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Abstract: In this study, 5-fluorouracil (5-FU)-loaded pollens of Phoenix dactylifera and their coating
with ERS was done and evaluated for the colon-targeted delivery of 5-FU to treat colon cancer.
Sporopollenin exine microcapsules (SEMC) from the pollens of Phoenix dactylifera were extracted by
the reflux method and 5-FU into SEMC was encapsulated by the vacuum-assisted loading method.
5-FU loaded SEMC was coated with Eudragit® RS-100 (ERS) by the organic solvent-evaporation tech-
nique under vacuum to avoid the discharge of 5-FU in the stomach and small intestine. Morphological
and physicochemical characterization of drug-loaded SEMC (coated/uncoated) was performed by
scanning electron microscopy (SEM), FTIR, XRD, and DSC. The encapsulation and drug loading
were determined by the direct method, and an in vitro release study was performed in simulated
gastric and intestinal fluids (SGF/SIF). The colon-specific delivery of 5-FU from the SEMC was
assessed in terms of pharmacokinetics and gastrointestinal tract distribution after oral administration
in rats. The successful encapsulation and loading of 5-FU into SEMC by a vacuum-assisted loading
technique and its coating with ERS by a solvent-evaporation technique were achieved. SEM images
of uncoated SEMC have shown porous structures, and coating with ERS reserved their morphology
with a smooth surface and discrete microstructures and the 5% w/v ERS acetone solution. ERS-coated
SEMC sustained the release of 5-FU until 24 h in SIF, while it was up to 12 h only from uncoated
SEMC. The maximum plasma concentration (Cmax) of 5-FU from uncoated SEMC was 102.82 µg/mL
after 1 h, indicating a rapid release of 5-FU in the upper gastrointestinal tract. This concentration
decreased quickly with a half-life of 4 h, AUC0-t was 264.1 µg/mL.h, and MRT0-inf was 5.2 h. The
Cmax of 5-FU from ERS-coated SEMC was 19.47 µg/mL at 16 h. The Cmax of 5-FU in small intestines
was 406.2 µg/g at 1 h from uncoated SEMC and 1271.5 µg/g at 12 h from coated SEMC. Conclusively,
a 249.9-fold higher relative bioavailability of 5-FU was achieved with the ERS-coated SEMC in colon
tissues than that from uncoated SEMC.
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1. Introduction

5-Fluorouracil (5-FU) is commonly used for chemotherapy to treat various solid tu-
mors of colorectal, breast, stomach, intestine, and colon metastatic carcinomas [1–4]. 5-FU
infusions are the common mode of treatment; however, infusions are often troublesome,
expensive, and repetitive, and high doses are required due to the short half-life of 5-FU
(15 to 20 min) [5]. Furthermore, 5-FU is absorbed via blood capillaries in systemic circu-
lation, leading to a reduction in drug level at the tumor site, loss of anticancer efficacy,
and systemic toxicity in the clinic due to multidrug resistance The development of con-
trolled oral delivery of 5-FU formulations would be vastly advantageous; several overtures
to develop controlled release oral formulations of 5-FU have been described for colon
targeting [6–8]. The multiparticulate drug delivery system (MDDS) is widely used due
to the dose distribution to small subunits, and release of the drug can be customized to
therapeutic requirements [9,10]. Controlled-release MDDS for 5-FU has been reported
by encapsulating the 5-FU into various polymeric microspheres, but these are highly ex-
pensive [7,11]. Plants spores (phoenix dactylifera) and pollen grains as MDDS have been
used due to high structural uniformity, porosity, adsorptive surface, and micro-scale size
distribution [12,13]. Phoenix dactylifera spores are economical and can be easily processed
on an industrial scale. The combination therapy is extensively used for the management of
cancer to circumvent the poor response of chemotherapy and multidrug resistance [14].
Several reports established that co-encapsulation enhances the efficacy of chemotherapy
and reduced the multidrug resistance of chemotherapy using MDDS [15–18]. Sporopol-
lenin consists of natural microcapsules obtained from pollen grains of plants and is a
highly stable natural biocompatible biopolymer that has an edge over synthetic natural
polymers. Sporopollenin exine microcapsules (SEMC) have a large internal cavity con-
sisting of interlinked pores of uniform size. Such uniformity is tough and costly to attain
by man-made material, and the microcapsules are capable of encapsulating a wide range
of polar and non-polar drugs [19–21]. The size, structure, surface properties, and porous
morphology make them suitable for controlled drug release, loading, and delivery vehi-
cle [12,22]. The combination of sinapic acid (SA) and 5-FU exhibit a synergetic anticancer
effect with minimal side effects [23]. Piperine is a chemopreventive agent that inhibits
P-glycoprotein and/or CYP3A4; therefore, it increases the bioavailability of drugs that
are the substrate for PGP/CYP3A as well as increasing the sensitivity of cancer cells at
the site of tumors [24]. The inhibitory effect on PGP/CYP3A can enhance the sensitiv-
ity, reverse multidrug resistance, and act as a bioavailability-increasing agent for several
chemotherapeutic agents [24,25]. Herein, we report the encapsulation of 5-FU into SEMC
obtained from Phoenix dactylifera by the vacuum-loading technique and their coating with
Eudragit®-RS100 (E-RS) for the colon-targeted delivery of 5-FU. A colon-specific delivery
system has great potential to deliver many therapeutic agents, proteins, and peptides to
treat the local colonic ailments because of the less aggressive environmental condition of
the colon to deliver the drugs [26]. The less aggressive environmental condition of the colon
exerts less multiplicity and intensity of enzymatic actions at the near-neutral pH of the
colon [26–29]. Eudragit-RS100 (E-RS) is a copolymer of ethyl acrylate, methylmethacrylate,
and methacrylic acid esterified with quaternary ammonium groups [30]. It is used as a
coating material for a pH-dependent colon-targeted oral drug delivery system [31]. Due
to their unique physicochemical characteristics and diverse usage, Eudragits have been
employed to develop enteric-coated, sustained-release, and colon-specific drug delivery
carriers [32]. Moreover, ERS is less hydrophilic than E-RL; hence, the slow release of most
of the drugs is expected when E-RS is used for coating purposes [26]. Thus, we have chosen
ERS as a coating material for 5-FU-loaded SEMC to achieve prolonged release of 5-FU in
the colonic environment.
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2. Materials and Methods
2.1. Materials

Phoenix dactylifera L. (date palm) pollens were procured from indigenous farms in
March from Riyadh, Saudi Arabia. Eudragit® RS-100 (C19H34ClNO6), mol wt. 32,000 g/mol
was a kind gift of Evonik Corporation (Former Evonik Degussa GmbH). 5-Fluoro-2,4
(1H, 3H)-pyrimidinedione (C4H3FN2O2), ammonium hydroxide solution (NH4OH), and
ethanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate buffer (pH
6.8) was prepared as per the European Pharmacopoeia. Water was obtained by Milli-Q®

water purifier (Millipore, Paris, France). All other used chemicals were of analytical grade,
and the solvents were of HPLC grade.

2.2. Methods
2.2.1. Pollen Collection

The obtained Phoenix dactylifera (date palm) pollens were passed through a sieve using
10–50 µm, and the identification of the pollens was confirmed by light microscopy. Pollen
grains were stored at −20 ◦C in sealed glass bottles. Phoenix dactylifera pollen is monocolpate,
symmetric, oval-elliptic, and oblong; mean values of the polar axis and equatorial diameter of
the pollen grains were measured as 15–26 µm and 22–25 µm, respectively.

2.2.2. Extraction of Sporopollenin Exine Microcapsules (SEMC)

The extraction of sporopollenin exine microcapsules was performed by a reported
method [33]. Briefly, 50 g of Phoenix dactylifera (date palm) pollens were treated with
150 mL of acetone under reflux for 6 h. The defatted spore powder (DFS) was obtained
after filtrations [33,34]. DFS was treated with 10% acetic acid and then with 10% sodium
hydroxide followed by washing in hot water to get hydrolyzed sporopollenin powder
(HSP) [35]. The HSP was treated with 15% potassium hydroxide and refluxed for 10 h.
Then, we filtered the solution followed by washing with hot water and ethanol several
times to get base hydrolyzed sporopollenin (BHS). The dried BHS was treated with 100 mL
of orthophosphoric acid and refluxed with stirring for 72 h. The resulting mixer was filtered
and washed several times with water, acetone, and ethanol and filtered dried at 60 ◦C to
get SEMC [12].

2.2.3. Encapsulation of 5-FU into SEMC

The encapsulation of 5-FU into SEMC was performed by a vacuum-assisted loading
technique [22]. Accurately weighed amounts (50, 100, and 150 mg) of 5-FU were dissolved in
2 mL of 1:1 (v/v) mixture of 1N NH4OH: ethanol. Around 200 mg of SEMC was suspended
into the 5-FU solution. The obtained suspension was vortexed for 5 min. Then, the suspension
was placed in a freeze dryer (FreeZone 4.5 Freeze Dry System, Labconco Corporation, Kansas
City, MO, USA) at −20 ◦C temperature and 1 mBar vacuum. After 3 h, freeze drying was
stopped and 5-FU-loaded SEMC was washed thrice with Milli-Q water (5 mL in each cycle) by
centrifugation (at 15,000 rpm for 15 min at 4 ◦C by using ultracentrifuge (PRISM-R, Labnet
International Inc. Edison, NJ, USA) to remove the unbounded or surface-bonded 5-FU. The
SEMC was kept at −80 ◦C for 3 h and lyophilized for 24 h (coded as 5-FU-SEMC). The drug-
containing SEMC was further coated with ERS, and so the obtained spores (SEMC) were stored
at the dry place in Falcon tubes for further characterization.

2.2.4. Formulation of Eudragit® RS-100 (E-RS) Coated SEMC

The optimized drug-loaded spores were coated by 2.5%, 5%, and 10%, w/v organic
solution of E-RS. The coating solution was prepared by dissolving ERS in 5 mL of ace-
tone [22]. For the coating process, 100 mg of drug-loaded SEMC were added to the 5 mL of
ERS solution. The dried SEMC was obtained by evaporating the acetone under vacuum
at 40 ◦C for 2 h using a rotary evaporator (Buchi™ Rotavapor® 210, Switzerland). Then,
the obtained dried SEMC were gently powdered using a mortar and pestle and stored in
Falcon tubes at the dry place for further studies.
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2.2.5. Morphological Characterization of SEMC and Size Analysis

The morphological characterization of ERS-coated (F2-ERS) and uncoated (F2) drug-
loaded SEMC was performed by scanning electron microscopy (SEM) (Zeiss EVO LS10;
Cambridge, UK) using the gold sputter technique. The products were coated with gold in
the “Q150R Sputter unit” from Quorum Technologies Ltd. (East Sussex, UK) in an argon
atmosphere at 20 mA current for 2 min. Scanning electron microscopy was performed at
an accelerating voltage of 15 kV, 6.5–7 mm working distance, and at varying 5000, 10,000,
and 15,000 times of magnification. Binning analysis was performed to investigate the
average size of the SEMC using the software ImageJ (V-1.53a, National Institutes of Health,
Bethesda, MD, USA). The size distributions of the SEMC were investigated by utilizing
the size data obtained during the binning analysis (by ImageJ) through the “ORIGIN® 8.5
Data Analysis and Graphing Software” (OriginLab Corporation, Northampton, MA, USA).

2.2.6. Porosity Determination of SEMC

The specific surface volumes, porosity, and pore size distribution of the ERS-coated
SEMC-FU (F2-ERS) and uncoated SEMC-FU (F2) and SEMC alone were determined by
nitrogen (N2) adsorption–desorption isotherms measurements following the reported
method [13]. The measurements were performed on a TriStar-3000 Instrument (Micromet-
rics Inc., Norcross, GA, USA).

2.2.7. FTIR Spectra

The FTIR spectra of pure drug 5 FU, Eudragit RS-100, macroporous SEMC, drug-loaded
uncoated SEMC-FU (F2), and the ERS-coated SEMC-FU (F2-ERS) were recorded in the range
of 4000–450 cm−1 by a Bruker Tensor-27 spectrophotometer (USA) using KBr pellets.

2.2.8. Powder X-ray Diffraction

The powder X-ray diffractions of the samples were carried out by Ultima-IV Goniome-
ter (Rigaku, Inc., Tokyo, Japan) over the 2θ (deg) range from 3.0 to 70.0 deg at 1.0 deg/min
of scan speed to examine the crystalline nature of the samples (5-FU-loaded SEMC, 5-FU-
loaded and ERS-coated SEMC in comparison to the pure 5-FU). The X-ray tube (anode
material) was Cu with Ka2 elimination, where the Ka2/Ka1 intensity ratio was 0.10 nm,
and it was monochromatized with the graphite crystal. The diffractograms were obtained
at 40 kV of tube voltage and 40 mA of the generator with the given specifications (DivSlit:
1/2 deg, DivH.L. Slit: 10 mm SctSlit: 1/2 deg and RecSlit: 0.3 mm) where the step scan
mode of step size 0.02◦ and counting time was 1 sec per step.

2.2.9. Differential Scanning Calorimetry

Thermal analysis of pure drug 5-FU, Eudragit RS-100, macroporous SEMC, drug-
loaded uncoated SEMC-FU (F2), and the ERS-coated SEMC-FU (F2-ERS) were conducted
using a differential scanning calorimeter (Netzsch, DSC 200F3, Selb, Germany). The sample
cells were purged by nitrogen at a flow rate of 50 mL/min. An aliquot of approximately
5 mg was weighed and sealed in an aluminum pan, and an empty pan was used as a
reference. The thermal behaviors of all samples were scanned from −10 to 240 ◦C at a
heating rate of 10 K/min.

2.3. Chromatographic Analysis of 5-FU

The HPLC-UV method was used for the routine analysis of 5-FU. Previously re-
ported HPLC-UV methods [36–38] were used to analyze 5-FU in the samples obtained
from encapsulation, drug loading, and in vitro drug release experiments. The HPLC sys-
tem (Waters-1500 series controller, USA), comprised of a UV-detector (Waters-2489, dual
absorbance detector), binary pump (Waters-1525), and an automated sampling system
(Waters-2707 plus autosampler) was used for the assay of 5-FU. The HPLC system was
controlled and monitored by “Breeze-software”. 5-FU was analyzed by injecting 30 µL
of the supernatant into the column (MACHERY-NAGEL, EC150/4.6 NUCLEODUR C18,
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Gravity, 5 µm) maintained at 30 ◦C (38). The mobile phase (40 mM KH2PO4 buffer, pH was
adjusted to 7 by 2%, w/v KOH) was pumped with a flow rate of 1 mL·min−1. The volume
of injection was 30 µL, the run-time was 10 min, and UV detection of 5-FU was done at
260 nm [39].

The standard stock solution of 5-FU (1000 µg·mL−1) was prepared in methanol; from
this solution, 0.25–100 µg·mL−1 concentration ranges were prepared by serial dilutions
with the mobile phase. The calibration curve was obtained by plotting the known con-
centrations of 5-FU (µg·mL−1) versus the corresponding peak area. The calibration curve
was linear in the mentioned concentration range with the 0.9999 value of coefficient of
determinations (R2). The obtained regressed equation was successfully employed for
the quantitative analysis of 5-FU during encapsulation, drug loading, and in vitro drug
release experiments. The same HPLC-UV method was used to analyze 5-FU in plasma
samples and tissue homogenates with slight modification [40]. The standard stock solution
of 5-FU (1000 µg·mL−1) was prepared in methanol. The stock solution of thymine as
internal standard (IS) was prepared in methanol at 1000 µg·mL−1 concentration [41]. The
calibration curve was prepared by spiking 5-FU solution into 400 µL of rat plasma to get
0.25–100 µg·mL−1 concentration ranges; then, 50 µL of IS (50 µg) was added to each sample.
Acetonitrile (250 µL) was added to the spiked samples for protein precipitation. Then, a
2 mL mixture of isopropanol and diethyl ether (16: 84, v/v) was added to each sample,
vortexed for 30 s, and centrifuged at 5000 rpm for 5 min. The organic layer was dried under
a nitrogen stream, the obtained residue was dissolved in 1000 µL of mobile phase, and
30 µL of this sample was injected into the HPLC system for the analysis [42]. The peaks
of 5-FU and IS appeared separately at the retention times of 4.25 and 6.35 min, respectively.
Similarly, tissue homogenates 400 µL (0.1 g tissue/mL) were transferred to 1.5 mL Eppendorf
tubes. The samples were spiked with 50 µL of IS (50 µg) and mixed by vortexing. Afterward,
the rest of the process was followed as mentioned for plasma samples.

2.4. Encapsulation Efficiency (%EE) and Drug Loading (%DL)

The encapsulation of 5-FU into SEMC was determined by the direct method. For
this, 10 mg of 5-FU-loaded SEMC were suspended in 10 mL of phosphate-buffered saline
(PBS, pH 7.4) and vortexed for 5 min; then, the mixture was pulse sonicated by probe
sonication (Sonics & Materials, Inc. Newtown, CT, USA) at 40% power for 45 sec on ice
bath (3 cycles 15 s each). The suspension was centrifuged (at 6000 rpm for 5 min), the
supernatant was collected, and the concentration of 5-FU was measured by the HPLC-UV
method as described above. The encapsulation efficiency (%EE) and drug loading (%DL)
were calculated by the following equations:

%EE =

(
Amount o f drug loaded/determined (mg)

Initial amount o f drug (mg)

)
× 100 (1)

%DL =

(
Amount o f drug loaded/determined (mg)
Total amount o f drug loaded SEMC (mg)

)
× 100 (2)

2.5. In Vitro Drug Release Study

In vitro release of 5-FU was performed in aqueous HCl solution as simulated gastric
fluid (SGF, pH 1.2) for 2 h followed by phosphate buffer solution (PBS, pH 6.8) to simulate
the conditions of gastrointestinal tract up to 36 h. Accurately weighed 10 mg of drug-loaded
SEMC (both the uncoated and E-RS coated) were added in release media (50 mL) in 100 mL
capacity beakers and allowed to be shaken (at 50 rpm) in a shaking water bath maintained
at 37 ± 0.5 ◦C. At different time intervals, 1 mL of aliquots was taken out from the beakers,
and the same volume of fresh release media was put into the beakers to maintain the sink
condition. The obtained samples were centrifuged at 5000 rpm for 5 min. The supernatant
was collected, and the drug concentrations were measured by the HPLC-UV method as
described above. Both the coated and uncoated formulations were used in triplicate for
this experiment.
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2.6. Stability of 5-FU-Loaded Uncoated and ERS-Coated SEMC

A short-term stability of 5-FU-loaded SEMC (F2 and F2-ERS) was conducted by
following the methods [43,44]. Approximately 10 mg of 5-FU-loaded freeze-dried SEMC
(F2 and F2-ERS) were packed separately into tightly closed glass containers and stored at
30 ± 1 ◦C for 30 days (as per the climatic zone of Saudi Arabia (IVa)). Time-dependent
changes in the size, %EE, and %DL were determined on the 15th and 30th days to realize
the stability of the optimized F2 and ERS coated F2.

2.7. In Vivo Study
2.7.1. Animals

Male Wister rats (≈12 weeks old) weighing 185–203 g were acquired from the Central
Animal House Facility of King Saud University. The rats were kept in the cages with 12 h
light and dark cycle at 25 ± 2 ºC. The animals were fed on standard rat chow and provided
water ad libitum. The Research Ethics Committee of College of Pharmacy, King Saud
University approved the study (Ethical Reference No: KSU-SE-21–59). All animals used in
the experiments received care in compliance with the NIH Guideline for the Care and Use
of Laboratory Animals.

2.7.2. Pharmacokinetics and Gastrointestinal Distribution Study

The efficiency of 5-FU-loaded SEMC for the colon-specific delivery of the drug was
evaluated for the pharmacokinetic and GI-tract distribution in rats. Animals were fasted
overnight before the experiments, but water was provided ad libitum during the experi-
ments. The animals were divided into two groups (Group I and Group II) each consisting
of 33 animals. The animals of Group I and Group II were given an equivalent amount of
coated SEMC (F2-ERS) and uncoated SEMC (F2), respectively, each containing 8.05 mg
of 5-FU by oral gavage. The administered dose of 5-FU was calculated according to the
following Equation (3), as reported previously [45,46].

Sur f ace area =
Colon area

(
cm2)× Dose

(
500 mg·m−2)× Km rat f or 250 g

Colon length (cm)
(3)

The calculated dose was found to be 8.05 mg. After dosing, three rats from each group
were euthanized at predetermined time points by carbon dioxide (CO2) inhalation. Around
3 mL of blood samples were collected by cardiac puncture into heparinized vacutainers and
centrifuged at 5000 rpm for 10 min; then, plasma was collected and stored at −20 ◦C until
the analysis of 5-FU was performed by UPLC-UV. Directly after euthanization, rats were
placed on ice packs and opened by bilateral thoracotomy. The full GI tract was detached,
and the mesenteric and fatty tissues were separated. The GI tract was segmented into the
stomach, small intestine, caecum, and colon. The contents of the lumen were removed by
gentle pressure with wet scissors, and organs were cut longitudinally and washed with
normal saline to remove the remaining luminal contents. The colon was weighed and cut
into small pieces and homogenized at 4 ◦C with an Ultra-turrex (type T 25) homogenizer
(IKA-Werke, Staufen, Germany). Then, the homogenate was centrifuged at 5000 rpm for
10 min at 4 ◦C. The fatty layer was discarded, and the amount of 5-FU in the supernatant
was quantified by HPLC-UV. The pharmacokinetic data were analyzed by fitting to a
non-compartmental model using PK-Solver, V-1.0 [47].

2.8. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA)
with a Kruskal–Wallis comparisons test for non-parametric data. The p-value < 0.05 was
considered as statistically significant. The encapsulation of 5-FU with natural spores and
in vitro release experiments was performed in triplicate, and all the data were expressed as
mean ± SD, n = 3.
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3. Results and Discussion
3.1. Formulation of 5-FU-Loaded SEMC and Its Coating by ERS

We tried varying amounts of 5-FU (50, 100, and 150 mg) to encapsulate and load into
the SEMC by keeping a constant amount of SEMC (200 mg) in each case (Table 1). To
improve the encapsulation of 5-FU into SEMC, initially, an increased amount of 5-FU was
solubilized in a 1:1 (v/v) mixture of NH4OH: Ethanol. SEMC were suspended into the
hydro-alcoholic solution of 5-FU and subjected to vacuum-assisted (at −20 ◦C and 1 mBar)
drug loading, which causes the entrance of the drug into the internal cavities of the spores
through the nanoscale channels present on the surfaces of SEMC [48]. The use of a higher
amount of drug did not facilitate the highest amount of drug encapsulation and loading;
rather, an optimum amount (100 mg) of 5-FU has shown a sufficient encapsulation and
loading into SEMC, which might be due to the saturation solubility of the drug into the used
aqueous phase [49]. Employing ammonia (NH4OH) could prevent possible complications
that might occur during the use of amines. Since ammonia is a small molecule, it could
provide maximum access to the available functional groups on SEMC. Moreover, ammonia
is highly water soluble and volatile, so any unreacted ammonia would not contaminate
the 5-FU-loaded SEMC, which was also reported in previous studies [12,22,50]. Successful
encapsulation and loading, to prevent the oxidation of proteins [20] and enzymes [33] into
Phoenix dactylifera spores, were obtained by a vacuum-assisted technique. Therefore, the
loading and optimization of 5-FU into SEMC in the present study by a vacuum-assisted
technique offered superior acumen to obtain an improved encapsulation of low aqueous
soluble drug. Of the varying concentrations (2.5%, 5%, and 10%, w/v) of ERS organic
solution, 5% solution was found to be best for the surface coating of 5-FU-loaded SEMC, as
the Scanning Electron Microscope (SEM) image of the coated SEMC has shown a discrete
structure with smooth surfaces.

Table 1. Formulation, encapsulation, and loading of 5-FU into SEMC.

Formulations (Ratio of 5-FU/SEMC)
Amount (mg) %EE

(Mean ± SD)
%DL

(Mean ± SD)
Size (µ)

(Mean ± SD)5-FU SEMC

F1 (1:4) 50 200 47.66 ± 2.34 9.53 ± 0.46 12.42 ± 2.94
F2 (1:2) 100 200 59.81 ± 4.19 19.94 ± 1.41 13.68 ± 3.91
F3 (3:4) 150 200 58.86 ± 4.04 25.23 ± 1.73 17.02 ± 2.94

F2-ERS coated (with 5 mL of 5% ERS) 100 200 56.23 ± 5.48 10.22 ± 0.99 15.47 ± 3.68

5-FU (5-Fluorouracil) and SEMC = Sporopollenin exine microcapsules.

3.2. Structural Morphology and Size Analysis of SEMC

The morphological structure of 5-FU-loaded SEMC before and after ERS coating
was evaluated by SEM. The scanned images are represented in Figure 1. Figure 1a,b
represent the SEM images of the uncoated SEMC and ERS-coated SEMC, respectively,
at low magnifications and large scale (10 µ), while Figure 1c and d are the SEM images
of the uncoated SEMC and ERS-coated SEMC, respectively at higher magnifications and
small scale (1 µ). The surface of SEMC before coating (Figure 1c) clearly shows prominent
reticular and porous structures as previously reported [22,51]. In the case of coating with
ERS, the microstructure of the spores remained unchanged (Figure 1d) and reserved its
morphology [49]. There were no damaging effects or cracking observed even after the
application of external factors such as the application of vacuum at −20 ◦C and evaporation
of organic solvent at 40 ◦C for ERS coating [22].

The surface of the ERS-coated and 5-FU-loaded SEMC was smooth and discrete,
indicating that the microchannels were partially covered due to the polymer coating.
Thus, we conclude that the SEM images substantiate that the method of polymer coating
provided a well-defined surface structure with a uniform size distribution of the spores.
Moreover, the smoothness of the surface of drug-loaded ERS-coated SEMC indicated that
the 5-FU were predominantly encapsulated into the internal cavities of the SEMC [52]. The
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average sizes of the 5-FU-loaded SEMC (F1–F3) are summarized in Table 1. The sizes of
uncoated SEMC (F2) and ERS-coated (F2-ERS) were found in the range of 4.89–20.28 µm
and 8.14–23.71 µm, respectively using ImageJ analysis. The size distribution plots of the
uncoated (F2) and polymer-coated F2 are represented in Figure 2. The size distribution
analysis of the optimized formulations (F2 and F2-ERS) demonstrated a direct relationship
between the polymer concentration and size of the SEMC, which could also be observed
visually in the SEM images (Figure 2).
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3.3. Porosity and Surface Volume Measurement

The adsorption analysis by N2 gas is frequently used for the measurement of porosity
and surface area. Here, we exposed the porous and solid SEMC to N2 at liquid nitrogen
conditions (i.e., 77 K) as probe molecule at different conditions and evaluated the weight
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uptake/the volume of N2 adsorbed by macroporous SEMC, 5-FU-loaded SEMC (F2) and the
ERS-coated SEMC (F2-ERS). Here, the software of the instrument (TriStar-3000) employed
the BET technique/equation to the portion of the isotherm to examine the surface area of
the porous SEMC [53]. The pore size distribution of the macroporous SEMC, 5-FU-loaded
SEMC (F2), and the ERS-coated (F2-ERS) was examined using Langmuir N2 adsorption–
desorption isotherms, as illustrated in Figure 3. Macroporous SEMC, drug-loaded SEMC
(F2), and (F2-ERS) displayed a type-II adsorption–desorption isotherm, corresponding to
the macrospore materials [54]. In the cases of F2 and F2-ERS, the adsorbed amount of
N2 was reduced, but the shape of the hysteresis loop remained similar. The surface pore
volume and average pore diameter of SEMC were 90.72 cm3/g and 27.84 Å, respectively.
After being adsorbed with FU and coated with ERS, these parameters were further reduced
to 71.63 cm3/g and 24.86 Å for F2 and 50.54 cm3/g and 22.09 Å for F2-ERS, respectively.
These results revealed that after polymer coating on the surface of SEMC, the pore shape
did not change significantly because the polymer distributed predominantly on the exterior
surface of SEMC, suggesting that drug-loaded SEMC (F2) and the F2-ERS was the highly
stable macroporous material. A rapid adsorption transition in the P/P0 range of 0.99–1.0
for macroporous SEMC, F2, and the F2-ERS (Figure 3) suggested a unimodal surface pore
size and the nonexistence of hysteresis, indicating the presence of macropores and the
existence of mesoporosity (17.0 to 3000.0 Å) concerning the connectivity of the porous
network due to the occurrence of unrestricted monolayer–multilayer adsorption at high
P/P0 (1.0), which was also reported previously [55].

3.4. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of pure drug 5-FU, Eudragit RS-100, macroporous SEMC, drug-
loaded SEMC (F2), and the F2-ERS were recorded in the range of 4000–400 cm−1 wavenum-
ber by a Bruker Tensor-27 spectrophotometer (USA) using KBr pellets. The FTIR spectra
bands at 1661, 1449, 3136, 1430, and 1246 cm−1 indicated the presence of C=O, C=C, N-H,
C-F, and C-N stretching vibrations corresponding to 5-FU, while the peak at 1349.35 cm−1

refers to pyrimidine compound vibration, confirming 5-FU (Figure 4a) [56,57]). Eudragit
RS 100 showed O-H stretching of the hydrate band at 3487.20 cm−1, C=O stretching of sat-
urated aldehyde at 1701.88 cm−1, N-R stretching of quaternary amine salt at 1440.08 cm−1,
and C-O-C stretching of a strong ester band at 11,411,296 cm−1, as shown in Figure 4b. [58].
The FTIR spectrum exhibits SEMC stretching: 3450–3550 cm−1 O-H stretch of -OH groups,
3042.46 cm−1 stretch (-CH2-), C-H stretch 2693 cm−1 (-CH2-), C-H (va) stretch 2840 cm−1

(-CH2-), C-H (va) stretch 2840 cm−1 (-CH2-), C-H (va) stretch 2840 cm−1, -CH2- (shoulder)
C=O stretch of -CO2H 1650 cm−1, C=C stretch 1428–1520 cm−1, (-CH2-) 1196 cm−1, and
(-C-O-C-) stretch 670–846 cm−1 (-CH2-) rocking (Figure 4c) [59,60]. Drug-loaded uncoated
SEMC-FU (F2) displayed the matches of spectra of 5-FU and SEMC for various functional
groups such as stretch 1670.68, 1510.48, 3021.37, 1429.44, and 1242.81 cm−1, indicating the
presence of C=O, C=C, N-H, C-F, and C-N stretching vibrations corresponding to 5-FU
1342.21 cm−1, which refers to pyrimidine compound vibration (Figure 4d). The formula-
tion F2-ERS displayed matches between the spectra of 5-FU, ERS, and SEMC that were
found for different functional groups. Symmetric C-H stretching bands at 2884.88 cm−1,
3042.11 cm−1, and 1321.66 cm−1 for 5-FU, ERS stretching of the hydrate band at 3399.41
cm−1, C=O stretching at saturated aldehyde at 1685.61 cm−1, N-R stretching of quaternary
amine salt at 1427.26 cm−1, and C-O-C stretching of a strong band of ester at 1141,1206
cm−1 and SEMC displaying stretching: 3348.17–3399.41 cm−1 O-H stretch of -OH groups,
3042.42 cm−1 (-CH2-) C-H (νa) stretch, 2884.88 cm−1 (-CH2-) C-H (νb) stretch, 2551.63 cm−1

(shoulder) O-H stretch of H bonded -CO2H, 1685.63 C=O stretch of -CO2H, 1650 cm−1 C=C
stretch—1427–1516 cm−1 (-CH2-), 1196 cm−1 (-C-O-C-) stretch, and 706.63–857.96 cm−1

(-CH2-) rocking were observed. The comparable FTIR for the spectra of 5-FU, ERS, and
SEMC was recorded (Figure 4e). From the studies, it could be concluded that 5-FU was
compatible with the excipients used in the present study. However, the broadening and
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decrease in peak intensity were observed in the spectrum of F2-ERS, which indicated there
was no chemical interaction between drug and the polymer.
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3.5. Powdered X-ray Diffraction (PXRD)

The XRD spectra of the samples in comparison to the pure drug (5-FU) were illustrated
in Figure 5. The spectrum of 5-FU (Figure 5a) clearly showed the highest peak with an
intensity of 2701 cps at the 2θ of 28.6 deg with a Bragg’s (d-value) of 3.11, and I/I0 was
100. In addition, the second highest peak with 2594 cps intensity at 2θ of 16.2 deg, with
the d-value 5.46 and I/I0 of 97, which could define the crystallinity of the pure 5-FU. The
presence of a broad peak with low intensity (44 cps) at 2θ of 16.2 deg with the d-value
5.82 and I/I0 of 83 in case of ERS (Figure 5b) indicated the amorphous nature of Eudragit
RS-100. Similarly, two characteristic high-intensity peaks (3018 and 1394 cps) at 2θ (38.0
and 44.3 deg) with d-values (2.36 and 2.04) and I/I0 (100 and 44) that respectively appeared
in case of SEMC alone (Figure 5c). When 5-FU was loaded in SEMC (F2), the characteristic
crystalline peaks of 5-FU were almost disappeared, but the characteristic peaks of SEMC
were obvious (Figure 5d), indicating that the 5-FU was loaded inside the pores of the SEMC
in the amorphous form. In addition, the characteristic crystalline peaks of 5-FU were not
seen after ERS coating on 5-FU-loaded SEMC (Figure 5e), but only the characteristic peaks
of SEMC were found with low intensities (1193 and 484 cps) at 2θ (38.1 and 44.3 deg) with
d-values (2.36 and 2.04) and I/I0 values of 100 and 41, respectively in F2-ERS. The above
findings are in agreement with a previous report of 5-FU-loaded PCL and PLGA-NPs [61]
as well as 5-FU-loaded chitosan-NPs [62,63]. Conclusively, the absence or disappearance
of the characteristic crystalline peaks of 5-FU in F2 and F2-ERS indicate the existence of
5-FU in an amorphous state in the pores and matrix of the SEMC. Moreover, XRD analysis
suggested that most of the 5-FU molecules were entrapped within the SEMC-matrix rather
than adsorbed onto the surfaces of SEMC. These findings were further confirmed by the
FTIR analysis (as mentioned in Section 3.4) of all five samples.

3.6. Differential Scanning Calorimetry

The overlay DSC thermograms of pure 5-FU, Eudragit RS-100 (ERS), SEMC alone, 5-
FU-loaded SEMC (F2), and 5-FU-loaded ERS-coated (F2-ERS) are presented in Figure 6. The
DSC curve of 5-FU has shown a single endothermic peak at 286.5 ◦C (Figure 6a). The DSC
thermogram of the pure 5-FU also showed a sharp melting endotherm peak at ≈286.9 ◦C
followed by decomposition, which was in agreement with those reported previously [64],
while the endothermic peak of pure ERS appeared around 193 ◦C (Figure 6b), and no
specific peak was found in case of blank SEMC in the present investigation (Figure 6c). The
5-FU-loaded SEMC (F2) formulation exhibited an endothermic peak, although it was not
sharp at around 272.5 ◦C (Figure 6d), suggesting that 5-FU was in amorphous form and
the majority of the drug was adsorbed into the porous structure of the SEMC. Moreover, a
slight decrease in the melting temperature for 5-FU was noted in case of F2, which might be
attributed to the loss of crystallinity of the drug, whereas a shifted small broad endothermic
peak at 200 to 260 ◦C suggested that the drug was either totally or partially converted
into amorphous form and furthermore, no characteristic peak of 5-FU was observed. The
reduction of height and sharpness of the endotherm peak may be due to the presence
of polymers in the 5-FU-loaded SEMC (F2-ERS); the downward shift indicated the loss
of mass (due to solvent evaporation, loss of moisture, and degradation) upon heating.
This indicated that the adsorbed drug into the porous structure of the SEMC–matrix was
further and well coated by Figure 6e. Conclusively, the DSC results of drug-loaded SEMC
and its coating with ERS suggested that the 5-FU molecules were adsorbed in the porous
exterior surfaces of the SEMC in an amorphous state. These results corroborate the previous
studies [65,66].
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3.7. Effect of 5-FU Concentration on Encapsulation and Its Loading into SEMC

To encapsulate 5-FU into SEMC, the solubility of 5-FU was enhanced up to 150 mg by
dissolving the drug in each mL 1:1 (v/v) mixture of 1N NH4OH and ethyl alcohol, because
the higher solubility of 5-FU accelerates the improved encapsulation and loading into SEMC
because the encapsulation and loading of any drug into SEMC depends upon the solubility
of the drug in a hydro-alcoholic or aqueous medium [22,49]. The vacuum-assisted method
for encapsulation and loading enables the SEMC to encapsulate a high amount of drug
into its channels and internal cavities, which might be due to the enforced passage of drugs
and the elastic nature of SEMC surfaces as well as the physical and chemical features of the
nano-sized channels and internal cavities of SEMC [20,33]. Based on the previous reports,
the encapsulation of 5-FU greatly depends upon the ratios of drugs and carriers used for the
development of controlled-release formulations [22]. Therefore, we tried to optimize the
encapsulation and loading of 5-FU into SEMC by considering three different ratios of drug–
SEMC to get maximum encapsulation and loading of 5-FU through the vacuum-assisted
method. A direct method was applied for the determination of encapsulation efficiency
(%EE) and drug-loading capacity (%DL). An optimum encapsulation and loading of 59.81%
and 19.94%, respectively (in case of F2, p < 0.05) was found when 100 mg of 5-FU and
200 mg of SEMC was used, while it was lower (47.66% and 9.53%, respectively) at 50 mg
of 5-FU and when 200 mg of SEMC was used (in case of F1). By increasing the amount of
5-FU (150 mg, in case of F3) further, there was no significant increase in the encapsulation
(58.86% only) as compared to F2, while the drug loading was increased significantly (i.e.,
25.53%). No significant improvement in %EE in the case of F3 indicated that the higher
drug amount could increase the encapsulation efficiency of SEMC [67]. This was attributed
to the fact that the encapsulation and loading greatly depend upon the physicochemical
properties of the drug and carrier as well when the above-mentioned method was used to
prepare the SEMC-based formulations [67,68]. An obvious improvement in %DL in the
case of F3 (25.23%) was noted, which was due to the presence of the highest amount of
5-FU in F3 that influenced the calculation. It was contrary to the prior study of Alshehri
et al., 2016 [13]. They reported a decreased loading (94.6 to 82.8%) of ibuprofen when the
concentration of the drug was increased (50 to 400 mg/L), which might be attributed to the
limited site availability for drug loading [13,69]. Based on the optimum encapsulation and
drug loading as well as optimum size, F2 was chosen for further experiments and also only
F2 was subjected to ERS coating. When the amount of 5-FU was highest (150 mg, in F3)
among all, the %DL was highest (25.23%). Contrary to this, the %EE and %DL were 56.23%
and 10.22%, respectively in the case of ERS-coated F2 formulation, which was due to the
higher amount of total excipients (including 5 mL of 5% ERS) as compared to uncoated F2.

3.8. In Vitro Release of 5-FU

The in vitro drug release profiles of 5-FU loaded spores (uncoated (F2) and E-RS coated
(F2-ERS)) in SGF (pH 1.2) and SIF (pH 6.8) is presented in Figure 7a and c, respectively.
Around 34% of the drug was released within 0.5 h from F2 (uncoated spores) in the SGF
release medium, while it was around 25% from the F2-ERS in the same release medium
(SGF), and the cumulative amount of drug released at 2 h was noted around 47% and 39%
from F2 and F2-ERS, respectively. Similarly, the higher release of 5-FU (around 54% from F2
and 42% from F2-ERS at 3 h) was observed in SIF release media. At 24 h, around 73.6% and
79.9% of 5-FU were released from F2 and F2-ERS, respectively in SIF. The prolonged-release
pattern of 5-FU from F2-ERS was attributed to the Eudragit® RS-100 coating. The ERS has
quaternary ammonium groups in its structure, but it has pH-independent solubility and
remains almost insoluble in aqueous media, but they are swellable and permeable [32].
The swelling behavior of ERS might be the reason for the higher drug released from the
F2-ERS. Meanwhile, increased drug release from the uncoated spores might be attributed
to the increased dissolution rate of the drug present on the surface of the spores as well as
the rapid exit of the drug from the nano-channels present in the spore’s wall [48].
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A prolonged and controlled release of 5-FU was observed from the F2-ERS in SIF
up to 24 h, which might be attributed to the increased diffusion pathway and tortuosity
of the spores due to the ERS coating [26]. The present delivery system comprised of 5-
FU-encapsulated SEMC and its coating with ERS (pH-independent polymer) revealed its
probability for the colonic delivery of 5-FU at 6.8 pH, which was well demonstrated by the
successful sustained release of 5-FU until 24 h in SIF. The results obtained in the present
study were also supported by the previous study conducted for the colonic delivery of
5-aminosalicylic acid for 12 h at 6.5 pH [70]. The release of 5-FU from the F2-ERS was found
to be more sustained, which might be controlled due to the ERS coating on F2, and there
was no lag time in the release of 5-FU, which might be associated with the pH-independent
dissolution of Eudragit® RS-100. The sustained release of 5-FU from F2-ERS was further
substantiated by plotting the log time versus log fraction of 5-FU released (Korsmeyer–
Peppas release model), as represented in Figure 7b. The regressed line of this plot generated
the coefficient of correlation (R2) value of 0.961. From the slope of this curve, the diffusion
exponent (n-value) was calculated and found to be 0.131. The n-value suggested that the
mechanism of drug release principally followed the Fickian-diffusion type. A sustained
but slightly higher 5-FU release (79.9% at 24 h) was found in the case of F2-ERS, which
might be due to the polymer erosion in SIF. The release data obtained in 2 h study (in SGF)
were also fitted into different kinetic models. The release of 5-FU from uncoated SEMC
was higher (47.7% at 2 h) as compared to the ERS-coated SEMC in SGF. This was due to the
acidic pH of SGF that could not properly solubilize the ERS coating at pH 1.2. The log time
versus log fraction of 5-FU released (Korsmeyer–Peppas release model) is represented in
Figure 7d. The regressed line of this plot generated the coefficient of correlation (R2) values
0.955 and 0.938 (for F2-ERS and F2 uncoated, respectively). From the slope of the curves,
n-values (0.143 and 0.230) were obtained that suggested that the release of 5-FU primarily
followed the Fickian-diffusion mechanism.
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Figure 7. In vitro release profiles of 5-FU-loaded spores (uncoated and ERS-coated) in SGF (a);
Korsmeyer–Peppas plots in SGF (b); release profiles of 5-FU-loaded spores (uncoated and ERS-
coated) in SIF (c); and release kinetics model (Korsmeyer–Peppas) plots in SIF (d).

Thus, we could postulate that the release of 5-FU from F2-ERS was the combina-
tion of dissolution, diffusion, and polymer–erosion, which was similar to the previous
reports [13,22,71]. The in vitro drug release data from F2-ERS has shown the prolonged
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release of 5-FU and could be controlled at pH conditions of GIT due to the polymer coating,
which can be very much advantageous to treat the cancers of the colon, stomach, breast,
etc. with reduced dosing frequency.

3.9. Stability of 5-FU Loaded SEMC (Uncoated and ERS-Coated)

Due to the excellent biocompatibility, low toxicity, consistency in size, resistance to
even tough chemical conditions, and high-temperature stability, SEMC obtained from
pollens of different species have been used as green carriers for many drugs [72]. There
are numerous reports available regarding the stable shelf-life of pollens and their ex-
tracts [73–75]. Thus, in the present investigation, only a few parameters including the size,
encapsulation (%EE), and drug-loading capacity (%DL) of SEMC were determined after
storage of 5-FU-loaded uncoated and ERS-coated formulations. The measured values for
size, %EE and %DL of F2 and F2-ERS at different time points are presented in Table 2. The
results indicated no significant changes in the measured parameters (size, %EE, and %DL)
at 30 ºC for 1 month. A significant (p < 0.05) change is assumed if the measured values
show a 5% increase in size or decrease in %EE and %DL as compared to the initial (0 days)
values of a batch [76]. A non-significant (p < 0.05) increase in the size was observed in the
case of F2 and F2-ERS on the 15th day and 30th day (Table 2), which might be due to the
moisture adsorption and swelling property of SEMC. A slight decrease in %EE and %DL
of 5-FU was noticed in F2 and F2-ERS on the 15th and 30th day (3.04% and 4.79% in F2
and 2.18% and 2.87% in F2-ERS). Comparatively, the more reduced %EE and %DL in the
case of uncoated SEMC might be due to the moisture adsorption phenomenon of uncoated
SEMC. Meanwhile, the ERS coating hindered the moisture adsorption by SEMC in the case
of F2-ERS; therefore, here, only a very small percentage of reduction in %EE and %DL were
found. The almost negligible findings, especially the %EE and %DL, indicated that the
entrapped drug was found to be stable at the mentioned storage temperature during the
short-term stability testing for one month.

Table 2. Time-dependent evaluation of size, encapsulation efficiency, and drug-loading capacity of F2 and F2-ERS stored at
30 ◦C for 30 days.

Stipulated Time Points F2 Uncoated (Mean ± SD) F2-ERS (Mean ± SD)

Size (µ) %EE %DL Size (µ) %EE %DL

Initially 13.68 ± 3.91 59.81 ± 4.19 19.94 ± 1.39 15.47 ± 3.68 56.23 ± 5.48 10.22 ± 0.99
At 15th day 13.86 ± 3.85 58.04 ± 3.48 19.34 ± 1.16 15.72 ± 3.75 55.03 ± 5.04 10.01 ± 0.92
At 30th day 13.98 ± 3.81 56.95 ± 3.05 18.98 ± 1.02 15.87 ± 3.78 54.61 ± 5.24 9.93 ± 0.95

3.10. In Vivo Pharmacokinetics

The efficiency of drug-loaded ERS-coated SEMC (F2-ERS) for colon-directed delivery
of 5-FU was evaluated for pharmacokinetics and GI tract distributions in rats in comparison
to the control treatment (F2). Equivalent amounts of the two formulations were dispersed
in normal saline to achieve the dose of 5-FU (8.05 mg/kg b.wt). The concentration versus
time profiles of 5-FU are presented in Figure 8a–c, and the pharmacokinetic parameters
are summarized in Table 3. The oral administration of F2 displayed a rapid release of
5-FU in plasma (Figure 8a). The Cmax of 5-FU was 102.82 ± 3.85 µg/mL after 1 h. Sub-
sequently, the plasma concentration decreased quickly with a half-life (t1/2) of around
4.04 h, AUC0-t was 264.1 ± 9.8 µg/mL.h, MRT0-inf was 5.2 h, and the observed Cl/F was
0.03 (mg)/(µg/mL)/h. Most of the drugs become absorbed in the upper gastrointestinal
tract; therefore, it seems that F2 was rapidly released in the gastric cavity [77]. In contrast,
the observed Cmax of 5-FU from F2-ERS (19.47 ± 0.61µg/mL) was 80.45% lower than that
of the F2 (102.82 ± 3.85 µg/mL). The Tmax after the administration of F2 was 1 h, which
was significantly different (p < 0.05) from the Tmax (16 h) obtained with F2-ERS (Table 3).
This longer Tmax indicated that the F2-ERS effectively prevented drug release in the upper
part of the GI tract. The further pharmacokinetic parameters endorsed the slow release
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of drug as MRT0-inf, and the observed volume of distribution (Vz/F) increased 269.14%
from 5.19 h (for F2) to 20.57 h (for F2-ERS) and 41.17% from 0.18 (mg)/(µg/mL) for F2 to
0.24 (mg)/(µg/mL) for F2-ERS, respectively; however, the rate of clearance decreases from
0.03 to 0.02 ((mg)/(µg/mL)/h), which is 25.06% as compared to F2. The pharmacokinetics
parameters indicated that the enzyme-mediated degradation of polysaccharides of SEMC
and ERS in the colon was a slow process [78]. The pharmacokinetic data have shown
that the MRT of F2-ERS was longer than that of the F2. The prolonged MRT of the drug
in the colon was supplemented with sustained drug release property of the F2-ERS at
the target site, which was noticed from the plasma concentration profile of 5-FU. These
results were in agreement with the previous report by Wei He et al. 2008 [79]. The colon, a
homogeneous reservoir, elicits slow and constant release into systemic circulation similar to
continuous infusion, which is highly recommended in the chemotherapy of cancer patients
with a short half-life 5-FU [46,80]. The elimination (Kel) of F2-ERS was about 47.05% more
reduced than that of the F2, displaying slower clearance of the drug from the body, which
might be due to the encapsulation of the drug inside the cages of the carrier (SEMC). The
slow and decreased clearance of encapsulated drug increased the half-life (T1/2) by 83.12%
from 0.09 to 0.17 per hour as compared to F2 uncoated. The relative bioavailability of the
5-FU from F2-ERS was found to increase by 4.35% as compared to F2. These results were in
agreement with the previous report [46,77,79,81].
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Figure 8. Concentrations versus time profiles of 5-FU in plasma (a); gastric tissue homogenates (b);
and colonic tissue homogenates (c), after oral administration of 5-FU-loaded SEMC (F2 uncoated)
and colon-directed Eudragit RS-100-coated F2. The data are represented as mean ± SD, (n = 3).
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Table 3. Pharmacokinetic parameters of 5-FU from drug-loaded SEMC (F2-uncoated) and Eudragit RS-100-coated F2 (F2-ERS). Data were represented as mean SD, n = 3. All values
represent mean ± SD. $ p < 0.05 (F2-Uncoated); ANOVA, followed by Dunnett’s test.

Pharmacokinetic
Parameters

Plasma Colon Gastric
F2-ERS $ F2 (Uncoated) $ Change in %

Control
F2-ERS $ F2 (Uncoated) $ Change in %

Control
F2-ERS $ F2 (Uncoated) $ Change in %

ControlMean ± SD, n = 3 Mean ± SD, n = 3 Mean ± SD, n = 3 Mean ± SD, n = 3 Mean ± SD, n = 3 Mean ± SD, n = 3

Ke (1/h) 0.09 ± 0.002 0.17 ± 0.0009 47.06 0.30 ± 0.0001 0.10 ± 0.000 −200.00 0.06 ± 0.000 0.28 ± 0.028 785.71
t1/2 (h) 7.38 ± 0.1875 4.03 ± 0.02 −83.13 2.31 ± 0.0001 6.79 ± 0.0001 65.98 11.04 ± 0.0001 2.43 ± 0.23 −354.32

Tmax (h) 16.0 ± 0.0 1.0 ± 0.0 −1500.00 12.0 ± 0.0 12.0 ± 0.0 0.00 3.0 ± 0.0 1.0 ± 0.0 −200.00
Cmax (µg/mL) 19.48 ± 0.61 102.82 ± 3.84 80.45 1271.53 ± 47.09 4.71 ± 0.06 −26,896.39 23.55 ± 0.41 406.23 ± 15.04 94.20

AUC0-t (µg/mL·h) 252.60 ± 6.24 264.09 ± 9.84 4.35 16,209.05 ± 600.34 64.86 ± 0.91 −24,890.83 116.05 ± 2.01 1649.27 ± 71.14 92.96
AUC0-inf

(µg/mL·h) 350.54 ± 12.14 267.19 ± 9.83 −31.20 16,509.59 ± 611.46 79.16 ± 1.11 −20,755.98 129.98 ± 2.25 1651.17 ± 71.48 92.13

AUMC0-inf
(µg/mL·h2) 7212.19 ± 337.23 1387.17 ± 47.14 −419.92 223,020.8 ± 8260.02 1218.264 ± 17.16 −18,206.44 1322.44 ± 22.92 6941.41 ± 445.61 80.95

MRT0-inf (h) 20.56 ± 0.29 5.19 ± 0.02 −296.15 13.51 ± 0.001 15.38 ± 0.001 12.16 10.17 ± 0.001 4.20 ± 0.09 −142.14
Vz/F

{(mg)/(µg/mL)} 0.24 ± 0.005 0.17 ± 0.007 −41.18 0.002 ± 0.001 0.99 ± 0.01 99.80 0.99 ± 0.02 0.017 ± 0.001 −5723.53

Cl/F
{(mg)/(µg/mL)/h} 0.023 ± 0.001 0.031 ± 0.001 25.81 0.001 ± 0.0001 0.102 ± 0.001 99.02 0.062 ± 0.001 0.005 ± 0.001 −1140.00
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3.11. Tissue Distribution of 5-FU in Stomach and Small Intestine

The distribution of 5-FU into the stomach and small intestine after the administration
of colon-directed F2-ERS and F2 is represented in Figure 5b. The mean peak concentrations
of 5-FU in the tissues of the stomach and small intestine from F2 were 406.2 ± 15.04 µg/g at
1 h, 198.6 ± 6.9 µg/g at 3 h, 163.5 ± 5.6 µg/g at 4 h, and 16.9 ± 1.7 µg/g at 12 h. These data
indicated that F2 was an immediate release formulation where a large quantity of 5-FU gets
released in the upper part of the GI tract and small intestine. The pharmacokinetic data of
gastric tissue and small intestine of F2-ERS exhibit a reduction in Cmax (µg/mL), AUC0-t
(µg/mL*h), and Ke (1/h) that is 94.20%, 92.96%, and 785.71%, respectively as compared to
the F2 uncoated formulation and increased in half-life (t1/2), Tmax (h), MRT0-inf (h), Vz/F
(mg)/(µg/mL), and Cl/F {(mg)/(µg/mL)/h} that is 352.71%, 200%, 142.14%, 5732.52%,
and 1140%m respectively as compared to the F2 (uncoated) formulation indicating that
a negligible amount of 5-FU was released in gastric tissues and small intestine from the
colon-directed F2-ERS and that the ERS coating remained intact during the transit of the
SEMC through the stomach and small intestine. A sharp decrease in the concentration of
5-FU was found with F2, which might be attributed to the processes of absorption, systemic
distribution, and further movement toward the region of the small intestine.

3.12. Tissue Distribution of 5 FU in Colon Tissues

The distribution of 5-FU into the colon tissues after administration of the F2 and
F2-ERS are represented in Figure 5c. Significant differences in 5-FU concentrations in
colon tissues were observed after administration of the two formulations (p < 0.005).
Pharmacokinetic parameters of F2-ERS display a significant drastic increase in Cmax
(µg/mL), AUC0-t (µg/mL*h), and Ke (1/h), that is 26,896.39%, 24,890.82%, and 200%
respectively and decreased in half-life (t1/2), MRT0-inf (h), Vz/F (mg)/(µg/mL), and Cl/F
{(mg)/(µg/mL)/h} that is 65.97%, 12.15%, 99.79%, and 99.01%, respectively as compared
to F2 (uncoated) formulation. The maximum 5-FU concentration (Cmax) from F2-ERS in
colon tissues was 1271.5 ± 47.09 µg/g at 12 h, following 1001.5 ± 37.09 µg/g at 16 h,
650.4 ± 24.08 µg/g at 20 h, and 90.4 ± 3.34 µg/g at 24 h, respectively. Meanwhile, F2
releases a negligible amount of 5-FU i.e., 4.7 ± 0.06 µg/g at 12 h, 2.55 ± 0.04 µg/g at 16 h,
and 1.46 ± 0.02 µg/g at 24 h, respectively. A higher 5-FU concentration was achieved
with the F2-ERS at all time points, and its relative bioavailability was 249.9 times more
in colon tissues as compared to F2. The high concentration of 5-FU in the colon could be
attributed to the protection of the SEMC from the environment of the stomach and small
intestine due to ERS coating, thereby preventing drug release in the upper part of the GI
tract. These results are in agreement with previous reports [46,77,78]. The recommended
dose of 5-FU for colorectal cancer patients with adequate hematopoietic function and the
average weight is 12 mg/kg intravenously once daily for 4 consecutive days. If there is
no toxicity, the dosage is reduced to 6 mg/kg on days 6, 8, 10, and 12, after which therapy
is discontinued. Intravenous administration (10–15 mg/kg per week as a single dose)
continues maintenance therapy by either repeating the first course every 30 days after
the last day of the previous course of therapy or when toxic signs arising from the initial
course of treatment have subsided. This could take nine to 45 therapy courses over 12 to
60 months [82]. The daily intravenous dose is 500 mg/m2 body surface area as per this
dose regimen, the adult dose 5-FU to be administered intravenously is 600 mg (mean body
surface area = 1.2 m2). Thus, the dose of 5-FU to be administered specifically to the human
colon would be 100 mg as per the mean surface area of the human colon (0.20 m2) [83].
Therefore, targeting the delivery of 5-FU to the colon reduces the dose and therefore the
side effects of 5-FU therapy.

4. Conclusions

The present investigation concludes that the ERS-coated 5-FU-loaded SEMC can be
explored for the effective colon-specific delivery of 5-FU. Moreover, the release of the
encapsulated drug from the SEMC was found to be available for a longer duration. The
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pharmacokinetics and organ distribution studies revealed that the drug concentration was
found higher in the colon tissue, with a little systemic exposure to the drug. The proposed
system could be able to reduce the side effects of 5-FU due to its absorption from the upper
part of the GI tract.

Author Contributions: Conceptualization: M.R., M.A.K. and R.A.; Formal analysis, A.A. (Ajaz
Ahmad), M.A.A. and A.A. (Abdul Ahad).; Funding acquisition: Y.A.B.J.; Investigation: M.A.K., M.S.,
M.A.A. and R.A.; Methodology, A.A. (Ajaz Ahmad), A.A. (Abdul Ahad), R.A., A.A. (Aws Alshamsan)
and I.A.A.; Project administration: M.R. and M.A.K.; Resources, M.S., Y.A.B.J. and M.A.; Software,
A.A. (Abdul Ahad), Y.A.B.J. and M.A.; Validation, A.A. (Aws Alshamsan) and F.I.A.-J.; Visualization,
R.A. and K.M.A.; Writing—original draft, M.A.K., M.R. and A.A. (Ajaz Ahmad); Writing—review
and editing, A.A. (Aws Alshamsan), K.M.A. and F.I.A.-J. All authors have read and agreed to the
published version of the manuscript.

Funding: Deanship of Scientific Research King Saud University Research Group Number (RG-1441-413).

Institutional Review Board Statement: The Research Ethics Committee of College of Pharmacy,
King Saud University approved the study (Ethical Reference No: KSU-SE-21-59).

Data Availability Statement: The data generated from the experiments have been presented in the results.

Acknowledgments: The authors extend their sincere appreciation to the Deanship of Scientific Research
at King Saud University for funding this work through Research Group Number (RG-1441-413).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Longley, D.B.; Allen, W.L.; McDermott, U.; Wilson, T.R.; Latif, T.; Boyer, J.; Lynch, M.; Johnston, P.G. The Roles of Thymidylate

Synthase and p53 in Regulating Fas-Mediated Apoptosis in Response to Antimetabolites. Clin. Cancer Res. 2004, 10, 3562–3571.
[CrossRef] [PubMed]

2. Zhang, L.; Yu, J.; Park, B.H.; Kinzler, K.W.; Vogelstein, B. Role of BAX in the Apoptotic Response to Anticancer Agents. Science
2000, 290, 989–992. [CrossRef]

3. Grothey, A.; Sobrero, A.F.; Shields, A.F.; Yoshino, T.; Paul, J.; Taieb, J.; Souglakos, J.; Shi, Q.; Kerr, R.; Labianca, R.; et al. Duration
of Adjuvant Chemotherapy for Stage III Colon Cancer. N. Engl. J. Med. 2018, 378, 1177–1188. [CrossRef] [PubMed]

4. Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-Fluorouracil: Mechanisms of action and clinical strategies. Nat. Rev. Cancer 2003, 3,
330–338. [CrossRef]

5. Sun, W.; Zhang, N.; Li, A.; Zou, W.; Xu, W. Preparation and evaluation of N3-O-toluyl-fluorouracil-loaded liposomes. Int. J.
Pharm. 2008, 353, 243–250. [CrossRef]

6. Wei, Y.; Yang, P.; Cao, S.; Zhao, L. The combination of curcumin and 5-fluorouracil in cancer therapy. Arch. Pharmacal Res. 2017,
41, 1–13. [CrossRef]

7. Bhardwaj, P.; Chaurasia, D.; Singh, R.; Swarup, A. Development and Characterization of Novel Site Specific Hollow Floating
Microspheres Bearing 5-Fu for Stomach Targeting. Sci. World J. 2014, 2014, 1–11. [CrossRef] [PubMed]

8. Paharia, A.; Yadav, A.; Rai, G.; Jain, S.K.; Pancholi, S.S.; Agrawal, G.P. Eudragit-coated pectin microspheres of 5-fluorouracil for
colon targeting. AAPS PharmSciTech 2007, 8, E87–E93. [CrossRef]

9. Kajjari, P.B.; Manjeshwar, L.S.; Aminabhavi, T.M. Novel blend microspheres of cellulose triacetate and bee wax for the controlled
release of nateglinide. J. Ind. Eng. Chem. 2013, 20, 397–404. [CrossRef]

10. Kambayashi, A.; Blume, H.; Dressman, J.B. Predicting the oral pharmacokinetic profiles of multiple-unit (pellet) dosage forms
using a modeling and simulation approach coupled with biorelevant dissolution testing: Case example diclofenac sodium. Eur. J.
Pharm. Biopharm. 2014, 87, 236–243. [CrossRef]

11. Zhou, Z.; Cao, D.; Liu, L.; Liu, Q.; Zhao, Y.; Zeng, W.; Yi, Q.; Yang, Z.; Zhou, J. Fabrication and Properties of Gelatin/Chitosan
Microspheres Loaded with 5-Fluorouracil. J. Macromol. Sci. Part B 2012, 52, 973–983. [CrossRef]

12. Alshehri, S.M.; Al-Lohedan, H.A.; Al-Farraj, E.; Alhokbany, N.; Chaudhary, A.A.; Ahamad, T. Macroporous natural capsules
extracted from Phoenix dactylifera L. spore and their application in oral drugs delivery. Int. J. Pharm. 2016, 504, 39–47. [CrossRef]

13. Alshehri, S.M.; Al-Lohedan, H.A.; Chaudhary, A.A.; Al-Farraj, E.; Alhokbany, N.; Issa, Z.; Alhousine, S.; Ahamad, T. Delivery of
ibuprofen by natural macroporous sporopollenin exine capsules extracted from Phoenix dactylifera L. Eur. J. Pharm. Sci. 2016, 88,
158–165. [CrossRef] [PubMed]

14. Mehta, R.S.; Barlow, W.E.; Albain, K.S.; Vandenberg, T.A.; Dakhil, S.R.; Tirumali, N.R.; Lew, D.L.; Hayes, D.F.; Gralow, J.R.;
Livingston, R.B.; et al. Combination Anastrozole and Fulvestrant in Metastatic Breast Cancer. N. Engl. J. Med. 2012, 367, 435–444.
[CrossRef]

15. Pouponneau, P.; Leroux, J.-C.; Soulez, G.; Gaboury, L.; Martel, S. Co-encapsulation of magnetic nanoparticles and doxorubicin into
biodegradable microcarriers for deep tissue targeting by vascular MRI navigation. Biomaterials 2011, 32, 3481–3486. [CrossRef]

http://doi.org/10.1158/1078-0432.CCR-03-0532
http://www.ncbi.nlm.nih.gov/pubmed/15161716
http://doi.org/10.1126/science.290.5493.989
http://doi.org/10.1056/NEJMoa1713709
http://www.ncbi.nlm.nih.gov/pubmed/29590544
http://doi.org/10.1038/nrc1074
http://doi.org/10.1016/j.ijpharm.2007.11.017
http://doi.org/10.1007/s12272-017-0979-x
http://doi.org/10.1155/2014/705259
http://www.ncbi.nlm.nih.gov/pubmed/25383377
http://doi.org/10.1208/pt0801012
http://doi.org/10.1016/j.jiec.2013.04.034
http://doi.org/10.1016/j.ejpb.2014.01.007
http://doi.org/10.1080/00222348.2012.746910
http://doi.org/10.1016/j.ijpharm.2016.02.049
http://doi.org/10.1016/j.ejps.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26872877
http://doi.org/10.1056/NEJMoa1201622
http://doi.org/10.1016/j.biomaterials.2010.12.059


Pharmaceutics 2021, 13, 1921 22 of 24

16. Yan, J.; Wang, Y.; Zhang, X.; Liu, S.; Tian, C.; Wang, H. Targeted nanomedicine for prostate cancer therapy: Docetaxel and
curcumin co-encapsulated lipid–polymer hybrid nanoparticles for the enhanced anti-tumor activityin vitroandin vivo. Drug
Deliv. 2014, 23, 1757–1762. [CrossRef]

17. Gupte, A.; Ciftci, K. Formulation and characterization of Paclitaxel, 5-FU and Paclitaxel + 5-FU microspheres. Int. J. Pharm. 2004,
276, 93–106. [CrossRef]

18. Khan, F.; Aldhahri, M.; Hussain, M.A.; Gauthaman, K.; Memic, A.; Abuzenadah, A.; Kumosani, T.; Barbour, E.; Alothmany, N.S.;
Aldhaheri, R.W. Encapsulation of 5-Flurouracil into PLGA Nanofibers and Enhanced Anticancer Effect in Combination with
Ajwa-Dates-Extract (Phoenix dactylifera L.). J. Biomed. Nanotechnol. 2018, 14, 553–563. [CrossRef] [PubMed]

19. Aqel, A.; Yusuf, K.; Alothman, Z.A.; Badjah-Hadj-Ahmed, A.Y. Sporopollenin Microparticle-Based Monolithic Capillary Columns
for Liquid Chromatography. Chromatographia 2015, 78, 481–486. [CrossRef]

20. Diego-Taboada, A.; Maillet, L.; Banoub, J.H.; Lorch, M.; Rigby, A.S.; Boa, A.N.; Atkin, S.L.; Mackenzie, G. Protein free micro-
capsules obtained from plant spores as a model for drug delivery: Ibuprofen encapsulation, release and taste masking. J. Mater.
Chem. B 2012, 1, 707–713. [CrossRef]

21. Dyab, A.K.F. Macroporous Polymer Beads and Monoliths From Pickering Simple, Double, and Triple Emulsions. Macromol. Chem.
Phys. 2012, 213, 1815–1832. [CrossRef]

22. Mundargi, R.C.; Tan, E.-L.; Seo, J.; Cho, N.-J. Encapsulation and controlled release formulations of 5-fluorouracil from natural
Lycopodium clavatum spores. J. Ind. Eng. Chem. 2016, 36, 102–108. [CrossRef]

23. Bezerra, D.; De Castro, F.O.; Alves, A.P.N.N.; Pessoa, C.; De Moraes, M.O.; Silveira, E.R.; Lima, M.A.S.; Elmiro, F.J.M.; De Alencar,
N.M.N.; Mesquita, R.O.; et al. In vitro andin vivo antitumor effect of 5-FU combined with piplartine and piperine. J. Appl. Toxicol.
2007, 28, 156–163. [CrossRef]

24. Bhardwaj, R.K.; Glaeser, H.; Becquemont, L.; Klotz, U.; Gupta, S.K.; Fromm, M.F. Piperine, a Major Constituent of Black Pepper,
Inhibits Human P-glycoprotein and CYP3A4. J. Pharmacol. Exp. Ther. 2002, 302, 645–650. [CrossRef] [PubMed]

25. Rather, R.A.; Bhagat, M. Cancer Chemoprevention and Piperine: Molecular Mechanisms and Therapeutic Opportunities. Front.
Cell Dev. Biol. 2018, 6, 10. [CrossRef]

26. Gupta, V.K.; Assmus, M.W.; Beckert, T.E.; Price, J.C. A novel pH- and time-based multi-unit potential colonic drug delivery
system. II. Optimization of multiple response variables. Int. J. Pharm. 2001, 213, 93–102. [CrossRef]

27. Mooter, G.V.D.; Kinget, R. Oral colon-specific drug delivery: A review. Drug Deliv. 1995, 2, 81–93. [CrossRef]
28. Watts, P.J.; Lllum, L. Colonic Drug Delivery. Drug Dev. Ind. Pharm. 1997, 23, 893–913. [CrossRef]
29. Ashford, M.; Fell, J. Targeting Drugs to the Colon: Delivery Systems for Oral Administration. J. Drug Target. 1994, 2, 241–257.

[CrossRef]
30. Seremeta, K.P.; Chiappetta, D.A.; Sosnik, A. Poly(epsilon-caprolactone), Eudragit(R) RS 100 and poly(epsilon-caprolactone)/Eudragit(R)

RS 100 blend submicron particles for the sustained release of the antiretroviral efavirenz. Colloids Surf. B Biointerfaces 2013, 102,
441–449. [CrossRef]

31. Khan, M.Z.; Prebeg, Z.; Kurjakovic, N. A pH-dependent colon targeted oral drug delivery system using methacrylic acid
copolymers: I. Manipulation of drug release using Eudragit®L100-55 and Eudragit®S100 combinations. J. Controlled Release 1999,
58, 215–222. [CrossRef]

32. Thakral, S.; Thakral, N.K.; Majumdar, D.K. Eudragit®: A technology evaluation. Exp. Opin. Drug Deliv. 2013, 10, 131–149.
[CrossRef] [PubMed]

33. Barrier, S.; Diego-Taboada, A.; Thomasson, M.J.; Madden, L.; Pointon, J.C.; Wadhawan, J.D.; Beckett, S.T.; Atkin, S.L.; Mackenzie,
G. Viability of plant spore exine capsules for microencapsulation. J. Mater. Chem. 2010, 21, 975–981. [CrossRef]

34. Lorch, M.; Thomasson, M.J.; Diego-Taboada, A.; Barrier, S.; Atkin, S.L.; Mackenzie, G.; Archibald, S.J. MRI contrast agent delivery
using spore capsules: Controlled release in blood plasma. Chem. Commun. 2009, 6442–6444. [CrossRef] [PubMed]

35. Kodner, R.B.; Graham, L.E. High-temperature, acid-hydrolyzed remains ofPolytrichum(Musci, Polytrichaceae) resemble enigmatic
Silurian-Devonian tubular microfossils. Am. J. Bot. 2001, 88, 462–466. [CrossRef]

36. Tawfik, E.; Ahamed, M.; Almalik, A.; Alfaqeeh, M.; Alshamsan, A. Prolonged exposure of colon cancer cells to 5-fluorouracil
nanoparticles improves its anticancer activity. Saudi Pharm. J. 2016, 25, 206–213. [CrossRef]

37. Sinha, V.; Kumar, R.; Bhinge, J. A stability-indicating RP-HPLC assay method for 5-fluorouracil. Indian J. Pharm. Sci. 2009, 71,
630–637. [CrossRef]

38. Sun, X.X.; Dai, M.S.; Lu, H. 5-fluorouracil activation of p53 involves an MDM2-ribosomal protein interaction. J. Biol. Chem. 2007,
282, 8052–8059. [CrossRef] [PubMed]

39. Nassim, M.A.; Shirazi, F.H.; Cripps, C.M.; Veerasinghan, S.; Molepo, M.J.; Obrocea, M.; Redmond, D.; Bates, S.; Fry, D.; Stewart,
D.J.; et al. An HPLC method for the measurement of 5-fluorouracil in human plasma with a low detection limit and a high
extraction yield. Int. J. Mol. Med. 2002, 10, 513–516. [CrossRef]

40. Pi, C.; Wei, Y.; Yang, H.; Zhou, Y.; Fu, J.; Yang, S.; Ye, Y.; Zhao, L. Development of a HPLC method to determine 5-fluorouracil
in plasma: Application in pharmacokinetics and steady-state concentration monitoring. Int. J. Clin. Pharmacol. Ther. 2014, 52,
1093–1101. [CrossRef] [PubMed]

41. Alanazi, F.K.; Yassin, A.E.; El-Badry, M.; Mowafy, H.A.; Alsarra, I. Validated High-Performance Liquid Chromatographic
Technique for Determination of 5-Fluorouracil: Applications to Stability Studies and Simulated Colonic Media. J. Chromatogr. Sci.
2009, 47, 558–563. [CrossRef] [PubMed]

http://doi.org/10.3109/10717544.2015.1069423
http://doi.org/10.1016/j.ijpharm.2004.02.023
http://doi.org/10.1166/jbn.2018.2515
http://www.ncbi.nlm.nih.gov/pubmed/29663927
http://doi.org/10.1007/s10337-015-2861-7
http://doi.org/10.1039/C2TB00228K
http://doi.org/10.1002/macp.201200172
http://doi.org/10.1016/j.jiec.2016.01.022
http://doi.org/10.1002/jat.1261
http://doi.org/10.1124/jpet.102.034728
http://www.ncbi.nlm.nih.gov/pubmed/12130727
http://doi.org/10.3389/fcell.2018.00010
http://doi.org/10.1016/S0378-5173(00)00650-5
http://doi.org/10.3109/10717549509031355
http://doi.org/10.3109/03639049709148695
http://doi.org/10.3109/10611869408996806
http://doi.org/10.1016/j.colsurfb.2012.06.038
http://doi.org/10.1016/S0168-3659(98)00151-5
http://doi.org/10.1517/17425247.2013.736962
http://www.ncbi.nlm.nih.gov/pubmed/23102011
http://doi.org/10.1039/C0JM02246B
http://doi.org/10.1039/b909551a
http://www.ncbi.nlm.nih.gov/pubmed/19841803
http://doi.org/10.2307/2657111
http://doi.org/10.1016/j.jsps.2016.05.010
http://doi.org/10.4103/0250-474X.59544
http://doi.org/10.1074/jbc.M610621200
http://www.ncbi.nlm.nih.gov/pubmed/17242401
http://doi.org/10.3892/ijmm.10.4.513
http://doi.org/10.5414/CP202120
http://www.ncbi.nlm.nih.gov/pubmed/25161161
http://doi.org/10.1093/chromsci/47.7.558
http://www.ncbi.nlm.nih.gov/pubmed/19772727


Pharmaceutics 2021, 13, 1921 23 of 24

42. Sampson, D.C.; Fox, R.M.; Tattersall, M.H.N.; Hensley, W.J. A Rapid High-Performance Liquid Chromatographic Method for
Quantitation of 5-Fluorouracil in Plasma after Continuous Intravenous Infusion. Ann. Clin. Biochem. Int. J. Lab. Med. 1982, 19,
125–128. [CrossRef]

43. Kalam, A.; Alshamsan, A. Poly (d, l-lactide-co-glycolide) nanoparticles for sustained release of tacrolimus in rabbit eyes. Biomed.
Pharmacother. 2017, 94, 402–411. [CrossRef] [PubMed]

44. Li, Z.; Tao, W.; Zhang, D.; Wu, C.; Song, B.; Wang, S.; Wang, T.; Hu, M.; Liu, X.; Wang, Y.; et al. The studies of PLGA nanoparticles
loading atorvastatin calcium for oral administration in vitro and in vivo. Asian J. Pharm. Sci. 2016, 12, 285–291. [CrossRef]

45. Permezel, N.C.; Webling, D.D. The length and mucosal surface area of the small and large gut in young rats. J. Anat.
1971, 108, 295–296.

46. Rahman, Z.; Kohli, K.; Zhang, S.-Q.; Khar, R.K.; Ali, M.; Charoo, N.A.; Tauseef, M.; Shamsher, A.A.A.; Mohammed, N.N.; Repka,
M.A. In-vivo evaluation in rats of colon-specific microspheres containing 5-fluorouracil. J. Pharm. Pharmacol. 2008, 60, 615–623.
[CrossRef] [PubMed]

47. Zhang, Y.; Huo, M.; Zhou, J.; Xie, S. PKSolver: An add-in program for pharmacokinetic and pharmacodynamic data analysis in
Microsoft Excel. Comput. Methods Prog. Biomed. 2010, 99, 306–314. [CrossRef] [PubMed]

48. Diego-Taboada, A.; Beckett, S.T.; Atkin, S.L.; MacKenzie, G. Hollow Pollen Shells to Enhance Drug Delivery. Pharmaceutics 2014,
6, 80–96. [CrossRef]

49. Gârea, S.; Mihai, A.; Ghebaur, A.; Nistor, C.L.; Sârbu, A. Porous clay heterostructures: A new inorganic host for 5-fluorouracil
encapsulation. Int. J. Pharm. 2015, 491, 299–309. [CrossRef]

50. Barrier, S.; Löbbert, A.; Boasman, A.J.; Boa, A.N.; Lorch, M.; Atkin, S.L.; Mackenzie, G. Access to a primary aminosporopollenin
solid support from plant spores. Green Chem. 2009, 12, 234–240. [CrossRef]

51. Wittborn, J.; El-Ghazaly, G.; Rao, K.V.; Rowley, J.R. Nanoscale Similarities in the Substructure of the Exines ofFagusPollen Grains
andLycopodiumSpores. Ann. Bot. 1998, 82, 141–145. [CrossRef]

52. Mujtaba, M.; Sargin, I.; Akyuz, L.; Ceter, T.; Kaya, M. Newly isolated sporopollenin microcages from Platanus orientalis pollens
as a vehicle for controlled drug delivery. Mater. Sci. Eng. C 2017, 77, 263–270. [CrossRef]

53. Mohammadi, M.; Shadizadeh, S.R.; Manshad, A.K.; Mohammadi, A.H. Experimental study of the relationship between porosity
and surface area of carbonate reservoir rocks. J. Pet. Explor. Prod. Technol. 2020, 10, 1817–1834. [CrossRef]

54. Lowell, S.; Shields, J.E.; Thomas, M.A.; Thommes, M. Characterization of Porous Solids and Powders: Surface Area, Pore Size and
Density; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2004. [CrossRef]

55. Sing, K. The use of nitrogen adsorption for the characterisation of porous materials. Colloids Surfaces A Physicochem. Eng. Asp.
2001, 187-188, 3–9. [CrossRef]

56. Smith, T.; Affram, K.; Bulumko, E.; Agyare, E. Evaluation of in-vitro cytotoxic effect of 5-FU loaded-chitosan nanoparticles against
spheroid models. South Pac. J. Nat. Appl. Sci. 2018, 4.

57. Deepashree, D.; Komal, K.; Prasad, A.; Devi, M.; Shubha, G.C.L. Ftir Spectroscopic Studies on Cleome Gynandra—Comparative
Analysis of Functional Group before and after Extraction. Romanian J. Biophys. 2013, 22, 137–143.

58. Prabhakara, P.; Koland, M.; Vijaynarayana, K.; Harish, N.; Shankar, G.; Ahmed, M.; Narayana, C.; Satyanarayana, D. Preparation
and evaluation of Transdermal patches of Papaverine hydrochloride. Int. J. Res. Pharm. Sci. 2010, 1, 259–266.

59. Domínguez, E.; Mercado, J.A.; Quesada, M.A.; Heredia, A. Pollen sporopollenin: Degradation and structural elucidation. Sex.
Plant Reprod. 1999, 12, 171–178. [CrossRef]

60. Sargın, I.; Arslan, G. Chitosan/sporopollenin microcapsules: Preparation, characterisation and application in heavy metal
removal. Int. J. Biol. Macromol. 2015, 75, 230–238. [CrossRef] [PubMed]

61. Ashour, A.E.; Badran, M.; Kumar, A.; Hussain, T.; Alsarra, I.A.; Yassin, A.E.B. Physical PEGylation Enhances The Cytotoxicity Of
5-Fluorouracil-Loaded PLGA And PCL Nanoparticles. Int. J. Nanomed. 2019, 14, 9259–9273. [CrossRef] [PubMed]

62. Samy, M.; El-Alim, S.H.A.; Rabia, A.E.G.; Amin, A.; Ayoub, M.M. Formulation, characterization and in vitro release study of
5-fluorouracil loaded chitosan nanoparticles. Int. J. Biol. Macromol. 2020, 156, 783–791. [CrossRef]

63. Tummala, S.; Kumar, M.S.; Prakash, A. Formulation and characterization of 5-Fluorouracil enteric coated nanoparticles for
sustained and localized release in treating colorectal cancer. Saudi Pharm. J. 2014, 23, 308–314. [CrossRef]

64. Devrim, B.; Canefe, K. Preparation and evaluation of modified release ibuprofen microspheres with acrylic polymers (Eudragit)
by quasiemulsion solvent diffusion method: Effect of variables. Acta Pol. Pharm.-Drug Res. 2007, 63, 521–534.

65. Gupta, A.; Tiwari, G.; Tiwari, R.; Srivastava, R. Factorial designed 5-fluorouracil-loaded microsponges and calcium pectinate
beads plugged in hydroxypropyl methylcellulose capsules for colorectal cancer. Int. J. Pharm. Investig. 2015, 5, 234–246. [CrossRef]

66. Castelli, F.; Messina, C.; Sarpietro, M.G.; Pignatello, R.; Puglisi, G. Flurbiprofen release from eudragit RS and RL aqueous
nanosuspensions: A kinetic study by DSC and dialysis experiments. AAPS PharmSciTech 2002, 3, 26–33. [CrossRef]

67. Sanchez-Lopez, E.; Egea, M.A.; Cano, A.; Espina, M.; Calpena, A.C.; Ettcheto, M.; Camins, A.; Souto, E.B.; Silva, A.M.; Garcia,
M.L. PEGylated PLGA nanospheres optimized by design of experiments for ocular administration of dexibuprofen-in vitro, ex
vivo and in vivo characterization. Colloids Surf. B Biointerfaces 2016, 145, 241–250. [CrossRef] [PubMed]

68. Ma, G.; Zhang, C.; Zhang, L.; Sun, H.; Song, C.; Wang, C.; Kong, D. Doxorubicin-loaded micelles based on multiarm star-shaped
PLGAâ€“PEG block copolymers: Influence of arm numbers on drug delivery. J. Mat. Sci. Mat. Med. 2015, 27, 17. [CrossRef]

69. Sogias, I.A.; Williams, A.; Khutoryanskiy, V. Chitosan-based mucoadhesive tablets for oral delivery of ibuprofen. Int. J. Pharm.
2012, 436, 602–610. [CrossRef] [PubMed]

http://doi.org/10.1177/000456328201900213
http://doi.org/10.1016/j.biopha.2017.07.110
http://www.ncbi.nlm.nih.gov/pubmed/28772219
http://doi.org/10.1016/j.ajps.2016.08.006
http://doi.org/10.1211/jpp.60.5.0007
http://www.ncbi.nlm.nih.gov/pubmed/18416938
http://doi.org/10.1016/j.cmpb.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20176408
http://doi.org/10.3390/pharmaceutics6010080
http://doi.org/10.1016/j.ijpharm.2015.05.053
http://doi.org/10.1039/B913215E
http://doi.org/10.1006/anbo.1998.0649
http://doi.org/10.1016/j.msec.2017.02.176
http://doi.org/10.1007/s13202-020-00838-z
http://doi.org/10.1007/978-1-4020-2303-3
http://doi.org/10.1016/S0927-7757(01)00612-4
http://doi.org/10.1007/s004970050189
http://doi.org/10.1016/j.ijbiomac.2015.01.039
http://www.ncbi.nlm.nih.gov/pubmed/25660654
http://doi.org/10.2147/IJN.S223368
http://www.ncbi.nlm.nih.gov/pubmed/31819428
http://doi.org/10.1016/j.ijbiomac.2020.04.112
http://doi.org/10.1016/j.jsps.2014.11.010
http://doi.org/10.4103/2230-973X.167688
http://doi.org/10.1208/pt030209
http://doi.org/10.1016/j.colsurfb.2016.04.054
http://www.ncbi.nlm.nih.gov/pubmed/27187188
http://doi.org/10.1007/s10856-015-5610-4
http://doi.org/10.1016/j.ijpharm.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/22842627


Pharmaceutics 2021, 13, 1921 24 of 24

70. Gupta, V.K.; Beckert, T.E.; Price, J.C. A novel pH- and time-based multi-unit potential colonic drug delivery system. I. Develop-
ment. Int. J. Pharm. 2001, 213, 83–91. [CrossRef]

71. Piao, Z.-Z.; Lee, K.-H.; Kim, N.-J.; Lee, H.-G.; Lee, J.; Oh, K.T.; Lee, B.-J. Comparison of Release-Controlling Efficiency of Polymeric
Coating Materials Using Matrix-type Casted Films and Diffusion-Controlled Coated Tablet. AAPS PharmSciTech 2010, 11, 630–636.
[CrossRef]

72. Iravani, S.; Varma, R.S. Plant Pollen Grains: A Move Towards Green Drug and Vaccine Delivery Systems. Nano-Micro Lett. 2021,
13, 1–13. [CrossRef]

73. Jeong, K.Y.; Yuk, J.E.; Lee, J.; Jang, S.W.; Park, K.H.; Lee, J.-H.; Park, J.-W. Stability of extracts from pollens of allergenic importance
in Korea. Korean J. Intern. Med. 2020, 35, 222–230. [CrossRef]

74. Lale, S.V.; Gill, H.S. Pollen grains as a novel microcarrier for oral delivery of proteins. Int. J. Pharm. 2018, 552, 352–359. [CrossRef]
75. Franklin, R.M.; Baer, H.; Hooton, M.L.; Brown, H. The stability of short ragweed pollen extract as measured by skin test and

antigen E. J. Allergy Clin. Immunol. 1976, 58, 51–59. [CrossRef]
76. World Health Organization. Pharmaceuticals, U. WHO Guidelines on Stability Testing of Pharmaceutical Products Containing Well-

established Drug Substances in Conventional Dosage Forms; World Health Organization: Geneva, Switzerland, 1994.
77. Rai, G.; Yadav, A.; Jain, N.K.; Agrawal, G.P. Eudragit-coated dextran microspheres of 5-fluorouracil for site-specific delivery to

colon. Drug Deliv. 2014, 23, 328–337. [CrossRef]
78. Yang, L.; Chu, J.S.; Fix, J.A. Colon-specific drug delivery: New approaches and in vitro/in vivo evaluation. Int. J. Pharm. 2002,

235, 1–15. [CrossRef]
79. He, W.; Du, Q.; Cao, D.; Xiang, B.; Fan, L. Study on colon-specific pectin/ethylcellulose film-coated 5-fluorouracil pellets in rats.

Int. J. Pharm. 2008, 348, 35–45. [CrossRef]
80. Wolpin, B.M.; Mayer, R.J. Systemic Treatment of Colorectal Cancer. Gastroenterology 2008, 134, 1296–1310.e1. [CrossRef]
81. Liu, J.; Shentu, J.-Z.; Wu, L.-H.; Dou, J.; Xu, Q.-Y.; Zhou, H.-L.; Wu, G.-L.; Huang, M.-Z.; Hu, X.-J.; Chen, J.-C. Relative

bioavailability and pharmacokinetic comparison of two different enteric formulations of omeprazole. J. Zhejiang Univ. Sci. B 2012,
13, 348–355. [CrossRef]

82. Chabner, B.A. Antineoplastic agents. In Goodman Gilman’s The Pharmacyological Basis of Therapeutics; McGraw Hill Education: New
York, NY, USA, 1996.

83. Sandle, G.I. Salt and water absorption in the human colon: A modern appraisal. Gut 1998, 43, 294–299. [CrossRef]

http://doi.org/10.1016/S0378-5173(00)00649-9
http://doi.org/10.1208/s12249-010-9377-0
http://doi.org/10.1007/s40820-021-00654-y
http://doi.org/10.3904/kjim.2018.211
http://doi.org/10.1016/j.ijpharm.2018.10.016
http://doi.org/10.1016/0091-6749(76)90106-8
http://doi.org/10.3109/10717544.2014.913733
http://doi.org/10.1016/S0378-5173(02)00004-2
http://doi.org/10.1016/j.ijpharm.2007.07.005
http://doi.org/10.1053/j.gastro.2008.02.098
http://doi.org/10.1631/jzus.B1100272
http://doi.org/10.1136/gut.43.2.294

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Pollen Collection 
	Extraction of Sporopollenin Exine Microcapsules (SEMC) 
	Encapsulation of 5-FU into SEMC 
	Formulation of Eudragit® RS-100 (E-RS) Coated SEMC 
	Morphological Characterization of SEMC and Size Analysis 
	Porosity Determination of SEMC 
	FTIR Spectra 
	Powder X-ray Diffraction 
	Differential Scanning Calorimetry 

	Chromatographic Analysis of 5-FU 
	Encapsulation Efficiency (%EE) and Drug Loading (%DL) 
	In Vitro Drug Release Study 
	Stability of 5-FU-Loaded Uncoated and ERS-Coated SEMC 
	In Vivo Study 
	Animals 
	Pharmacokinetics and Gastrointestinal Distribution Study 

	Statistical Analysis 

	Results and Discussion 
	Formulation of 5-FU-Loaded SEMC and Its Coating by ERS 
	Structural Morphology and Size Analysis of SEMC 
	Porosity and Surface Volume Measurement 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Powdered X-ray Diffraction (PXRD) 
	Differential Scanning Calorimetry 
	Effect of 5-FU Concentration on Encapsulation and Its Loading into SEMC 
	In Vitro Release of 5-FU 
	Stability of 5-FU Loaded SEMC (Uncoated and ERS-Coated) 
	In Vivo Pharmacokinetics 
	Tissue Distribution of 5-FU in Stomach and Small Intestine 
	Tissue Distribution of 5 FU in Colon Tissues 

	Conclusions 
	References

