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ABSTRACT

Now-a-days plant-based phytochemicals are gaining much importance over conventional
therapeutics owing to their multifunctionality and low toxicity. Thymoquinone (TQ), is one
such phytochemicals which possess remarkable anti-cancer activity and known for its anti-
inflammatory, anti-oxidant, anti-fungal and anti-bacterial activity. It is isolated from the
volatile oil fraction of Nigella sativa. In the present study, antibacterial, antibiofilm activity of
TQ and mechanism of action has been explored. Antibacterial activity of TQ was studied by
determining minimum inhibitory concentration, minimum bactericidal concentration, time-Kill
assay and post-antibiotic effect against two Gram-negative and two Gram-positive bacteria.
The minimum inhibitory concentration of TQ was found to be in the range of 1.56 pug/ml to
100 pg/ml. TQ treated bacterial cells at MIC were visualized using scanning electron
microscopy which revealed changes in cell morphology, cell lysis and cell size reduction.
Live/dead imaging confirmed the bactericidal activity of TQ as treated bacteria showed uptake
of ethidium bromide over acridine orange. Selectivity of TQ towards bacterial cell was
observed by studying its toxicity towards HaCaT (human keratinocytes) cell line by MTT
assay. ICqo value was found to be 50pg/ml which was higher than that of MIChpacteria (€XCept for
MIC of E. coli). TQ also showed promising anti-biofilm activity against both Gram-negative
(E. coli and P. aeruginosa) and Gram-positive bacteria (B. subtilis and S. aureus), which was
studied by crystal violet assay, MTT assay, CFU counting and SEM. TQ also exhibited anti-
biofilm activity against preformed biofilm i.e. 6 h old and 24 h old. For understanding the
antibacterial mechanism of action of TQ, DiSCs, NPN and ROS assays were performed. DiSCs
and NPN assays have not shown any membrane damage caused by TQ. However, bacterial
cells treated with TQ at MIC showed increased dichlorofluorescin fluorescence suggesting the

production of reactive oxygen species. This was further confirmed by incubating bacteria at

vii



MIC of TQ in the presence of reduced glutathione, a known ROS scavenger. Glutathione
caused attenuation of TQ’s antibacterial activity confirming that ROS generation could be the
probable mechanism for TQ antibacterial action. In addition to TQ’s antibacterial activity its
potential application as anticancer agent has also been studied. In this study, nanoencapsulation
of TQ in PLGA and mesoporous silica nanoparticle was carried out, to overcome the limitations
of using TQ in its free form. PLGA was employed as a nanocarrier because of its
biocompatibility, biodegradability and property of sustained release of drug over a long period
of time. Iron-oxide nanoparticles of size 6-10 nm has also been incorporated in PLGA along
with TQ to obtain the benefit of targeted drug delivery under the influence of external magnetic
field and also modulate of drug release kinetics employing hyperthermia. On the other hand,
advantages with mesoporous silica nanoparticles are non-toxicity, high surface area to volume
ratio, high porosity and chemical stability which leads to high loading efficiency of
hydrophobic drugs. Successful encapsulation of TQ within PLGA and mesoporous silica
nanoparticles has been achieved with size in the range of 100 nm- 300 nm. Both TQ nano-
formulations showed cytotoxicity against HeLa and MCF-7 cell lines at lower concentration of
TQ as compared to the free TQ. Anticancer activity of TQ loaded PLGA and MSNPs were
studied by DAPI staining and Annexin V-FITC/PI staining and it was found that both nano-
formulations exhibit anticancer activity by inducing apoptosis. While PLGA appears to be ideal
formulation for long term delivery of TQ, mesoporous silica nanoparticles have shown

advantages of high loading efficiency, low cost and short-term delivery of hydrophobic drugs.
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Figure 4.6: Antibiofilm formation activity of TQ on P. aeruginosa, E. coli, S. aureus and
B. subtilis by MTT assay. The concentration of TQ for all bacteria other
than E. coli was 0.78 - 100 pg/ml and for E. coli concentration used was
7.8 — 1000 pg/ml shown inside parentheses. All the experiments were

performed in triplicates and repeated three times. Data is represented as

mean = SD of three independent eXperiments. .........ccccceoererennenenieieeiee,

Figure 4.7: SEM images of bacteria in biofilm inhibition assay. Bacterial cells were
incubated with TQ BIC90 concentration for 24 h to allow for biofilm

formation. Control cells were incubated without TQ. Images were taken at

10,000 X magnification. Scale bar represents 2 pm. .......ccccooevininenininniennn,

Figure 4.8:(a) Young (6 h) biofilm degradation activity of TQ on P. aeruginosa, E. coli,
S. aureus and B. subtilis by crystal violet assay. The concentration of TQ
was used in the range of 1.9 - 1000 pg/ml. All the experiments were
performed in triplicates and repeated three times. Data is represented as
mean + SD of three independent experiments. (b) Viable cell counts present
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in biofilm after TQ treatment was calculated by plating methods. Cell
counts were taken with three different concentration of TQ 2 X MBECoyy,
MBECg and 0.5 MBECqy viable cell numbers were represented as log
(CFU/ml). Data is represented as mean + SD of three independent
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Figure 4.9: Young (6 h) biofilm degradation activity of TQ on P. aeruginosa, E. coli, S.
aureus and B. subtilis by MTT assay. The concentration of TQ was used in
the range of 1.9 - 1000 pg/ml. All the experiments were performed in
triplicates and repeated three times. Data is represented as mean + SD of

three independent eXPEriMENTS...........ccvveiiiieiecie e 75

Figure 4.10: (a) Mature (24 h old) biofilm degradation activity of TQ on P. aeruginosa,
E. coli, S. aureus and B. subtilis studied by crystal violet assay. The
concentration of TQ was used in the range of 1.9 - 1000 pg/ml. All the
experiments were performed in triplicates and repeated three times. Data is
represented as mean + SD of three independent experiments. (b) Viable cell
counts present in biofilm after TQ treatment was calculated by plating
methods. Cell counts were taken with three different concentration of TQ
2 X MBEC90, MBEC90 and 0.5 MBEC90 viable cell numbers are
represented as log (CFU/ml). Data is represented as mean + SD of three
INdePENdent EXPEITMENTS. ........uiiiieieiere et 76

Figure 4.11: Mature (24 h) biofilm degradation activity of TQ on P. aeruginosa, E. coli,
S. aureus and B. subtilis by MTT assay. The concentration of TQ was used
in the range of 1.9 - 1000 pg/ml. All the experiments were performed in
triplicates and repeated three times. Data is represented as mean + SD of

three independent eXPEriMENTS...........c.civiieieeiecie e 77

Figure 4.12: DiSCs assay for E. coli: (a) complete demonstration of experiment where 2
is point of cell addition, 3 is point of dye addition and 4 is Point of TQ
addition. After TQ addition, increase in fluorescence was not observed till
30 min. DiSC3 assay of E. coli incubated with 2X MIC (b), 4X MIC (c)
and 8X MIC (d) Of TQ. ..veieieieiee e 79
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Figure 4.13: NPN assay (a) Buffer + NPN dye (b) Buffer + NPN + TQ. Fluorescence was

Figure 4.14:

measured for 25 min. (c) NPN assay of P. aeruginosa (d) NPN assay of E.

coli. Increase in fluorescence was not observed even after 30 min. ................

ROS production assay of P. aeruginosa ATCC 14886 (a), E. coli ATCC
25922 (b), S. aureus ATCC 9144 (c) and B. subtilis ATCC 6633 (d)
incubated with TQ at varying concentration for 24 h. Data are represented
as Mean + SD of three independent experiments. C1-Control without DCF-
DA, C2-Control with DCF-DA. TQ concentration ranged from 0.39 pg/ml
to 100 pg/ml (39 pg/ml to 1000 pg/ml in case of E. coli). * p < 0.05, **p <

0.01 and *** p < 0.001 determined by student t-test analysis. .........c...cc.coc....

Figure 4.15:Attenuation of TQ antibacterial activity by adding 5 mM Glutathione as

determined by measuring ODgoo at MIC, 2X MIC, 4X MIC and 0.5 X MIC:

(@) P. aeruginosa (b) E. coli (c) S. aureus and (d) B. subtilis. Data are

represented as Mean £ SD of three independent experiments. ........................

Figure 4.16: Attenuation of TQ antibacterial activity as determined by counting colony

forming units at MIC, 2X MIC and 0.5X MIC (also 4X MIC in case of S.
aureus) by adding 5mM glutathione: (a) P. aeruginosa (b) E. coli (c) S.

aureus and (d) B. subtilis. Data are represented as Mean + SD of three

INdependent EXPEITMENTS. ........ciiiiieie et

Figure 4.17: TEM images of Iron-Oxide nanoparticles. (a) Image were taken at 19,500

Figure 4.18:

Figure 4.19: Solubility test of oleic acid coated iron oxide nanoparticles
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Figure 4.22:
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FTIR spectra of bare IONP (a) and OA-IONP (b). Peaks at 574 cm™
corresponds to the characteristic peak of Fe-O bond. In OA-IONP
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nanoparticle, peaks at 2922 cm, characteristic peaks of CH stretching in
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Figure 4.43:

respective agents. All experiments were performed twice independently,

and total 5 images were captured for each sample, Data is represented as

mean percent Migration £ SD. ..o

Detection of ROS generation using DCF-DA (an oxidant — sensitive
fluorescent probe). ROS generation on (a) MCF-7 cell line and (b) HeLa
cell line was studied by treating cells with IC50 concentration of TQ and
TQ loaded MSNPs. Blank MSNP (BMSNP) were used at a concentration
corresponding to that of TQMSNPs. Also, NAC at 4mM was added along

with test samples and H202 0.03% was used as ROS inducer, a positive
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Figure 4.44: Effect of NAC on the cytotoxic effect of TQ and TQMSNP on (a) and (c)

HeLa and (b) and (d) MCF-7 cell line. Cell lines were treated with different
concentration of TQ (0.78 pg/ml — 100 pg/ml) alone and with combination
of TQ and 4 uM NAC at 37 °C for 24 h. Following which MTT assay was

performed to study the cytotoxicity. Data in the graph is represented as

=T L I ] B TR
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