
fixed times, the adsorbent was separated by a magnetic field and
the remaining GEM concentration was immediately measured at
the maximum absorption wavelength (4,,,,) of 269 nm by using a
UV-Vis spectrophotometer. Eq. (1) was applied to calculate the
adsorption capacity (q,) of GEM:

q- (o mCt)V 1)
where C, (mg L") and C, (mg L") represent GEM concentration
at zero and time t, in the respective order. V (L) and m (g) are the
volume of GEM solution and the mass of FA-CS/Fe,0,/GO.
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Fig. 1. (a) Schematic illustration of the synthesis root of FA-CS/Fe;0,/GO and (b) GEM loading.

5. Isotherm and Kinetic Adsorption Studies

To explore the mechanism of the adsorption procedure through
an isotherm study, 10 mg of FA-CS/Fe;O,/GO was added to 20 mL
solutions containing (2-120 mg L") of GEM in the Erlenmeyer flask
and stirred for 90 min at four temperatures in the range of 298-
333 K [25]. Four isotherm models, namely, Langmuir [26], Freun-
dlich [27], Temkin, [28] and Dubinin-Radushkevich (D-R) [29],
were applied to fit the equilibrium data. The nonlinear forms of the
aforementioned models are expressed by Egs. (2)-(5), respectively.
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where q, (mg g7), Qex (Mg &™), C, (mg g), and K; (L mg™") repre-
sent the equilibrium adsorption capacity, maximum adsorption ca-
pacity; the equilibrium GEM concentration, and Langmuir constant,

11
respectively; K (mg1 "L"g™") and n show Freundlich isotherm
constant and the heterogeneity factor, respectively; A, (L mg ™) and
b (J g mol™ mg™) are Temkin constant linked to equilibrium bind-
ing energy and adsorption heat, respectively; R (8.314] mol ' K™*)
and T (K) are the gas constant and the temperature, in the respec-
tive order; B (mol’ J*) and qs (mg g ') denote Dubinin-Radush-
kevich isotherm constant, and the theoretical adsorption capacity,
respectively; ¢ is Polanyi potential defined as £=RT In[1+1/C,].
The average free energy of adsorption (E (k] mol ™)) can be assessed

from B value, as E=1/(2B)"~
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To investigate the kinetic study, the experiments were fulfilled at
pH 4 and GEM concentration of 20 mg L™ with three adsorbent
dosages (5-20 mg) at room temperature. The solutions were stirred
for 2-75 min. The dynamic experimental results were conducted
at the pseudo-1st-order (PFO) [30], pseudo-2nd-order (PSO) [31],
Elovich [32], and fractional power (FP) [33] kinetic models to ana-
lyze the adsorption rate of GEM onto FA-CS/Fe;0,/GO [34,35].
The nonlinear forms of the aforementioned models are expressed
by Egs. (6)-(9), respectively.

q=q.(1-¢™) ©)
_ kijt

9= 1+k,q,t @

qt=§ln(aﬂt) ®)

q,= at’ )

where q, (mg g) is the instantaneous adsorption capacity; k
(min™") and k, (g mg™' min"") denote the rate constant of GEM
adsorption in PFO and PSO kinetic models, respectively; o (mg
g 'min”") represents the initial adsorption rate constant and /3 (g

mg ") is the desorption constant; a (mg g 'min™") and b are FP rate
constant and power of the FP model, respectively.
6. GEM In-vitro Release Tests

For the preparation of the drug carrier, 0.2 g of FA-CS/Fe;O,/
GO (Fe;O,/GO) was suspended in a 50 mL aqueous solution of
GEM (80% v/v) with a concentration of 500 mg L™, followed by
adjusting the pH level at 4.0. After a continuous shaking for 60
min at room temperature and 300 rpm, the resulting carrier was
taken out and washed to remove the unloaded drug.

For the in-vitro drug release study, the GEM-loaded FA-CS/Fe;O,/
GO (GEM-loaded Fe;0,/GO), obtained from the loading step, was
transferred into a dialysis bag (MWCO 14 kDa). The bag was sealed
and dipped into 50 mL of phosphate-buffered saline (PBS; pH 7.4
and 5.6) at 37°C for 48h. At a regular interval of time, 3 mL of
solution was taken out and the same amount of fresh buffered solu-
tion was replaced to keep the volume of the release medium con-
stant [36,37]. The amount of released GEM was determined by
using a UV-Vis spectrophotometer. The release test was taken in
triplicates, and the drug release percent, M/M,, (%), from GEM
loaded FA-CS/Fe;O,/GO was quantified through Eq. (10).
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Fig. 2. FE-SEM images with low magnification (upper panels) and high magnification (middle panels), as well as the EDX spectrum (bot-
tom panels) with the inset of elemental analysis of GO, Fe,0,/GO, and FA-CS/Fe,0,/GO.
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Here, C, and C; denote the quantity of GEM released and quan-
tity of GEM loaded at time t.
7. Kinetic Release Studies

To study the kinetics of GEM release from Fe;O,/GO and FA-
CS/Fe;0,/GO, the release data were analyzed based on first-order
[38], Higuchi [39], Korsmeyer-Peppas [40], and Peppas-Sahlin
kinetics [41]. The release kinetics of GEM can be described by
Egs. (11)-(14), respectively.

M

—kit.

M - ) ()
M 1/2

MT: =kt (12)
Mt n

IT/[:):kKPt (13)
M ke (14)
M 1 2

where q is the amount of GEM released at the initial time; k;, ky;,
and kyp represent the constants of the first-order, Higuchi, and Kors-
meyer-Peppas kinetic models, respectively. Also, in the Peppas-
Sahlin kinetic model, k; and k, are the rate constants, and n is the
release exponent.

RESULTS AND DISCUSSION
1. Material Characterization

1-1. Surface Morphological Analysis
The surface morphology of GO, Fe;0,/GO, and FA-CS/Fe;O,/

GO was investigated by using FE-SEM images with different mag-
nifications. As shown in Fig. 2, the GO nanosheets have a typical
wrinkled layer-like structure [42]. It is evident that a relatively large
number of the non-uniform sphere-shaped Fe;O, nanoparticles
were decorated over the surface of GO. The SEM image of FA-CS/
Fe;0,/GO indicates apparent changes in the surface morphology
with a particle size of less than 33 nm for Fe;O,. Furthermore, the
elemental composition of the GO, Fe;O,/GO, and FA-CS/Fe;O,/
GO was determined by analyzing the surface elements using EDX.
The presence of Fe signals in Fig. 2 demonstrates the existence of
Fe;O, on the GO sheets, and the appearance of the N peak proves
the formation of CS coverage on the Fe;O,/GO [43]. It also shows
that the percentage of C, O, N, and Fe in FA-CS/Fe;O,/GO is
10.97%, 49.18%, 1.97%, and 46.5%, respectively. So, the grafting of
Fe;0,/GO with FA-CS was confirmed.

Furthermore, the inner structure of FA-CS/Fe;O,/GO was deter-
mined using TEM as demonstrated in Fig. 3. TEM images clearly
revealed the presence of a large number of submicron Fe;O, nano-
particles (the light gray spots), as well as the growth of FA-CS layer
(the dark gray areas), over the transparent GO sheets.

1-2. Functional Group Analysis

The FTIR technique was adopted to identify the functional
groups of the materials and the results are illustrated in Fig. 4(a). In
the spectrum of GO, two typical absorbance peaks were observed
around 1,390 and 1,700 cm ™', which are attributed to the asym-
metric and symmetric stretching vibration of -COOH and -COO-
functional group, respectively. A strong peak between 500 and
600 cm™" in the FT-IR spectrum of Fe;0,/GO can be ascribed to
the Fe-O vibration mode [44]. The FA-conjugated CS exhibited a

Fig. 3. TEM images of FA-CS/Fe,0,/GO with 100 nm (upper panels) and 80 nm (lower panels) scale bars.
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Fig. 4. (a) FT-IR spectra and (b) XRD patterns of CS, FA-CS, GO, Fe;0,/GO, and FA-CS/Fe;0,/GO; (c) TGA thermograms of GO, Fe;O,/
GO, and FA-CS/Fe;O0,/GO; (d) Magnetization curves of Fe;0,/GO and FA-CS/Fe;0,/GO; (e) N, adsorption-desorption isotherm

(77 K) of GO and FA-CS/Fe;0,/GO.

major adsorption peak at 1,631 cm™', corresponding to the flex-
ural vibration of the CO-NH group [45], which probably origi-
nates from the amide bond formation between free-amine groups
of CS (1,624 cm™") and the carboxyl of FA (1,700 cm™"). After the
formation of FA-CS/Fe;0,/GO, all the sharp peaks of Fe;O,, GO,
FA, and CS appeared with some slight changes in position and
intensity, suggesting the successful preparation of Fe,O,/GO and
the efficacious attachment of FA-CS into Fe;O,/GO.
1-3. X-ray Diffraction Analysis

XRD patterns of GO, Fe;O,/GO, CS, FA-CS, and FA-CS/Fe;O0,/
GO in the 260=2"-80" are represented in Fig. 4(b). In the XRD pat-
tern of GO, a sharp principal diffraction peak at the 26 value of
12° (002) is related to GO nanosheets [46,47]. In the XRD pattern
of the Fe;O,/GO, the characteristic peaks, that appeared in the

20=30", 35°, 43°, 57°, and 63°, correspond to (332), (400), (311),
(220), and (440) planes of Fe;O, (JCPDS -153382) [48]. A broad
reflection peak at 26=19° supports the amorphous nature of CS
polymer [49,50]. For FA-CS, two apparent peaks observed at 20
values of 11.08” and 19.0° are typical in FA and CS XRD patterns.
All the characteristic peaks of these materials emerged in FA-CS/
Fe;0,/GO, reflecting the successful preparation of the nanocom-
posite.
1-4. Thermogravimetric Analysis

To investigate the thermal behavior of GO, Fe;O,/GO, and FA-
CS/Fe;0,/GO, TGA was carried out with a heating rate of 10°C
min~' in an N, atmosphere. The obtained curves are shown in
Fig. 4(c). For all materials, the mass loss below 150 °C is associ-
ated with the vaporization of adsorbed moisture and solvents. The

Korean J. Chem. Eng.(Vol. 39, No. 7)
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Table 1. BET Surface Area (Szy), average pore size, and total pore volume of prepared materials

Adsorbents Sger (m’/ g)

Average pore diameter (nm)

Pore volume (cm’/g)

GO 3.54
FA-CS/Fe;0,/GO 68.97

19.31 0.017
14.78 0.25

TGA curve of GO exhibits two mass losses: the first at around
200 °C, which was due to the loss of oxygen-containing groups, ie.,
hydroxyl, epoxy; and carboxylic groups, and the other above 411 °C,
attributed to the decomposition of the carbon frame. Fe;0,/GO is
thermally stable. The small mass loss above 250 °C corresponds to
the degradation of oxygen-containing groups from GO. The total
mass loss of GO, Fe;0,/GO, and FA-CS/Fe;O,/GO was about 57%,
10%, and 25%, respectively, in the whole temperature range stud-
ied. Therefore, the addition of the CS polymer, FA ligand, and Fe;O,
nanoparticles improved the thermal stability of GO [51], and it can
be concluded that the FA-CS/Fe;0,/GO agent was thermally sta-
ble for drug delivery at the physiological temperature of the human
body.
1-5. The Magnetic Property Analysis

The magnetic properties of Fe;O,/GO and FA-CS/Fe;O,/GO
were considered in the field sweeping from —1,500 to 1,500 Oe at
room temperature by using a VSM. The M-H hysteresis curves are
shown in Fig. 4(d), where the specific saturation magnetization (M)
was about 55.08 emu g and 34.11 for Fe;O,/GO and FA-CS/Fe;O,/
GO, respectively. The lower M value in FA-CS/Fe;O,/GO may be
associated with the non-magnetic contribution of two compounds,
ie, CS and FA layer, coating magnetic GO. Based on the VSM
results, drug-loaded FA-CS/Fe;0,/GO may be used as a magnetic
responsive carrier for accumulating the drug in tumor sites with
an extracorporeal magnetic field.
1-6. BET Surface Area Analysis

The porous structure of GO and FA-CS/Fe;O,/GO was approved
by N, adsorption/desorption analysis at 77 K, and the obtained data
are indicated in Fig. 4(e) and Table 1. According to the ITUPAC
classification, GO and FA-CS/Fe;O,/GO showed a type IV hyster-
esis loop. The BET surface area, total pore volume, and pore size
diameter were 3.54, 68.96 m’ g and 0.017,0.25cm’ g ' and 19.31,
14.78 nm for GO and FA-CS/Fe;O,/GO, respectively. The reason-
able specific surface area and porous structure of FA-CS/Fe;O,/
GO favor the adsorption of GEM.
2. Adsorption Investigation
2-1. Effect of pH Solution

The effect of pH on GEM adsorption by FA-CS/Fe;0,/GO is
presented in Fig. 5(a). For this purpose, a varied range of pH (2.5-8)
was set. As shown in Fig. 5(a), the adsorption capacity decreased
significantly with an increase in pH above 5. The maximum ad-
sorption capacity occurred at pH 4.0 with a capacity of 46 mg g".
The value of optimum pH corresponds to data from an earlier
study which was performed by Hamarat Sanlier et al. [52]. The
isoelectric point of GEM was reported to be 3.6 and, therefore, it
has a slight negative charge at pH 4.0 [52].

Since the point of zero charge (PZC) of an adsorbent, where
negative charge equals positive charge, is an important factor to
realize the mechanism involved in the adsorption process, it was
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Fig. 5. (a) The effect of solution pH value on the adsorption capacity
of FA-CS/Fe;0,/GO (Experimental conditions: adsorbent dos-
age=0.5g L', C,=20 mg L', temperature=298 K, and time=
2h); (b) The effects of contact time and adsorbent dosage on
the adsorption capacity of FA-CS/Fe;0,/GO (Experimental
conditions: pH=4, V=20 mL, C;=20 mg LY, and temperature=
298 K); (c) The effects of GEM initial concentration and tem-
perature on the adsorption capacity of FA-CS/Fe,0,/GO (Ex-
perimental conditions: pH=4, adsorbent dosage=0.5g L
and time=2h).

measured at room temperature by adding 0.05 g of FA-CS/Fe,O,/
GO into 20mL of 0.01 M NaCl solutions. The initial pH was
adjusted using HCI or NaOH, following constant magnetic stir-
ring at 120 rpm for 24 h. After the adsorbent material was removed,
the final pH values of the solutions were measured. The intersec-
tion of the final pH versus initial pH plot was considered to be the
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Table 2. The fitting isothermal parameters for the adsorption of GEM onto FA-CS/Fe,0,/GO (at 298-333 K) and Fe;0,/GO (at 298 K)

FA-CS/Fe,0,/GO Fe,0,/GO
Isotherm models Parameters Temperature (K)
298 303 313 333 298

Langmuir Qoax (Mg g ) 221.1699 136.5650 46.0911 7.7526 33.9937
K, (Lmg™") 0.0011 0.0014 0.0025 0.0069 0.0021
1§ 0.9998 0.9998 0.9996 0.9993 0.9992

P11

Freundlich K: (mg "L'g") 0.3146 0.2553 0.1827 0.1142 0.1102
n 1.0780 1.0950 1.1678 1.3861 1.1541
R’ 0.9999 1.0000 0.9999 0.9996 0.9998

Temkin Ar(Lmg") 0.2852 0.2797 0.2832 0.3107 0.2789
b (Jgmol ' mg") 454.741 593.643 1080.43 3360.980 1608.770
R’ 0.9313 0.9336 0.9424 0.9641 0.9404

Dubinin-Radushkevich qs (mgm™) 25.3411 19.6163 10.8701 3.2702 7.0903
B (mol’ J%)x10~* 2.7422 2.7177 2.4206 1.0984 2.9652
E (kJ mol ') 0.0427 0.0429 0.0454 0.0675 0.0411
1§ 0.9724 0.9733 0.9706 0.9671 0.9683

PHpzc. The pHyy for FA-CS/Fe;O,/GO was found to be nearly 4.
Hence, at pH 4.0 the surface of the FA-CS/Fe;0,/GO was neutral
and consequently GEM could not interact with the surface of the
adsorbent due to their counter charges. Thus, it can be referred that
GEM adsorption did not happen through electrostatic interaction.
Alternately, hydrogen bonds and 77 interactions are regarded as
dominant forces involved in drug uptake [47]. Similar results were
reported for the 5-fluorouracil uptake by CS-functionalized GO
[47] and methylene blue adsorption onto poly(acrylic acid) func-
tionalized magnetic GO [53]. At higher pH (>4), GEM starts to
become negatively charged by giving its protons to the solvent,
and FA-CS/Fe;O,/GO loses its positive charge. As a consequence,
it is expected that the adsorption process weakens and q values
decline.
2-2. Effect of the Contact Time and Adsorbent Dosage

The effects of contact time and FA-CS/Fe;O,/GO dosage on
GEM adsorption are indicated in Fig. 5(b). For these tests, the
amounts of FA-CS/Fe;O,/GO and contact time in a range of 5-20
mg and 2-75 min were studied, respectively. The adsorption capac-
ity of the adsorbent for GEM increased very fast within 30 min,
slightly after 30 min and the adsorption capacity of GEM was almost
constant [54]. The adsorption capacity for GEM at 75min was
estimated to be 3.62, 4.73, and 7.80 mg g ' using 5, 10, and 20 mg
of FA-CS/Fe;0,/Go at pH 4 and room temperature, respectively.
Thus, decreased FA-CS/Fe;O,/GO dosage resulted in increased
adsorption capacity of GEM [55].
2-3. Effect of the Initial Drug Concentration and Temperature

The concentration of FA-CS/Fe;0,/GO and temperature could
directly affect the adsorption capacity of GEM. Different initial con-
centrations of GEM (2-120 mg L") were estimated for adsorption
of drug from aqueous solution at 298-333 K. As presented in Fig.
5(c), the adsorption capacity reached the maximum value when
the concentration of GEM was 120 mg L™ at 298 K. As the initial
concentration of GEM was increased, the adsorption capacity of

GEM increased because of the higher number of GEM molecules
in the solution [56]. Moreover, the data showed that a tempera-
ture of 298 K was sufficient to fulfill the adsorption process.

3. Adsorption Isotherms and Kinetics

The adsorption isotherm of FA-CS/Fe;0,/GO for GEM was
studied at four different temperatures. The results were evaluated
by the non-linear Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich equations, respectively. The isotherm parameters of
the adsorption isotherm were calculated and listed in Table 2. As
observed from this table, the adsorption capacity, q,., of GEM
onto FA-CS/Fe;0,/GO are 221.17, 136.56, 46.09, and 7.75mg g '
at 298, 303, 313, and 333 K, respectively. By increasing the tempera-
ture, adsorption capacity values were decreased, which implied
that GEM adsorption has an exothermic nature. The g,,,,, value of
GEM was 221.17mg g for FA-CS/Fe;0,/GO, which is much greater
than the 33.99mg g ' obtained using unmodified Fe;0,/GO at
298 K. The increment in the amount of g, caused by the graft-
ing of magnetic GO with FA-CS.

The regression coefficients (R’) for the Freundlich isotherm mod-
els are higher than 0.999 (Table 2), signifying that the Freundlich
model is more proper to describe the adsorption behavior than other
models. Thus, it can be concluded that the multilayer adsorption
process of GEM takes place at binding sites on the heterogeneous
surface of both adsorbents with variable energy levels. Moreover,
the magnitude of the Freundlich exponent (n) at all temperatures
was greater than 1, implying that the interaction force between
GEM and adsorbents was favorable and strong [57].

To investigate the adsorption rate, for commonly used non-lin-
ear kinetic models, the PSO, the PFO, Elovich, and FP, were used
to analyze the modeling of the experimental data [58]. The kinetic
models at three adsorbent dosages (ie., 5, 10, and 20 mg) and the
calculated kinetic parameters were tabulated in Table 3. As can be
seen in Table 3, by increasing the adsorbent dosage, the q, ,; value
for the PSO kinetic models was decreased. Also, the R* value of
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Table 3. The fitting kinetic parameters for the adsorption of GEM onto different dosages of FA-CS/Fe;0,/GO

Adsorbent dosage (mg)
Kinetics models Parameters
5 10 20
Pseudo-1st-order k, (min") 0.2391 0.2633 0.2257
Qe (Mg g 7.4569 4.5146 3.5075
R’ 0.9981 0.9980 0.9984
Pseudo-2nd-order k, (g mg 'min"") 0.0537 0.0979 0.1003
Qo (Mg g 7.9459 48314 3.7894
R’ 0.9999 0.9998 0.9999
Simplified Elovich a(mg g 'min") 156.175 97.0934 27.038
B(gmg™) 1.2015 1.9430 2.1860
R? 0.9996 0.9998 0.9994
Fractional Power a (mg g 'min") 47619 2.9230 2.1064
b 0.1194 0.1222 0.1410
R? 0.9994 0.9997 0.9991
Qoo (MG g ") 7.7987 47319 3.5962

the PSO model was somewhat higher than that of other kinetic
models. Therefore, the PSO kinetics model is more appropriate to
describe the adsorption behavior of GEM onto FA-CS/Fe;O,/GO.
The adsorption rate constant in the PSO model, k,, increased with
the increasing adsorbent dosage (Table 3).
4. Release Kinetics

Designing drug delivery systems with pH-responsiveness fea-
tures provides an efficient manner to control drug release behav-
ior through pH variations in order to maximize treatment efficiency
on cancer cells while minimizing side effects on normal cells. Be-
cause cancer cells cause the pH environment to decrease to more
acidic values compared to healthy cells, release studies were per-
formed in the simulated cancer fluid (SCE pH 5.6) and simulated
blood fluid (SBE pH 7.4) for the prepared carriers as a GEM deliv-
ery system [59]. Fig. 6 displays the in-vitro release profile of GEM
from the drug-loaded Fe,0,/GO and FA-CS/Fe;O,/GO during a
period of 48 h at 37 °C. During the first 60 min, 11.31% and 13.06%
of GEM loaded Fe;O,/GO were released at pH 5.6 and 7.4, respec-
tively. While for FA-CS/Fe;O,/GO, the amount of GEM released
was 18.65% and 12.39% after 60 min in the medium with pH 5.6
and 7.4, respectively. The amount of the released GEM from Fe;O,/
GO was 33.98% and 39.23% after 48 h at pH 5.6 and 7.4, respec-
tively. After the grafting of Fe,0,/GO with FA-CS, GEM release
reached 83.4% and 58.11% within 48h in the medium with pH
5.6 and 7.4, respectively. As can be seen in Fig. 6, the drug release
from both carriers, particularly for FA-CS/Fe;O,/GO, at the slightly
acidic pH is higher compared to pH 7.4. GEM release increased at
pH 5.6 due to a weakening of the 77 stacking interaction between
the GEM drug and carriers. According to the obtained drug release
results, GEM shows superior releasing power from the FA-CS/Fe,O,/
GO nanocomposite as compared to the non-functionalized Fe,O,/
GO in terms of availability in the SCF medium for the extended
time periods (48 h).

To further achieve the mathematical information of release rate
of GEM from FA-CS/Fe;O,/GO and Fe,;0,/GO, first-order, Higu-
chi, Korsmeyer-Peppas and Peppas-Sahlin kinetic models were

July, 2022
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~@— GEM loaded FA-CS@Fe304/GO at pH=5.6
=@ - GEM loaded Fe304/GO at pH=5.6
~@— GEM loaded FA-CS@Fe304/GO at pH=7.4
=@~ - GEM loaded Fe304/GO at pH=7.4

Fig. 6. Release plots of GEM from FA-CS/Fe;0,/GO and Fe,0,/GO
in 0.9 g L' PBS of two pH values (5.6 and 7.4) at 37 °C.

used [37,60]. The non-linear plots obtained from the models were
depicted in Fig. 7 as a cumulative drug release percentage at time ¢
vs. The values of the parameters of each analytical equation are listed
in Table 4. According to the R’ values, the Korsmeyer-Peppas model
seemed to be a more suitable kinetic model for both Fe,;O,/GO
and FA-CS/Fe;0,/GO, respectively. If n=0.5 or n<0.5, drug diffu-
sion is Fickian, for 0.5<n<1, drug diffusion is non-Fickian, for
n=1, drug diffusion is non-Fickian (case II transport), for n>1,
attributed to super case II transport [38]. The n values show that the
GEM release mechanisms for both of the carriers is non-Fickian
diffusion (Table 4).

CONCLUSIONS

A pH- and magnetic field-responsive system was prepared by
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Table 4. The fitting kinetic parameters for the cumulative release of GEM from FA-CS/Fe;0,/GO and Fe,0,/GO in PBS at 37 °C
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FA-CS/Fe;0,/GO Fe,0,/GO
Kinetics models Parameters pH value
5.6 74 5.6 74
First-order k; (min™") 0.2258 0.1779 0.4267 0.4071
Q@ (mggh) 90.5974 65.5377 39.5886 36.3092
R’ 0.9999 0.9984 0.9971 0.9973
Higuchi ky (min™"?) 26.1171 16.285 15.6772 14.1088
R’ 0.9918 0.9907 0.9984 0.9979
Korsmeyer-Peppas Kip (min™) 20.2145 12.091 15.7020 13.8330
n 0.6889 0.7181 0.4988 0.5148
R’ 0.9992 0.9998 0.9984 0.9979
Peppas-Sahlin K, (min™") 20.0662 9.5507 16.7811 14.6694
K, (min™") -1.318 2.8306 -1.5002 —1.4063
n 0.8975 0.5348 0.6336 0.6920
R’ 0.9999 0.9999 0.9986 0.9983
75.0 T T T
a . .
@) pH=5.6 -
3 50.01 b
s
=
25.0r b
0'8.0 1 l5 3i0 415 6:0 0'8.0 1 I5 3i0 415 6:0
Time (h) Time (h)
(©) d)

L 1

4.5 6.0

1
3.0
Time (h)

4.5 6.0

3.0
Time (h)

Higuchi,
Peppas-Sahlin

Fig. 7. Non-linear fitting plots of kinetic models for the cumulative release of GEM from FA-CS/Fe;0,/GO (a), (b) and Fe;0,/GO (c), (d) in
PBS of pH 5.6 and 7.4 at 37 °C. The black circles show experimental data.

grafting FA-CS on the Fe;O,/GO for potential application in drug
delivery. The FA-CS/Fe;0,/GO nanocomposite demonstrated high
surface area, porous structure, and superparamagnetic behavior
with the saturation M, value of 34.11 emu g". In the adsorption stud-
ies, the optimum pH value was determined as pH of 4, the adsor-
bent dosage of 0.5g L', contact time of 45 min, and temperature
of 298 K. The adsorption kinetics followed the PSO model, and
the equilibrium data were well fitted by the Freundlich isotherm.
For FA-CS/Fe,O,/GO, the total amount of GEM released was about
83.4% under SCF conditions, whereas only 58.11% of GEM was

released at SBF conditions within 48 h. The obtained higher avail-
ability of the GEM at pH 5.6 than pH 74 is valuable in chemo-
therapy and suggests that the GEM-loaded FA-CS/Fe;O,/GO may
be a promising candidate in cancer treatment.

SUPPORTING INFORMATION
Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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S1. Characterization Techniques

The FTIR (Bruker Instruments, Aquinox 55, Germany) was done
in the range 4,000-400 cm " using KBr pellets. The morphology and
average size of the nanoparticles were monitored with an FESEM
(MIRA 3 TESCAN, Czech, 15kV) and TEM (Zeiss model EM 10C,
Germany). Crystallographic structure of nanoparticles was exam-
ined with XRD (STOE, Germany) at room temperature by using
Cu/Ko radiation. TGA analysis (TA 1000, Shropshire, UK) was

H,N

Folic acid (FA)
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Fig. S1. Schematic illustration of the FA-CS preparation.
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carried out for thermal degradation nanoparticles. The magnetic
properties were characterized using VSM (MDK model LBKFB,
Meghnatise Kavir, Iran). The specific surface area and pore vol-
ume of the samples were assessed using BET analyzer (BELSORP
MINI 11, BEL, Japan). GEM concentration was measured using a
UV-Vis spectrophotometer (UV-2100, Japan) at a wavelength of
269 nm.
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