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We present a green and efficient approach for the synthesis of novel cinnoline derivatives inside natural
Lycopodium clavatum sporopollenin (LCS) microcapsules via a one-pot microwave (MW) assisted
reaction for the first time. We also propose the concept that the robust micrometre-sized sporopollenin
microcapsules can act as MW microreactors. We demonstrate the feasibility of this concept by in situ
synthesising
carbonitrile inside the LCS microcapsules via a microwave (MW) assisted reaction of ethyl 5-cyano-4-
methyl-6-oxo-1-(p-tolyl)-1,6-dihydropyridazine-3-carboxylate with 1-nitro-2-phenylethylene in the
presence of piperidine as a base at 100 °C for 20 minutes. The LCS microparticles are extensively
characterised before and after the MW induced reaction using several techniques. The formation of the

8-hydroxy-7-nitro-6-(3-nitrophenyl)-3-oxo-2-(p-tolyl)-2,3,5,6-tetrahydrocinnoline-4-

cinnoline compound inside the LCS microcapsules is confirmed by laser scanning confocal microscopy
(LSCM), X-ray diffraction (XRD) and fourier-transform infrared spectroscopy (FTIR) analyses. Using liquid
chromatography-mass spectrometry (LCMS) analyses, we show that the structural integrity of the
cinnoline compound, recovered from the cinnoline loaded (cinn-loaded) LCS, is preserved. The pure
cinnoline is found to show promising optical properties with two Amax absorption peaks at 310 and
610 nm. Both the pure cinnoline and cinn-loaded LCS show promising antibacterial activity against
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1. Introduction

Nature produces large quantities of fabulously complex and
highly reliable pollen grains that protect the reproductive genetic
constituents of male flowers from severe environmental condi-
tions such as dehydration, UV light, microbial attack and high
temperatures." The outer layer of the pollen represents the
sporopollenin biopolymer, which has been described as the
“diamond of the plant world”.>* The nitrogen-free sporopollenin
can preserve the ornamental integrity after the extraction of the
cytoplasmic core from the raw spores by simple acidic and
alkaline treatments.*® In addition, the core removal produces
allergen-free sporopollenin having a large cage ready for encap-
sulation.” Due to its remarkable resilience, biocompatibility,
uniformity in size and abundancy, sporopollenin has recently
gained intriguing attention in different potential applications
acting as either microparticles (as a solid support)®™* or

Chemistry Department, Faculty of Science, Minia University, Minia 61519, Egypt.
E-mail: amro.dyab@mu.edu.eg; kusadek@yahoo.com
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c8ra04195d

This journal is © The Royal Society of Chemistry 2018

biocompatible LCS microreactors can open up intriguing applications in materials and pharmaceutical

microcapsules (for various encapsulations of materials).>”**®
The majority of research involving sporopollenin has utilised the
thick-shelled (~1.5 pm) S-type species of Lycopodium clavatum L.
spores (common club moss). Moreover, L. clavatum sporopol-
lenin (LCS) have recently shown promising capabilities in
encapsulation of drugs,”* live cells,*® oils,***® proteins” and
inorganic nanoparticles.'® Materials can be encapsulated inside
the cavity of sporopollenin via passive or vacuum diffusion
through the possible nanochannels on their surfaces.’”** Another
possible route is by compressing sporopollenin into tablets,
particularly for those species with scars on their surfaces.'>%*
Over the past two decades, the microwave (MW) heating tech-
nique, described as “the Bunsen burner of the 21 century”, has
proven to be an invaluable alternative in diverse applications
such as, inter alia, organic and peptide synthesis, materials
science, polymers, nanotechnology and biochemical methods.**
The advantages of MW over the conventional techniques was
attributed to the fact that the former significantly reduces the
reaction time, enhances product purities and provides high
yields and selectivity.”*** Unlike the aforementioned studies, we
demonstrate here, for the first time, a significantly streamlined
eco-friendly route for the in situ synthesis of novel cinnoline
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derivatives inside sporopollenin cages via a chemical reaction
triggered by microwave irradiation. Our approach might also
bridge the revolutionised microwave assisted organic synthesis
and the versatile microencapsulation capability of natural
biomaterials in an effort to open up various new potential
applications. Most of heterocycles exhibit biological activities
and are therefore of great importance for organic synthesis.”
Cinnoline derivatives are an important class of N-containing
heteroaromatics and found intriguing interest as a privileged
structures utilised as potential anticancer,>®* anti-inflamma-
tory,”® antibacterial,? fluorescent agents® cell imaging®* and in
designing liquid crystals.**** We have used in the current study
a novel polyfunctional cinnoline derivative based on the reaction
of ethyl 5-cyano-4-methyl-1-aryl-6-oxo-1,6-dihydropyridazine-3-
carboxylate with nitroolefins (Scheme 1) under controlled
microwave irradiation that has been recently introduced by
Sadek et al** These novel cinnoline derivatives are inevitably
entail more exploration of their promising physico-chemical
properties and potential applications. Major questions are that
whether the internal surface of the LCS has any role in a chemical
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reaction performed within their cores and the feasibility of these
microcapsules to encapsulate and eventually recover intact
materials. As shown in Scheme 1, our protocol involves the
following steps: (i) extraction of empty LCS microcapsules from
the raw spores; (ii) loading the dissolved reactants into the LCS by
passive diffusion; (iii) promoting the reaction by MW irradiation
at 100 °C for 20 min; (iv) filtration of the product-loaded LCS
microcapsules, washing with pure solvent to remove excess
reagents and drying. Physico-chemical characterisations of the
LCS before and after the loading process were investigated using
several techniques to verify the successful formation of the
reaction product inside the LCS microcapsules. We have also
investigated the optical and thermal properties of the pure cin-
noline derivative. In addition, the potential antibacterial activity
of both pure cinnoline and the cinnoline-loaded LCS were
explored. In light of the prominence of both cinnolines and
natural biopolymers, our preliminary promising findings based
on the above expedient green technique can open up several
interesting potential applications in material and pharmaceu-
tical sciences.

A+ A
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CH,
_Etozcm/l\lcw
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Scheme 1 Schematic presentation of our technique for the in situ green syntheses of a novel cinnoline derivative inside the natural sporo-

pollenin microcapsules via a microwave assisted reaction.
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2. Experimental

2.1. Materials

Lycopodium clavatum L. (common club moss) spores (27 pm
type) were purchased from Fagron, UK. Ethanol, 1,4-dioxane
and piperidine were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Double sterilised Milli-Q water was used throughout
the experiments.

2.2. Microwave-assisted synthesis of cinnolines inside
sporopollenin microcapsules

Protein-free LCS microcapsules were extracted from the raw
Lycopodium clavatum L. spores using a method described else-
where.'®*! Briefly, raw spores were successively treated with
acetone, KOH and ortho-phosphoric acid to get rid of the core
cytoplasmic materials and eventually nitrogen-free LCS exines,
ready for reactants loading, were obtained. Different materials
can be easily loaded into the sporopollenin by passive diffusion,
vacuum loading or via using compressed tablets."”** We have
used the passive diffusion protocol in the current study to load
the reactant components. The microwave assisted chemical
reaction was conducted for the formation of the cinnoline
derivative  8-hydroxy-7-nitro-6-(3-nitrophenyl)-3-oxo-2-(p-tolyl)-
2,3,5,6-tetrahydrocinnoline-4-carbonitrile 3 inside the LCS as
shown in Scheme 2. The ethyl 5-cyano-4-methyl-6-oxo-1-(p-tolyl)-
1,6-dihydropyridazine-3-carboxylate 1 was prepared according
to the previously reported methods.**>*” The 1-nitro-2-
phenylethylene 2 was prepared following standard procedures
described elsewhere.*® Equimolar (50 mM) of both compound 1
and 2 was prepared in 5 ml dioxane and the reactant mixture
was stirred for 10 min until fully dissolved. The mixture was
transferred into a 25 ml two-neck round-bottom flask and a 30
ul of piperidine was then added and stirring was sustained for
further 5 min. Then, a 100 mg of dry LCS microcapsules were
suspended in the reaction mixture and stirred for 2 h at 500 rpm
to allow passive loading of the reactants into the cavities of the
LCS. The mixture was then irradiated by MW in a Milestone
Microwave Labstation (Italy) under reflux at 100 °C for 20 min.
The cinnoline (cinn)-loaded LCS microparticles were then
collected by filtering through a Whatman filter paper 11 um,
washed with pure ethanol to remove surface adhered products

CH;
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\% O%NKO'
= I o Di Pi N
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o N + B —
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Scheme 2 Formation of a cinnoline derivative 3 inside LCS

microcapsules.
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and finally dried at 75 °C until constant weight and stored at 2—
8 °C until further use. The filtrate, after ethanol washing, was
collected and solvents were removed under reduced pressure
and the solid cinnoline 3 product was collected by filtration,
recrystallised from ethanol and dried at 75 °C for further use.

2.3. Confocal laser scanning microscopy (CLSM) analysis

CLSM analysis of the empty LCS and cinn-loaded LCS micro-
capsules 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. Fluores-
cence from plain LCS and cinn-loaded LCS were collected with
photomultiplier having the following emission filters: 410-481,
491-541 and 595-735. A plane mode scanning with a 6.3 and
12.6 ps pixel dwell and a beam splitter (MBS 488/543/633, MBS-
InVis-405) were used. At least three images were captured for
each sample. Images were recorded at either a specific slice
position or as Z-stack collection through the sample. All images
and videos were processed under the same conditions, for
comparison, using ZEN 2009 and LSM image browser software
(Zeiss, Germany).

2.4. UV-VIS, FTIR, TGA, SEM, XRD and LCMS analyses

The maximum absorbance of cinnoline solutions was measured
using (Unicam He\ios double beam UV-Vis Spectrometer). The
fourier-transform infrared spectroscopy (FTIR) spectra were
obtained in the 650-4000 cm™ " range by a Perkin-Elmer 100
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 Thermogravimetric Analyzer) with
a heating rate of 10 °C min ' up to 700 °C under N, flow.
Scanning electron microscope (SEM) analysis was 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 magnifi-
cations. The powder X-ray diffraction (XRD) pattern was ob-
tained using PANalytical empyrean diffractometer at 25 °C
employing High score plus software. Agilent 6420 Series Triple
Quadrupole LC/MS system was used to measure the mass-to-
charge (m/z) ratios of the ions formed from the released cin-
noline compound. The electrospray ionisation mass spectrom-
etry (ESI-MS) in a negative ionisation mode was applied (more
details are shown in ESI}). Optical images were recorded by
a Nikon microscope fitted with PHD-5MP digital camera
(MicroCam, Egypt) and the images were processed using
microvision software.

2.5. Antibacterial activity

The antibacterial activity of pure cinnoline derivative 3 and the
cinn-loaded LCS was investigated by the standard disc diffu-
sion assay.*® Two bacterial strains were used, namely Pseudo-
monas aeruginosa (Gram-negative), and Bacillus cereus (Gram-
negative). The strains were obtained from the Spanish Type

RSC Adv., 2018, 8, 23241-23251 | 23243
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Culture Collection (CECT; Valencia, Spain). 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 ul 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 pl from pure cinnoline 3 or the
cinn-loaded LCS (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 pure cinnoline derivative 3 and
the cinn-loaded LCS was then evaluated by measuring the zone
of inhibition around the filter discs for the tested bacteria.
Discs of empty LCS were used alone as controls. All experi-
ments were performed in triplicates.

3. Results and discussion

3.1. Synthesis of cinnoline derivatives inside sporopollenin
via microwave irradiation

We have devoted our efforts to carry out the MW assisted
reaction, presented in Scheme 2, for the formation of cinnoline

View Article Online

Paper

3 in the interior cavities of the natural LCS capsules. Dioxane
and piperidine were found to be the optimum solvent and base,
respectively, for the formation of the highest yields of different
cinnoline derivatives.** Prior loading the reactants into the LCS,
the inner cytoplasmic materials have been extracted from the
raw Lycopodium clavatum L. spores to obtain the outer sporo-
pollenin exines, which are 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,.'>'71821 A]] the components of the reaction were loaded
into the empty LCS microcapsules via passive diffusion protocol
at room temperature. Fig. 1a and b represents optical images of
the LCS immediately after the end of the MW reaction (20 min)
where the needle-like crystals of the produced cinnoline 3 can
be clearly seen around the loaded LCS capsules, indicative of
the successful MW reaction. The excess of the reaction product
was removed by filtration and washing with pure ethanol to
collect the cinn-loaded LCS capsules as seen in Fig. 1c and d.
Solid cinnoline 3, green in colour, was recovered from the
filtrate after removing the solvents and recrystallisation from
ethanol. Hence, no waste was left from the whole process. A
movie was recorded focusing on a single cinn-loaded LCS
capsule (V1, ESIT) immediately after washed with ethanol where
a Brownian motion was realised of sub-micrometre sized
particles inside the LCS which is a characteristic for colloids.

Fig. 1 Optical images of LCS microcapsules. (A and B) Immediately after the end of the MW assisted reaction showing the LCS surrounded by
clear crystals of the formed cinnoline 3. (C and D) Cinn-loaded LCS after washing with ethanol.

23244 | RSC Adv., 2018, 8, 23241-23251
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Fig. 2 SEM images of LCS microcapsules showing the surface
morphological characterisation. (A) Empty LCS before the reaction and
(B) Cinn-loaded LCS after MW assisted reaction at 100 °C for 20 min.

We envisage that these particles might be the trapped
cinnoline 3.

It was crucial to verify that the LCS capsules retain their
surface structure and there were no reaction products accu-
mulate on their surfaces. Therefore, surface SEM morphology of

View Article Online
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the LCS was studied before and after the MW synthesis reaction.
Fig. 2a represents an SEM image of the extracted empty LCS
before the reaction. One can see that the empty LCS is charac-
terised by obvious reticular microstructure and ornamentation,
having hexagonal cells resembling the honey comb. The trilete
scars (Y shaped) can also be seen which are characteristic for
this particular pollen species. It was reported that these LCS can
preserve their native microstructure after the extraction process,
indicative of the robust resistance of these unique biopolymer
to harsh chemical conditions.”*® Fig. 2b shows an SEM image
focusing on the detailed surface of a cinn-loaded LCS after the
MW reaction. It is obvious that the structural integrity of the
capsule is evident with no indication of any residual accumu-
lating within their reticular cells. Therefore, the MW reaction
condition did not affect the characteristic natural surface
microstructure of these LCS.

The available routes for the dissolved reactants to diffuse
into the cavities of the LCS are probably through the nano-
channels and/or the trilete scars on their surfaces.’®* It was
reported that the transfer of the male genetic materials takes
place through the apertures of the mature aperturate pollens,
whereas for nonaperturate pollens it takes place through the
whole exine (sporopollenin) layer.*** Interestingly, using
colloidal iron as a tracer, the exine layer was found to be crossed
in several mature spore species by radial microchannels of
around 25 nm in diameter.***** The mechanism by which
different materials transfer in or out the sporopollenin through
these apertures and/or the nanochannels is not exactly known
since the full chemistry of the sporopollenin is largely
unraveled.?

Following optical and SEM morphological characterisations,
which cannot solely confirm the formation of cinnoline 3 in situ,
we have used CLSM analysis to verify its formation. Fig. 3a
shows a CLSM image of empty LCS microcapsules before
loading any reactants inside. Empty large cavities, ready for
loading, can be clearly seen as black cores with no fluorescence,
indicative of the effectiveness of the extraction protocol used.
However, the exine shells around these empty voids have fluo-
resced since it is known that natural spores exhibit auto-
fluorescence over a wide excitation wavelength.”'* CLSM images

Fig. 3 Overlay CLSM images of (A) empty LCS microcapsules, (B) cinn-loaded LCS microcapsules at a random focus position and (C) cinn-
loaded LCS at a slice 14.6 um depth, showing the successful formation of cinnoline 3 in situ via a microwave assisted synthesis reaction.

This journal is © The Royal Society of Chemistry 2018
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Fig.4 ESI mass spectrum of cinnoline 3 released from cinn-loaded LCS microcapsules. The inset is detailed peaks within 425-450 m/z scale for

clarity.

were recorded at blue, green and red excitation channels as well
as DIC and overlay images at a middle slice of empty LCS
microcapsules, see Fig. S1 (ESIt). Fortunately, we found that
pure cinnoline 3 compound exhibits interesting optical prop-
erties (discussed in the next section). Therefore, there was no
need to label it since it will fluoresce upon excitation as we
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expected. Fig. 3b and c show overlay CLSM images of washed
and dried cinn-loaded LCS microcapsules after the MW reaction
at random and fixed focus position (14.6 um depth), respec-
tively. It is obvious that strong green-red fluorescence is evident
inside the LCS microcapsules with no significant debris shown
surrounding them, indicative of successful formation of
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Fig.5 UV-VIS spectra of cinnoline 3 in pure form and after released from cinn-loaded LCS in ethanol. The inset is a digital image of the filtrate left

after the MW reaction under a long wavelength UV lamp.
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cinnoline 3 in situ via the MW assisted reaction shown in
Scheme 2. It is worth stressing that the cinn-loaded LCS
microcapsules were washed carefully with pure ethanol to
remove any residual materials deposited on their surfaces as
evident in Fig. 1c and d and 2b. To further support the forma-
tion of cinnoline 3 inside the LCS, more CLSM images at
different excitation channels are shown in Fig. S2 (ESIf). In
addition, CLSM images recorded in z-stack mode at different
depth positions for the cinn-loaded LCS are shown in Fig. S3
along with z-stack videos (V2 and V3 in ESI{). We have also
realised that most of the empty LCS microcapsules were filled
with the fluorescent cinnoline 3 compound. It was reported that
phenolic and aliphatic compounds are the two key known
components of the natural sporopollenin. The former include
trans ferulic acid and p-coumaric acid, whereas the latter
include saturated and unsaturated fatty acids.****® The phenolic
components in the sporopollenin have been shown to absorb
UV radiation in the (280-315 nm) and (315-400 nm) range,

This journal is © The Royal Society of Chemistry 2018

(A) FTIR spectra and (B) TGA thermogram of pure cinnoline 3, empty LCS and cinn-loaded LCS microcapsules.

providing a protection of the cytoplasmic core materials against
UV damage.*® We envisage that these phenolic components,
and probably others, contribute to the autofluorescence of the
sporopollenin seen in Fig. 3a.

In this respect, it was interesting to see whether the interior
surface of the sporopollenin has any effect on the MW
synthesis reaction and its products. Using LCMS analysis, we
have tested the integrity of the cinnoline 3 formed within the
LCS microcapsules and whether there were any interactions
taking place in the inner surface of the sporopollenin as well
as within the route used for releasing the trapped materials,
for example, the nanochannels. The dried cinn-loaded LCS
microcapsules were stirred in pure ethanol for 5 min to allow
the release of cinnoline 3, then the first filtrate was discarded.
This step was repeated once more with the dried microcap-
sules left from the first step but with HLPC grade methanol
and the second filtrate was tested for the relative mass of
cinnoline 3 as seen in the MS Fig. 4. As revealed from the ESI-

RSC Adlv., 2018, 8, 23241-23251 | 23247
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MS chart, the [M — H|  peak occurred at m/z = 444 which
represents cinnoline 3 (C,,H;5N504, calculated mass 445.1).
Therefore, the results obtained from LCMS analysis further
confirms the formation of cinnoline 3 within the LCS and,
more importantly, it was released intact. This in turn can offer
another interesting feature of the natural LCS besides their
known unique properties. Our findings also support the
feasibility of our technique to use these natural LCS as MW
microreactors for other important organic or inorganic
synthesis inside their cavities. In addition of decent thermal
stability of LCS (discussed later), it is also possible to conduct
MW reaction at high pressures since it was shown that these
LCS can withstand high hydrostatic pressure of 10 GPa.** The
retrieval of undamaged materials from microcapsules is vital
for potential applications of these LCS microreactors, and
probably others, that require the protection of labile materials
from denaturation or from harsh environmental conditions. It
is important to note that the chemical and physical properties
of the nanochannels, as one route for material passage, on
sporopollenin showed variations depending on the plant
species. Bohne et al.*” reported that, for tripartite sporopol-
lenin extracted from Pine pollens, there was a physical barrier
to non-electrolytes with a Stokes' radius > 4 nm resulting from
inhomogeneity in the size of the nanochannels. The authors
also suggested that there was another electrostatic barrier to
electrolytes owing to the specific functional groups inside
these nanochannels, hence their charge. In contracts to the
findings of Bohne et al.*” the sporopollenin extracted from
Lycopodium clavatum did not show such barriers as indicated
in several studies.””'®?*

3.2. Physico-chemical characterisations of pure cinnoline 3
and cinn-loaded LCS microcapsules

Following the verification of the feasibility of our technique
(Scheme 1), it was pertinent to evaluate some physico-chemical
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properties of both the pure cinnoline 3 derivative and the cinn-
loaded LCS microcapsules. Combined with their enormous
applications, the optical properties of heterocycles, particularly
cinnolines, received considerable interests.*>**>° The solid
cinnoline 3 collected from the filtrate after the MW synthesis
reaction was green in colour and showed fluorescence proper-
ties as revealed from CLSM analysis discussed above. Fig. 5
shows UV-vis spectra for cinnoline 3 either dissolved as a pure
form in ethanol or released from the cinn-loaded LCS.
Concentrated pure cinnoline 3 in ethanol exhibited two Apax
absorption peaks at 310 and 610 nm together with a small
shoulder at 400 nm. The cinnoline 3, with a much lower
concentration, released from the microcapsules showed three
peaks at 304, 400 and 594 nm. The inset digital image in Fig. 5
shows a tube of the filtrate left after the MW reaction under
a long wavelength of a UV lamp where the strong green fluo-
rescent is evident. More digital images of these solutions are
shown in Fig. S4 (ESIf). Generally, it was shown that UV-VIS
absorption behaviours of heterocycles are very sensitive to
solvents and substituents.*® Whilst our preliminary results of
the optical properties of these novel cinnoline derivatives are
promising, more investigations are required which are currently
undertaken.

We next performed a comparison of FTIR superimposed
spectra of pure cinnoline 3, empty LCS and cinn-loaded LCS
(Fig. 6a) to explore whether there are any interactions between
the components and any changes resulted from the MW assis-
ted reaction. As revealed from Fig. 6a, empty LCS exhibited OH-
stretching peak at 3447 cm™ ", CHn stretching peaks at 2926 and
2855 cm~ ', C=O0 group at 1719 cm™ ', C-O stretching peaks at
1133 and 1269 cm". Pure cinnoline 3 showed the following
characteristic peaks: aromatic C-H stretching peak at
3062 cm ', C=C stretching at 1635 cm !, aromatic C-H in-
plane bending peaks at 116-1253 cm ™', C-H out of plan (oop)
peaks at 695-890 cm ™', N-O stretching peaks at 1539 and

cinnoline 3
empty LCS

——cinn-loaded LCS

2 0 (degree)

Fig. 7 Calculated intensity (/cac) profile of XRD of cinnoline 3, empty LCS and cinn-loaded LCS at 25 °C.
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1353 cm ™. It can be seen from FTIR spectrum of cinn-loaded
LCS in Fig. 6a that there was no significant change in its spec-
trum when compared to that of the empty LCS apart from the
appearance of a peak at 1350 cm ™' and the peak at 1550 became
sharper. This might indicate that cinnoline is mostly encapsu-
lated within the LCS and not on their surfaces. Similar obser-
vations were reported for ascorbic acid®* and ibuprofen®
encapsulated into similar sporopollenin. In another study, it
was reported that pollen grains exhibit a strong light scattering,
owing to their size and spatial orientation, resulted in anoma-
lous FTIR spectra which can significantly interfere with and
alter the signals of chemical absorption.** In this respect, our
results suggested that the characteristic surface functional
groups of the LCS have not significantly altered during and after
the MW reaction.

TGA data gives useful information about the decomposition
behaviour of materials for their potential applications. Fig. 6b
shows the TGA graph from 20-700 °C for the materials studied
here. Generally, the release of the physically adsorbed water
occurs in the first decomposition step at around 100 °C. The
empty LCS thermally decomposed in three steps. Around 49%
of the weight loss of empty LCS occurred at 400 °C and the
temperature at which the weight loss begins (onset tempera-
ture) was 250 °C. The pure cinnoline 3 exhibited three steps
decomposition and its onset temperature was 156.3 °C. Cin-
noline 3 showed good stability at higher temperature where the
weight loss was 55% at around 700 °C, whereas it was 80% for
empty LCS. Cinn-loaded LCS decomposed in four steps and the
onset temperature was 159.4 °C, indicative of the incorporation
of cinnoline 3 inside the LCS microcapsules. The difference in
the final weight loss between the empty and cinn-loaded LCS
suggested the loading of cinnoline 3. In addition, the loading
content can be estimated from that difference from TGA data as
reported by Kotcherlakota et al.>® From Fig. 6b the estimated
cinnoline 3 loading was around 10%. Also, it can be noticed that
the presence of cinnoline 3 enhanced the thermal stability of

Bacillus cereus u Pseudomonas aeruginosa

zone of inhibition (mm)
—

cinnoline 3 cinn-loaded LCS

bio-agent

Fig. 8 Antibacterial activity of cinnoline 3 and cinn-loaded LCS
microcapsules.
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the cinn-loaded LCS. Interestingly, we have carried out TGA
analysis for cinn-loaded LCS just after drying at room temper-
ature and found that LCS are able to accommodate solvent of
around 76% of its initial mass as reflected from the TGA Fig. S5
(ESIY). That is why we have dried the loaded microcapsules after
the MW reaction at 75 °C to get rid of any encapsulated solvents
even if they seem dry.

We have also performed XRD analysis of the materials used
in this study and the data are shown in Fig. 7 and S6 (ESIt).
Fig. 7 represents the calculated intensity (I.,.) profile for XRD
pattern of pure cinnoline 3, empty LCS and cinn-loaded LCS.
The empty LCS microcapsules showed a typical amorphous
structure with a characteristic peak at 26 = 19.48°.** The
observed intensity XRD profile for empty LCS is shown in Fig. S6
(ESIt) where the broad peak is obvious. Cinnoline 3 exhibited
some crystalline feature where four peaks can be seen. Never-
theless, cinnoline 3 still has amorphous structure with lower
peak noises compared to empty LCS (Fig. S6, ESIT). Cinn-loaded
LCS showed amorphous structure with three peaks, two of them
are characteristic of cinnoline 3 (at 26 = 7.07 and 18.75°) as
evident in Fig. 7, indicative of the existence of cinnoline 3 in the
loaded cinn-loaded. The results obtained from XRD analysis
further confirm the feasibility of our technique.

3.3. Antibacterial activity

To the best of our knowledge, there were no previous reports
examined the antibacterial activity of cinnoline 3 or cinn-loaded
LCS microcapsules. We present a preliminarily study of the
antibacterial activity of both cinn-loaded LCS and the pure
cinnoline 3 as shown in Fig. 8 and S7 (ESI{). A concentration of
10 pg ml~" of each was used. The antibacterial results showed
that no antibacterial activity was noticed for empty LCS micro-
capsules. Intriguingly, a promising antibacterial activity of both
cinnoline 3 and cinn-loaded LCS against both Gram positive
and Gram negative bacteria were observed. In this respect, 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. However, this hypothesis requires
more investigations which are currently underway. 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.”®

4. Conclusions

Bridging the chasm between microencapsulation strategies and
the use of greener chemical reactions, we have achieved a green
and efficient protocol for MW assisted synthesis of novel cin-
noline derivatives inside the cavities of natural sporopollenin
microcapsules extracted from Lycopodium clavatum spores for
the first time. Given their highly consistency in sizes, resilience
to harsh environmental conditions and unique morphology for
specific plant species, sporopollenin can act as robust MW
microreactors. To conduct the MW reaction, the reactants were
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simply loaded into the empty LCS via a passive diffusion tech-
nique and the reaction was promoted by controlled MW irra-
diation. Several techniques were used to confirm the formation
of cinnoline derivative inside the LCS and to characterise both
the pure product and the cinn-loaded LCS microcapsules. The
surface of the cinn-loaded LCS did not show any significant
accumulation of residual materials, indicative of the efficiency
of the technique as revealed from SEM and FTIR analysis. The
CLSM analysis further confirms the formation of cinnoline
derivative inside the LCS. Crucial for potential applications, we
showed that cinnoline derivative was recovered from the cinn-
loaded LCS without any alternation as revealed from the
LCMS analysis. The pure cinnoline derivative exhibited prom-
ising optical properties with decent fluorescent which could be
extended for use in several potential applications such as
optoelectronics and organic luminescence materials. We
demonstrated that the pure cinnoline and cinn-loaded LCS
show promising antibacterial activity against Gram-positive and
Gram-negative bacterial strains. We present in this study
a proof of concept, however our technique can be applied using
other spore and sporopollenin species to efficiently synthesise
different organic or inorganic materials via controlled MW
irradiation reactions. In addition, our protocol can pave the way
for several potential applications such as materials and phar-
maceutical sciences in a more benign route.
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