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Nature produces large quantities of superbly complex and highly reliable microcapsules. The micrometre-
sized Lycopodium clavatum spores are one example of these robust capsules. The encapsulation of
erythromycin (EM) and bacitracin (BAC) antibiotics into the Lycopodium clavatum sporopollenin (LCS)
extracted from these spore species is explored for the first time. The LCS microparticles are extensively
characterised before and after loading using SEM, CLSM, TGA and FTIR techniques. The loading capacity
and entrapping efficiency of EM were 16.2 and 32.4%, respectively. The antibacterial activities of pure
antibiotics, empty LCS and the antibiotic-loaded LCS were evaluated against Staphylococcus aureus
(Gram-positive), Pseudomonas aeruginosa (Gram-negative), and Klebsiella pneumoniae (Gram-negative)
human pathogenic bacterial strains. A remarkable increase in the antibacterial fold activity of both EM-
and BAC-loaded LCS compared to that of the pure antibiotics is observed. Crucial for drug delivery
applications, empty LCS, EM- and BAC-loaded LCS were found to be nontoxic against human epithelial
colorectal adenocarcinoma cells Caco-2 as revealed by the cytotoxicity evaluation. The in vitro release

mechanism of EM in pH 7.4 showed a deviation from Fick's law. In vivo release of EM from EM-loaded
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1. Introduction

In nature, pollen grains protect the reproductive genetic mate-
rial of male flowers from harsh environmental conditions such
as dehydration, high temperatures, UV light and microbial
attack.® The male plant's contribution is encapsulated within
the cytoplasmic core of the pollen grain until the germination
process where certain cells transfer to the female flower via
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bioavailability. The successful loading of antibiotics

into the nontoxic LCS and the enhanced

bioavailability can open up intriguing applications in oral and topical drug delivery strategies.

pollen tubes.” The cytoplasmic area is surrounded by two layers;
the intine and the exine shells. The latter outer layer represents
the sporopollenin biopolymer, which has been described as the
“diamond of the plant world”.*> Growing suggestions are in
support of sporopollenin being a highly cross-linked
biopolymer of carbon, hydrogen, and oxygen with complex
building blocks of straight and branched aliphatic chains.* The
nitrogen-free sporopollenin extraction protocols vary and can
involve either harsh chemical treatments utilising strong bases
and acids at raised temperatures® or using mild conditions.*® It
was suggested that harsh chemical extraction can denature
sporopollenin,”  therefore, possible structure and/or
morphology alternations have to be taken into account when
one makes a comparison between empty sporopollenin origi-
nated from different plant species and extracted through
different protocols. Due to their resilience, consistency in size
and unique morphology, sporopollenin have recently attracted
intriguing attention for a wide range of applications acting as
either microparticles (as solid support)'®*® or microcapsules
(for diverse encapsulation of materials).>*”** The majority of

This journal is © The Royal Society of Chemistry 2018
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research concerning sporopollenin has arisen from the thick-
shelled (~1.5 pm) S-type species of Lycopodium clavatum L.
spores (common club moss or ground pine). Moreover, sporo-
pollenin from L. clavatum have recently shown high efficiencies
in encapsulation of drugs,*** live cells,* oils,'®** proteins'® and
inorganic nanoparticles."” Synergetic microencapsulation using
raw L. clavatum® and sunflower*® spores, to preserve their
herbal therapeutic benefits, has been recently explored.

Although various types of inorganic and organic materials
have been encapsulated into sporopollenin, encapsulation,
antibacterial activity, in vitro and in vivo release of antibiotics
loaded inside L. clavatum sporopollenin (LCS) has not been
reported so far. We focus in this article on erythromycin (EM)
and bacitracin (BAC) as macrolide and polypeptide antibiotics,
respectively. Erythromycin, produced from Saccharopolyspora
erythraea strains, is extensively used for the treatment of several
bacterial infections and is frequently prescribed as an alterna-
tive for patients allergic to penicillin.*’-** However, EM was
considered as a labile antibiotic since it degrades in the acidic
medium of the stomach via an intramolecular dehydration
reaction producing inactive by-products such as anhydroery-
thromycin, a more toxic derivative of the drug.”?”*° This limits
the efficacy and bioavailability of this important antibiotic as
well as increasing its gastrointestinal side effects. Several
methods have been developed to enhance the acidic stability
and therapeutic effectiveness of erythromycin.**=** The use of
EM analogs (azithromycin and clarithromycin) showed
a nuance increase in acidic stability.**> Enteric EM coating has
been utilised for delayed-release tablets that protect the acidic
degradation in the stomach.*® Another route for improving the
acidic stability of EM was to use pH-responsive polymers* or via
encapsulation within biodegradable gelatine microcapsules® or
in nanoemulsions.*® Bacitracin is a peptide antibiotic, produced
by Bacillus subtilis, that can strongly inhibit Gram-positive
organisms.”” Bacitracin has progressively become a wide-
spread component in diverse topical products such as
cosmetics, skin ointments, and powders.*® It was reported that
BAC is one of the most common topical antibiotics utilised in
the irrigation solution for neurosurgical cases.*

Unlike the aforementioned studies, we report here the use of
naturally occurring LCS as microcapsules for loading EM or
BAC antibiotics in an effort to protect these drugs from the
harsh environment and to enhance their bioavailability and
pharmacokinetic properties. Since the sporopollenin micro-
capsules are shown to be highly resilient to strong acid, strong
alkali and a wide range of various enzymes*>*' found in the
gastrointestinal tract (GIT), the release of labile antibiotics
throughout the GIT using these LCS microcapsules is deemed
interesting. To the best of our knowledge, the in vitro and in vivo
EM and/or BAC release from LCS and the cytotoxicity evaluation
of empty and loaded LCS against human epithelial Caco-2 cells
have not been reported before. We also demonstrate, for the
first time, the in vitro antibacterial activity of EM and BAC
loaded LCS microcapsules. Our technique involves loading the
extracted LCS microcapsules with the desired antibiotic via
vacuum-assisted passive diffusion through the nanochannels of
the LCS. Physico-chemical characterisations of the LCS before
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and after the encapsulation process were investigated using
several techniques. Our protocol showed an enhanced EM
bioavailability via oral delivery as the sporopollenin exines have
been reported to cross the gut wall.® Our findings also shed the
light for the potential applications of these versatile LCS
biopolymers for BAC topical formulations and taste masking of
antibiotics. Moreover, similar results are expected with most
commonly used antibiotics using these versatile natural
biomaterials to meet the ever increasing demand for drug
microencapsulation.

2. Experimental

2.1. Materials

Lycopodium clavatum L. (common club moss) spores (27 pm
type) were purchased from Fagron, UK. Mueller Hinton broth
(MHB) or Mueller Hinton agar (MHA), Lysogeny broth (LB),
ethanol and standard antibiotics (erythromycin and bacitracin),
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Eosin
Yellow disodium salt was purchased from SRL (India). All
chemicals were purchased from Sigma Aldrich (St. Louis, MO,
USA) unless otherwise stated. Double sterilised Milli-Q water
was used throughout the experiments.

2.2. Source of microorganisms and cultures media

Three different human pathogenic bacterial strains namely
Staphylococcus aureus (Gram-positive), Pseudomonas aeruginosa
(Gram-negative), and Klebsiella pneumoniae (Gram-negative)
strains were obtained from the Spanish Type Culture Collec-
tion (CECT; Valencia, Spain) and the species-level confirmation
was identified using the microbial identification system (Bio-
Meérieux, mini API, Roma, Italy). All bacterial strains were stored
in Phosphate Buffer Saline (PBS) with 10% Tryptone Soy Broth
(TSB, Conda Laboratories, Madrid, Spain) and 10% glycerol at
—80 °C until employed. The microbiological study was per-
formed in three different culture media: Mueller-Hinton broth
(MHB), or Mueller Hinton agar (MHA), Lysogeny broth and
Luria-Bertani (LB) in both liquid and solid phase. The MHB was
prepared according to the instructions of the supplier by mixing
21 g of ready-made MH powder with 1 L of distilled water. The
MH broth prepared by this way contains beef infusion, casein
hydrolysate and starch. The LB broth was prepared according to
the recipe by mixing distilled water (1 L) with tryptone (10 g),
yeast extract (5 g) and sodium chloride (10 g). The pH was
balanced to 7.2 & 0.2 in both cases. The agars were prepared
from the broth liquids by adding 20 g of the agar powder per 1 L
of the broth.

2.3. Encapsulation of antibiotics into LCS

The LCS microcapsules were extracted from raw Lycopodium
clavatum L. spores using a method described elsewhere.*®
Briefly, raw spores were consecutively treated with acetone,
KOH and orthophosphoric acid to get rid of the core materials
and eventually obtain nitrogen-free LCS exines. Loading of this
type of sporopollenin species with different materials can be
achieved by passive diffusion or vacuum loading, or via using
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compressed tablets.>** We used in the current study a method
employing a passive diffusion followed by a vacuum loading. A
125 mg of either EM or BAC antibiotic powder was dissolved in
5 mL of a (1:1) v/v water/ethanol solution in a 10 mL glass
tube and stirred for 10 minutes for complete dissolution. Then
125 mg of dry LCS were suspended in the antibiotic solution
and vortexed for 15 minutes at 500 rpm for passive loading.
This gives a (1 : 1) w/w (50% w/w) antibiotic loading. The glass
tube was then placed in a vacuum desiccator to allow a vacuum
loading technique for another 2 hours. The EM or BAC loaded
LCS microparticles were collected by filtering through
a Whatman filter paper 11 pm, washed with water and pure
ethanol to remove surface adhered antibiotics. Finally, the EM
or BAC loaded LCS were dried at 60 °C until constant weight
and stored at 2-8 °C until further use. For confocal laser
scanning microscopy (Section 2.6), eosin Y was used to form
a fluorescent binary complex with EM before loading into the
LCS microparticles (details in ESIt). The loading capacity was
determined by suspending 10 mg of EM-loaded LCS in 3.5 mL
PBS : methanol (1 : 1 v/v), stirred for 5 min and sonicated for
1 min in three cycles at 24% amplitude using Ivymen ultra-
sonic homogeniser CY-500 (Spain). The LCS were then
removed by filtration and the absorbance of the filtrate was
measured at A = 330 nm (Unicam Helios UV-Vis Spectrometer)
for EM content.

2.4. Antibacterial activity

The antibacterial activity of EM-loaded LCS and BAC-loaded
LCS was investigated by the standard disc diffusion assay.*
Three bacterial strains were used, namely Staphylococcus aureus
(Gram-positive), Pseudomonas aeruginosa (Gram-negative), and
Klebsiella pneumoniae (Gram-negative). The standard bacterial
inoculum suspension (10° CFU mL™") (colony forming unit)
were firstly evaluated by measuring optical density (OD) at
600 nm and then 100 pL of the bacterial inoculum were over
streaked on the surface of the Gibcos LB broth/agar medium
using sterile cotton swab and grown overnight at 37 °C on
a rotary shaker (150 rpm). A 6 mm diameter double sterilised
paper discs (Model SR-24A-ADVPB, Consolidated, Machine
Corporation, Boston, MA, USA) were placed on the prepared
Gibcos LB agar plates. A 10 uL from EM-loaded and BAC-loaded
LCS suspension (with MIC conc. Value for each) were dropwise
added into the filter discs. All discs were completely dried and
placed onto the plates and incubated at 37 °C for 24 h. The
antibacterial activity for each EM-loaded and BAC-loaded LCS
was then evaluated by measuring the zone of inhibition around
the filter discs for the tested bacteria. Discs of erythromycin,
bacitracin and empty LCS were used alone as controls. All
experiments were performed in triplicates. The fold increase in
the antibacterial activity was also measured in triplicate using
the formula:*

Fold increase (%) = (b — a)/la x 100
where a is the mean of inhibition zone for antibiotic alone, b is

the mean of inhibition zone of antibiotic-loaded LCS.
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2.5. Determination of the minimum inhibitory
concentration (MIC)

The minimum inhibitory concentration (MIC) of the EM-loaded
and BAC-loaded LCS was recorded for each Staphylococcus
aureus, Pseudomonas aeruginosa, and Klebsiella pneumoniae
using the micro-dilution method as described elsewhere.**** In
general, Stock suspension of each EM-loaded and BAC-loaded
LCS (1 mg mL™") were prepared in sterile distilled water and
each tested bacteria were grown in liquid Luria-Bertani (LB)
medium at 37 °C and 250 rpm over 9 hours, before they were
diluted to 5 x 108 colony forming units (CFU mL™") as the
inoculum. Each bacterial strain was then re-grown in fresh LB
medium alone and in the presence of different gradient
concentrations of the EM-loaded and BAC-loaded LCS (0.5, 1, 2,
3, 4, 8, 10, 20 and 30 pg mL™'). The MIC for each one was
determined by measuring the optical density (O.D.) at 600 nm of
the culture broths. Controls containing only bacterial inoculum
and the empty LCS sporopollenin was used. The lowest
concentration which completely inhibited the growth of
microbes was recorded as MIC. From the above assay, a loopful
of inoculum was taken from each well showing no visual growth
after incubation and spotted onto MHA plates to validate the
MIC assay. All experiments were performed in triplicates.

2.6. Cytotoxicity assay

The MTT (3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium
bromide) assay was used to measure the cytotoxicity or
biocompatibility of LCS, EM-loaded and BAC-loaded LCS
against human epithelial colorectal adenocarcinoma cells Caco-
2. The cells were cultured in high glucose Dulbecco’s modified
Eagle's medium supplemented with antibiotic agents (peni-
cillin 120 IU mL ™" and streptomycin 100 IU mL ") and 10% (v/v)
fetal bovine serum (FBS) and non-essential amino acids. The
cells were maintained in a humidified atmosphere of 5% CO, at
37 °C. Briefly, the cells were grown to 1 x 10 cells per well in 96-
well plates and then incubated at 37 °C with 5% CO, with
various concentrations of LCS, EM-loaded and BAC-loaded LCS
for 24 h. After treatments, the medium was changed and the
cells were washed three times with PBS (pH 7.4) to remove the
dead cells. The cells were subsequently incubated with 300 puL
(1 mg mL™") of MTT for 3 h in 5% CO, incubator for analysis of
cytotoxicity and 50% inhibitory concentration (ICs,) was calcu-
lated. The experiments were performed in triplicates. Cell
viability (%) related to the control wells containing cell culture
medium without the samples was calculated based on the
average of three replicates. The results were expressed as means
+ standard error (SE) of three separate experiment cultures.

2.7. Confocal laser scanning microscopy (CLSM) analysis

CLSM of the empty LCS and EM-loaded LCS sporopollenin
analysis was performed using a Carl Zeiss LSM710 (Germany)
confocal microscope. Laser excitation lines 405 nm, 488 nm and
543 nm with a Plan-Abochromat 63 x /1.4 oil DIC (differential
interference contrast) M27 objective lens were used. Atleast
three images were captured for each sample. All images and

This journal is © The Royal Society of Chemistry 2018
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videos were processed under the same conditions using ZEN
2009 and LSM image browser software (ZEISS, Germany).

2.8. FTIR, TGA and SEM analyses

The infrared spectra were obtained in the 650-4000 cm ™" range
by a Perkin-Elmer 100 FTIR spectrometer. Samples were ground
with anhydrous potassium bromide (spectrosol grade) to obtain
disks to a ratio of 1/9 (w/w). FTIR spectra were a result of 3 scans
against a background. Thermogravimetric analysis (TGA) curves
were obtained using TA Instruments (TGA Q50 Thermogravi-
metric Analyzer) with a heating rate of 10 °C min~" up to 700 °C
under N, flow. Scanning electron microscope (SEM) analysis
obtained using JSM-5400 LVJEOL (Japan) after coating all
samples with 20 nm gold with gold sputter (JEOL JFC-1100E).
Images were taken with an acceleration voltage of 5 kV at
various magnifications. Optical images were taken by a Nikon
microscope fitted with PHD-5MP digital camera (MicroCam,
Egypt) and the images were processed using microvision
software.

2.9. Invitro release study

Release study of EM antibiotic was carried out using dialysis bag
method. 10 mg of EM-loaded LCS microcapsules were dispersed
in 5 mL of PBS (pH 7.4) solution and subsequently poured into
a dialysis bag (MW cut off of 5 kDa). The dialysis bag was then
immersed in 50 mL of PBS receptor media with mild stirring
(100 rpm) at 37 & 0.4 °C. Aliquot of 4 mL was withdrawn from
the receptor media at specified time intervals (up to 48 h) and
an equivalent volume of a fresh PBS media was replenished into
the receptor media. The release sample was analysed with UV-
Vis spectroscopy at 330 nm and the amount of EM released
was calculated using the EM standard curve.

2.10. In vivo release study

Adult male albino rats weighing 110-130 g were obtained from
the Laboratory Animal Center (Dokki, Giza, Egypt). All animals
had access to a standard diet and water ad libitum. The rats
were left in plastic cages in a well-ventilated room (temperature
25 °C + 3) for 2 weeks prior the start of the experiment as an
acclimatization period. Prior the administration of the EM-
loaded LCS oral doses, the rats were fasted overnight for at
least 12 h with free access to water. The rats then received an
oral dose (50 mg kg ') of EM-loaded LCS microcapsules (as
a suspension in 1 mL of pure water) without constraining the
animals. Oral administration was carried out with a rigid gavage
tube. The rats were sacrificed via cervical decapitation and
blood samples were collected into heparinised 1.5 mL Eppen-
dorf tubes at 0.5, 1, 2, 3, 5 and 6 hours after oral administration.
Plasma samples were separated through centrifugation of the
collected blood for 15 min at 3000 rpm and stored at —80 °C for
subsequent analysis. The EM plasma concentrations in rats
were measured chromatographically using an HPLC, Agilent
Technologies 1200 Series, G1315D DAD (USA) with a Zorbax
NH2 Analytical 4.6 x 250 mm 5-micron column. The mobile
phase composition was constant (isocratic elution) containing
(A: 10% 10 mM dibasic hydrogen phosphate buffer, pH 6.5 and

This journal is © The Royal Society of Chemistry 2018
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B: 90% methanol). Erythromycin was measured at 25 °C at
a flow rat 1.5 mL min~ " employing UV detector at a wavelength
210 nm. A typical chromatogram is shown in Fig. S9 (ESI).T

3. Results and discussion

3.1. Encapsulation of antibiotics into sporopollenin

Drug stability, targeting and controlled release are desirable
properties that can be achieved via microencapsulation which
gains great importance. Generally, conventional microencap-
sulation strategies are pricey and problematic, particularly in
producing uniform, monodisperse and efficient biodegradable
microcapsules. Sporopollenin extracted from natural pollens
showed great advantages over the synthetic microcapsules
owing to, inter alia, their unique structural and morphological
properties.”* Prior to antibiotics loading process, we have
extracted the inner cytoplasmic materials from the raw Lyco-
podium clavatum L. spores to obtain the outer exines shells
(LCS) free from allergens. The extraction protocol used in the
current study was known to produce sporopollenin, from the
same pollen species studied here, with 0% N,."”*****¢ Fig. 1a
represents SEM images of the extracted empty LCS showing
their surface morphology and microstructure at different
magnifications. The extracted LCS microcapsules have retained
their native morphology with consistent size (ca. 25 pm in
diameter) when compared to the raw precursor spores (Fig. S1
and S2 in ESIY). This indicative of the robust resistance of these
unique biopolymer shells to extensive chemical attacks as
previously reported.”* This in turn might help withstanding the
harsh stomach environment, permitting oral drug administra-
tion and better release into the gastrointestinal (GI) tract. As can
be seen from Fig. 1a, the surface morphology of the LCS is
characterised by obvious reticular microstructure and orna-
mentation, having hexagonal cells resembling somewhat the
honey comb. The trilete scars (Y shaped) can also be seen which
are characteristic for this particular pollen species. The EM or
BAC loaded LCS microparticles retained their surface
morphology after the passive-vacuum encapsulation process.
Fig. 1b shows SEM images of an example of EM-loaded LCS
where the structural integrity is evident which is of greatest
importance for encapsulants (additional SEM images can be
seen in Fig. S3 in ESIT). Moreover, the surface of the EM-loaded
LCS showed no evidence of residual EM accumulating within
their reticular cells in contrast to other reported studies.>*>*
The possible routes for the EM or BAC antibiotics to diffuse
into the cavities of the LCS are probably via the nanochannels or
the trilete scars which are important for the in/out transfer of
nutrition to pollens or for the formation of the pollination tube,
respectively.> A proposed mechanism of encapsulation of the
antibiotics into LCS microcapsules is shown in Scheme 1a and
b. As seen in Scheme 1a, the microstructure of an empty LCS
microcapsule is shown and depicting the uniform ridges
surrounding its shell surface and an empty core, ready for
loading. The passive-vacuum loading protocol was carried out
by applying a vacuum to a LCS suspension in antibiotic solution
where the antibiotics diffuse into the empty LCS via the nano-
channels present on the shell surface of the LCS microcapsules

RSC Adv., 2018, 8, 33432-33444 | 33435
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Fig. 1 SEM images of LCS microcapsules showing the surface morphological characterisations. (A) Empty LCS before loading and (B) after

passive-vacuum EM loading.

(Scheme 1b). It was reported that the transfer of the male
genetic materials occurs through the apertures of the mature
pollens with aperturate while it takes place through the whole
exine sporopollenin shell for the nonaperturate pollens.*”»*® It
was found that, using tracer of colloidal iron, the exine shell
layer were crossed in various species of mature spores by radial
microchannels of around 25 nm in diameter.*~*° In this respect,
the mechanism by which different materials transfer in or out
the sporopollenin through the apertures and/or the nano-
channels is not fully known since the full chemical structure of
the sporopollenin is still largely unidentified.® It is worth
mentioning that the chemical and physical properties of these
nanochannels, as a possible way for loading of active, are varied
depending on the plant species. Bohne et al.*® reported that, for

antibiotics passive-vacuum
microencapsulation

tripartite sporopollenin extracted from Pine pollens, there was
a physical barrier to non-electrolytes with a Stokes' radius >
4 nm resulting from the inhomogeneity in nanochannels’ sizes.
They also concluded that there was another electrostatic barrier
to electrolytes as a result of the specific functional groups within
these nanochannels, hence their charge. Nevertheless, in
contracts to the results of Bohne et al.,*® the LCS extracted from
Lycopodium clavatum species did not show such barriers as
revealed in several studies where various materials were
successfully loaded inside them.">**¢

Following the SEM morphological and structural character-
isations, which cannot solely give loading confirmation, we
have used CLSM analysis to verify the encapsulation of EM or
BAC within the LCS. Since these antibiotics do not have

nanochannels

trilete scar

empty LCS

h

antibiotics

Antibiotic-loaded LCS

Scheme 1 Proposed mechanism of passive-vacuum antibiotic encapsulation into empty LCS microcapsules.

33436 | RSC Adv., 2018, 8, 33432-33444

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05499a

Open Access Article. Published on 27 September 2018. Downloaded on 2/4/2026 12:45:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

conjugated structure (Scheme S1%) particularly EM, labelling
with a fluorescent dye is required for proper CLSM detections.
We have used a modified simple method described for the
formation of binary complexes between some macrolide anti-
biotics and the eosin yellow as a xanthene dye in aqueous
buffered medium at pH 3.0 for detecting these antibiotics
spectrophotometrically in pure or commercial forms.**> The
binary complex of EM-eosin Y showed a strong maximum
absorption in the range of 542-544 nm, creating a bath-
ochromic shift of around 30 nm from the pure eosin Y.”* We
have verified the formation of the EM-eosin Y complex simply
by examining, under a UV lamp, two filter papers sprayed with
aqueous solution of eosin Y with and without a spot of the EM
(Fig. S7, ESIT) where the formed conjugated complex emitted
strong orange-yellow colour. We present here an example of
CLSM results obtained for LCS loaded with the EM-eosin Y
binary complex. For the CLSM technique, we have captured 2d
and z-stacked images and videos at fixed setting conditions for
all samples. Fig. 2 shows CLSM images at blue, green and red
channels as well as DIC and overlay images at a middle slice (at
~12.5 pm depth in z-direction) of an empty single LCS micro-
capsule before encapsulation. An empty large cavity, ready for
loading, can be clearly seen without any autofluorescence,
indicative of the effectiveness of the extraction protocol used.
However, the remaining exine shells fluoresced since it is
known that natural spores exhibit autofluorescence over a wide
excitation wavelength.'®*' Also, we have captures CLSM images
at random depth and a movie for z-stack scanning direction to

blue channel

overlay

o

A .

green channel
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further verify the cavities in empty LCS microparticles which is
exemplified by the image presented in Fig. 3a and other split
channels and a movie shown (Fig. S4 and Video V1 in ESIt). It
can be seen in Fig. 3a that 5 LCS microparticles showed empty
cavities while the other two were scanned at either the upper or
lower slice of the microparticles.

Fig. 3b and c show overlay CLSM images of LCS after loading
with the EM-eosin Y binary complex where a strong orange-green
fluorescence is evident, indicative of successful encapsulation of
the stained EM. It is worth stressing that the encapsulated LCS
microparticles were washed carefully with water/ethanol to
remove any residual materials deposited on their surface (Fig. 1b
and S37). To further support EM-eosin Y encapsulation inside
the LCS, more 2d and 3d CLSM images along with a z-stack video
are provided in Fig. S5, S6 and Movie V2 (ESI).f An attempt has
been made to visualise the BAC (without labelling) loaded inside
the LCS, but the overlay image showed weak fluorescent as shown
in Fig. S8 (ESI).t The efficiency of EM loading of (1 : 1) w/w (50%
w/w) into LCS was evaluated by UV and TGA analysis based on
a theoretical drug loading (TDL) of 50%. Results from UV analysis
revealed that the EM loading and drug entrapping efficiency
(DEE) were 16.2 and 32.4%, respectively. TGA data can be used to
estimate the drug loading as reported by Kotcherlakota et al.>*
The percentage of the drug content was estimated from the
differences between the % mass loss of EM-loaded LCS and the
unloaded LCS calculated from TGA data (Fig. 4).

Analysis of TGA data given in Fig. 4 in the range of 20-700 °C,
revealed that the EM loading was 11% and the DEE was 22%.

red channel

10 pm

overlay«& DIC
wat Ve &

AMY . o
g

Fig. 2 CLSM images of single empty LCS microparticle before the loading process. The microparticle was scanned with three laser excitation
wavelengths represented by the blue, green and red channels. An image for the overlay of the three channels and the improved contrast DIC
image are shown. Large empty black cavity ready for loading is obvious. Images were captured on a slice of a depth (z-direction) of around 12.5

um.
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Fig. 3 Overlay CLSM images of (A) multiple empty LCS microcapsules. (B and C) LCS microparticle loaded with EM—eosin Y binary complex via
passive-vacuum technique showing the successful loading of the EM antibiotic inside the cavity of the sporopollenin microparticles.

The difference between the methods might be due to the
difference in the thermal stability between the loaded and
unloaded LCS. Nevertheless, these values are competitive when
compared to that obtained for other erythromycin microen-
capsulation strategies.*>**** We next performed a comparison
of FTIR superimposed spectra of pure erythromycin, empty LCS
and EM-loaded LCS (Fig. 5) to further confirm the encapsula-
tion of the EM into the inside cavities of LCS microparticles and
whether an interaction exists between the components. It can
be seen from the Fig. 5 that there was no significant change in
the spectra of EM-loaded LCS and the empty LCS, indicative of
the successful encapsulation of EM within the LCS and not on
their surface. Similar observations were reported for ascorbic
acid®® and ibuprofen® encapsulated into similar sporopollenin.
In addition, it was reported that pollen grains exhibited a strong
light scattering, owing to their size and spatial orientation,
resulted in anomalous FTIR spectra which can significantly
interfere with and alter the signals of chemical absorption.*® In

100

this respect, our FTIR results revealed that the characterise
surface functional groups of the LCS have not been significantly
altered before and after EM encapsulation process. Concomi-
tantly, the mass gain obtained from the TGA analysis and the
clean surface of the EM-loaded LCS (Fig. 1b and 3b and c)
further give an indication of the validity of the encapsulation
protocol used.

3.2. Antibacterial activity

Following the confirmation of antibiotic encapsulation into the
LCS microparticles by the aforementioned techniques, it was
pertinent to evaluate the antibacterial activity of antibiotic-
loaded LCS. To the best of our knowledge, there were no
previous reports examined the antibacterial activity of EM or
BAC-loaded L. clavatum sporopollenin. The antibacterial activity
of both EM-loaded LCS and BAC-loaded LCS as well as the pure
antibiotics was investigated by disc diffusion method (Fig. 6, 7

weight (%)
h
S

——EM ——EM-loaed LCS ——empty LCS

20 120 220

320
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temperature (°C)

Fig. 4 TGA analysis for EM, empty and EM-loaded LCS.
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Fig. 5 FTIR spectra of pure erythromycin, empty LCS and EM-loaded LCS.

and Table S17). The observed MIC values for EM-loaded LCS
were 1.5, 2.0, and 3 pug mL™ " and 2.0, 2.0, and 4 pg mL™" for
BAC-loaded LCS for K. pneumonia, S. aeruginosa and S. aureus,
respectively. The antibacterial results showed that no antibac-
terial activity was noticed for empty LCS microcapsules.
Intriguingly, a better significant increase in the antibacterial
fold activity of EM-loaded LCS and BAC-loaded LCS against both
Gram positive and Gram negative bacteria compared to that of
the pure antibiotics (Fig. 6 and 7), (Table S1 in ESIf). The
mechanism by which such a remarkable enhanced antibacterial
activity of the antibiotics loaded LCs is unclear. However, we
envisage that the unique natural structural morphology of LCS
surfaces might help the adherence with the bacterial cell wall
leading to an increase in the time of contact, thus enhancing
the antibacterial activity. This is somewhat similar to the de
novo contacts of pollen grains to the female stigma cells which
was reported to be governed possibly by specific interactions
involved the lipophilic molecules on the pollen exine.*”

Pseudomonas aeruginosa
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On the other hand, the noticeable better bactericidal effect of
EM-loaded LCS and BAC-loaded LCS against Gram negative
bacteria than Gram positive bacteria is likely caused by the
difference in the cell wall composition between these two
bacterial groups, where the presence of peptidoglycan layer in
Gram positive bacteria could be a reason for the less activity as it
can prevent antibiotic molecules to enter the cell wall easily.*®**

3.3. Cytotoxicity assay

We demonstrate a first toxicological evaluation study of empty
and EM- or BAC-loaded LCS microparticles against the Caco-2
cells. The cytotoxicity of the empty LCS was firstly evaluated
before enhancing their therapeutic values to secure a remark-
able and safe use of LCS for drug delivery applications. MTT was
used to investigate the cytotoxicity of the LCS, EM-loaded LCS
and BAC-loaded LCS against human epithelial colorectal
adenocarcinoma cells Caco-2 cells. The MTT assay results

Klebsiella pneumonia

Fig. 6 Digital images showing antibacterial activity obtained using the disc diffusion method for different bioagents against different bacteria
strains (given). Numbers given above the different inhibition zones represent: (1) empty LCS; (2) erythromycin; (3) bacitracin; (4) EM-loaded LCS

and (5) BAC-loaded LCS.
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showed metabolically that the human epithelial active cells can
reduce the MTT tetrazolium salt to dark blue formazan crystals
compared to the dead cells.®*** The changing in colour might be
backed to the ability of mitochondrial dehydrogenase enzyme
from viable cells to cleave the tetrazolium rings of the pale
yellow MTT and form dark blue formazan crystals, largely
impermeable to the cell membranes.®* The cell viability with
respect to the concentration of LCS, EM-loaded LCS and BAC-
loaded LCS showed no significant toxicity as given in Fig. 8.
The cell viability 93.0, 91.0, 90.0, 89.5, 89.0, 88.7, 88.5 and 87.5%
was obtained with 0.1, 0.5, 1.0, 10, 25, 50, 100 and 200 mg mL™,
respectively for BAC-loaded LCS. While LCS showed the supe-
rior cell viability alone along a broad range of concentration.
Taken all together, the cytotoxicity results clearly suggests that
LCS, EM-loaded LCS and BAC-loaded LCS were biocompatible
with Caco-2 cells, thus increasing their effective use for drug
delivery.

3.4. Invitro release study

Since the microencapsulation of antibiotics into LCS micro-
capsules was evident, we explored the in vitro release profile of
EM from EM-loaded LCS microcapsules in PBS (pH 7.4) as
shown in Fig. 9. As seen in Fig. 9, the in vitro release profiles of
EM demonstrated a cumulative percentage release in biphasic
profile where initial burst release followed by sustained release
are seen. The inset of Fig. 9 represents the initial release profile
of EM within the first 30 minutes where 47.4% of the EM
released after 30 minutes. Initially, 57.3% of total EM drug was
released in first 2 h and 84.1% of the EM was released after
around 47 h. The initial burst release might be attributed to the
high solubility of EM in the receptor media for the EM drug
available close to the inside surface of the LCS microcapsules
which released quickly. On the other hand, the sustained profile

33440 | RSC Adv., 2018, 8, 33432-33444

B Pseudomonas aeruginosa

CS@erythromycin LCS@ Bacitracin
Combination (LCS@+ Antibiotic)
BIO-AGENT
Fig. 7 Antibacterial and synergistic activity of empty LCS, EM-loaded LCS and BAC-loaded LCS.

might be due to the presence of EM molecules deep inside the
cores of the LCS. In addition, the receptor media might take
time to enter and release the EM drug entrapped inside the LCS
microcapsules through the nanochannels on their surfaces. The
in vitro release profile shown in Fig. 9 suggested a significant
slower release when compared to other reported studies utilis-
ing sunflower pollens® or the release of ibuprofen from L.
clavatum sporopollenin.®® We have applied different in vitro
release kinetic models such as zero order, first order, Higuchi
model, Korsmeyer-Peppas to explore the possible release
mechanism of EM from EM-loaded LCS microspheres.®*** We
found that the more general version of the power law equation
of Korsmeyer-Peppas® gave the best fit to the cumulative release
data (R> = 0.9617). The applicability of Korsmeyer-Peppas
equation is limited to the first 60% of the release profile (M,/
M., <0.60), where the M, and M. are the mass of drug released
at a specific time and at equilibrium, respectively. The value of
the drug release exponent “n” in the Korsmeyer-Peppas equa-
tion is used to determine the possible release mechanism of the
drug in one-dimensional way for non-swellable devises with
different shapes.® The value of “n” was found to be (n = 0.21)
which is lower than the expected values® indicating a deviation
from Fick's law as a possible release mechanism of EM from the
EM-loaded LCS. This deviation might be as a results of the
presence of porosity in the LCS microcapsules where few
studies reported lower “n” values for drug release from porous
hydrogel.*

3.5. Invivo release study

We further studied in vivo release profiles of EM since its
encapsulation into the LCS microparticles was evident in an
attempt to address the pharmacokinetic and the bioavailability
of the drug for oral use. As discussed earlier, the widely used

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Cytotoxicity evaluation of empty LCS, EM-loaded LCS and BAC-loaded LCS.

erythromycin degrades in the acidic medium of the stomach,
therefore enhancing its bioavailability is deemed important in
the pharmaceutical industry.>*® Moreover, the scant attention
in the literature regarding the bioavailability of the materials
encapsulated into LCS sporopollenin is unfortunate despite
they exhibited promising unique properties. It was reported
that the encapsulation of the ethyl ester derivative of EPA
(eicosapentaenoic acid) from fish oil within L. clavatum sporo-
pollenin has enhanced the EPA bioavailability in bloodstream.®

The area under the plasma concentration-time curve (AUC) is
used to determine the total drug exposure over a period of time
and the Cp,x is the maximum concentration of the drug. These
two parameters are frequently used in bioequivalence studies.
Time profile for EM plasma concentration in rats is shown in
Fig. 10. The EM-loaded LCS were orally administered to the rats
in a dose of 50 mg kg’l. The AUC,_¢ 1, and AUC,,_., for EM was
estimated using the linear trapezoid rule and the concentration
at time = zero, C,(0), was estimated by extrapolating the best
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profile within 30 minutes.
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In vitro release profile of EM from EM-loaded LCS into phosphate buffered saline (PBS), pH = 7.4, at 37 °C. The inset is the initial release
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fitted curve back to zero. The estimated AUC,_¢ , and AUC,_.,
values were 1620 and 2147 pg h L™, respectively. The time of
maximum concentration (Tj,.x) for EM in plasma was 2 h,
whereas the Cp, was 343.4 ug mL ™.

The obtained results for AUCy_s , and AUC,_., were signifi-
cantly higher when compared to the previously reported values
for EM, orally administered, to rats but without encapsulation
(control values).®” The apparent half-life (¢/,) is the time taken
for the drug plasma concentration to be reduced by 50% and
depends on how quickly the drug is eliminated from the
plasma.®® Also, the t/, indicates whether accumulation of the
drug will occur under a multiple dosage regimen that help
determining the suitable dosing interval. The ¢;,, of EM in the
plasma was found to be (2.53 h), estimated using the linear
trapezoid to calculate the elimination rate constant (k.)) where
(t1o = In(2)/ke;). From the results estimated from Fig. 10, it
transpired that the microencapsulation of EM in the LCS exines
significantly enhanced its bioavailability which has not been
studied before. The mechanism underlying the improved
release of the EM throughout the GI from the LCS in vivo is not
clear, thus more investigations are required which are currently
undertaken. The remarkable bioavailability of the EM might be
attributed to the mucosal adhesion of the LCS microparticles
allowing improved release into the gastrointestinal tract. The
unique natural architecture of the LCS surface might also play
a fundamental rule by increasing the contact time of adhesion
between the loaded microcapsules and the GI.

4. Conclusions

A departure from conventional microencapsulation tech-
niques, we have successfully encapsulated erythromycin
(EM) and bacitracin (BAC) antibiotics into the Lycopodium
clavatum sporopollenin (LCS) microcapsules for the first

33442 | RSC Adv., 2018, 8, 33432-33444

time. The EM or BAC antibiotic was loaded into the empty
LCS via a combination of passive-vacuum technique in
a (1: 1) w/w loading. The surface of the antibiotic loaded LCS
did not show any significant accumulation of residual anti-
biotics, indicative of the efficient encapsulation as revealed
from SEM and FTIR analysis. The percentage of EM loading
was 16.2 and the entrapping efficiency was 32.4%, calculated
from the UV data. The CLSM analysis further confirms the
encapsulation of EM or BAC into the LCS. In order to visu-
alise the EM within the LCS using CLSM, a binary complex
between EM and the eosin yellow dye was prepared in
aqueous buffered medium at pH 3.0 which shows A, in the
range of 542-544 nm. We demonstrated that the antibacterial
activity EM- and BAC-loaded LCS against Gram-positive and
Gram-negative bacterial strains revealed a significant
increase in the antibacterial fold activity when compared to
that of the pure antibiotics. Crucial for drug delivery appli-
cations, the plain LCS, EM- and BAC-loaded LCS were found
to be nontoxic against Caco-2 cells. The in vitro release profile
of EM indicated a deviation from Fick's law as a possible
release mechanism of EM. The in vivo release study of EM-
loaded LCS revealed enhanced EM bioavailability in rats’
plasma as estimated from the AUCy¢  and AUCy_.. The
estimated ¢,,, of EM in rat's plasma was found to be 2.53 h.
Our results suggested that these versatile LCS microcapsules
played a crucial rule for the enhanced antibacterial activity
and bioavailability of the encapsulated antibiotics owing to
their unique morphological and encapsulation properties,
enabling them to withstand the harsh stomach conditions
and provide a better GI release. In addition, our preliminary
results indicated that the LCS and feasibly other spore
species, can be used in several pharmaceutical applications
with a variety of antibiotics, in particular where the thera-
peutic materials are labile.

This journal is © The Royal Society of Chemistry 2018
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