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ATTESTATION DE CORRECTION

Nous soussignés, Pr. MOUNDIPA Fewou Paul et Pr. PIEME Constant Anatole

respectivement Examinateur et Président du jury de Thése de Doctorat/PhD en Biochimie.

specialité Pharmacologie Moléculaire, soutenue par Mme MAJOUMOUO Michele Stella

(matricule: 08R0454) le 27 Janvier 2022 a 11h dans la salle multimedia de la Faculté de

Sciences de I'Université de Yaoundé I sur le théme intitulée «Investigation of gold and silver

nanoparticles from Zerminalia mantaly (Combretaceae) for their potential against

bacteria and cancer» attestons que la candidate a effectué les corrections conformément aux

exigences du jury.

En foi de quoi la présente attestation lui est délivrée pour servir et valoir ce que de droit.

Fait a Yaoundé, le 0. 4 H.MES?GZZ ........
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LIST OF PERMANENT TEACHING STAFF LISTE DES ENSEIGNANTS PERMANENTS

LIST OF PERMANENT TEACHING STAFF
ACADEMIC YEAR 2021/2022

(By Department and by Grade)
UPDATE: 22, September 2021
ADMINISTRATION

Dean: TCHOUANKEU Jean- Claude, Associate professor

VICE-Dean / DPSAA : ATCHADE Alex de Théodore, Associate professor

VICE-Dean/ DSSE : NYEGUE Maximilienne Ascension, Professor

VICE-Dean/ DRC : ABOSSOLO Monique, Associate professor

Head of Division of Academic affairs, Research and corporation: NDOYE FOE Floren-
tine Marie Chantal, Associate professor

Head of Administrative and Financial Division: AJEAGAH Gideon AGHAINDUM, Pro-

fessor
| 1- DEPARTMENT OF BIOCHIMISTRY (BCH) (40) |
N° NAME AND SURNAME GRADE OBSERVATIONS
1 BIGOGA DAIGA Jude Professor In duty
2 FEKAM BOYOM Fabrice Professor In duty
3 FOKOU Elie Professor In duty
4 KANSCI Germain Professor In duty
5 MBACHAM FON Wilfried Professor In duty
6 MOUNDIPA FEWOU Paul Professor Head of Department
NINTCHOM PENLAP V. épse Professor In duty
7 BENG
8 OBEN Julius ENYONG Professor In duty
9 ACHU Merci BIH Associate Professor | In duty
10 ATOGHO Barbara Mma Associate Professor | In duty
AZANTSA KINGUE GABIN Associate Professor | In duty
11 BORIS
BELINGA née NDOYE FOE F. Associate Professor | Head DAF / FS
12 M. C.
13 BOUDJEKO Thaddée Associate Professor | In duty
14 DJUIDJE NGOUNOUE Marceline | Associate Professor | In duty
15 EFFA ONOMO Pierre Associate Professor | In duty
16 EWANE Cécile Annie Associate Professor | In duty
17 MOFOR née TEUGWA Clotilde Associate Professor | Insp. Serv. MINESUP
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18 NANA Louise épouse WAKAM Associate Professor | In duty
19 NGONDI Judith Laure Associate Professor | In duty
20 NGUEFACK Julienne Associate Professor | In duty
21 NJAYOU Frédéric Nico Associate Professor | In duty
TCHANA KOUATCHOUA An- Associate Professor | In duty
22 gele
23 AKINDEH MBUH NJI Senior Lecturer In duty
24 BEBEE Fadimatou Senior Lecturer In duty
BEBOY EDJENGUELE Sara Na- | Senior Lecturer In duty
25 thalie
26 DAKOLE DABOY Charles Senior Lecturer In duty
DJUIKWO NKONGA Ruth Vi- Senior Lecturer In duty
27 viane
DONGMO LEKAGNE Joseph Senior Lecturer In duty
28 Blaise
29 FONKOUA Martin Senior Lecturer In duty
30 KOTUE TAPTUE Charles Senior Lecturer In duty
31 LUNGA Paul KEILAH Senior Lecturer In duty
32 MANANGA Marlyse Joséphine Senior Lecturer In duty
33 MBONG ANGIE M. Mary Anne Senior Lecturer In duty
34 Palmer MASUMBE NETONGO Senior Lecturer In duty
35 PECHANGOU NSANGOU Syl- Senior Lecturer In duty
vain
36 FOUPOUAPOUOGNIGNI Ya- Assist. Lecturer In duty
couba
37 KOUOH ELOMBO Ferdinand Assist. Lecturer In duty
38 MBOUCHE FANMOE Marceline | Assist. Lecturer In duty
Joélle
39 OWONA AYISSI Vincent Brice Assist. Lecturer In duty
40 WILFRIED ANGIE Abia Assist. Lecturer In duty

[ 2- DEPARTMENT OF ANIMAL BIOLOGY AND PHYSIOLOGY (A. B. P.) (51)

1 | AJEAGAH Gideon AGHAINDUM Professor DAARS/FS

2 | BILONG BILONG Charles-Félix Professor Head of Department
3 | DIMO Théophile Professor In duty

4 | DJIETO LORDON Champlain Professor In duty

5 | DZEUFIET DJOMENI Paul Désiré Professor In duty

6 | ESSOMBA née NTSAMA MBALA Professor Vice Dean/FMSB/UYI
7 | FOMENA Abraham Professor In duty

8 | KAMTCHOUING Pierre Professor In duty

9 | KEKEUNOU Sévilor Professor In duty

10 | NJAMEN Dieudonné Professor In duty

11 | NJIOKOU Flobert Professor In duty

12 | NOLA Moise Professor In duty

13 | TAN Paul VERNYUY Professor In duty
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Professor

Insp. Serv. Coord.

14 | TCHUEM TCHUENTE Louis Albert Progr. in HEALTH
15 | ZEBAZE TOGOUET Serge Hubert Professor In duty
16 | BILANDA Danielle Claude Associate Professor | In duty
17 | DJIOGUE Séfirin Associate Professor | In duty
13 JATSA BOUKENG Hermine épse Associate Professor | In duty
MEGAPTCHE
19 | LEKEUFACK FOLEFACK Guy B. Associate Professor | In duty
20 | MEGNEKOU Rosette Associate Professor | In duty
21 | MONY Ruth épse NTONE Associate Professor | In duty
22 | NGUEGUIM TSOFACK Florence Associate Professor | In duty
23 | TOMBI Jeannette Associate Professor | In duty
24 | ALENE Désirée Chantal Senior Lecturer In duty
25 | ATSAMO Albert Donatien Senior Lecturer In duty
26 | BELLET EDIMO Oscar Roger Senior Lecturer In duty
27 | DONFACK Mireille Senior Lecturer In duty
28 | ETEME ENAMA Serge Senior Lecturer In duty
29 | GOUNOUE KAMKUMO Raceline Senior Lecturer In duty
30 | KANDEDA KAVAYE Antoine Senior Lecturer In duty
31 | MAHOB Raymond Joseph Senior Lecturer In duty
32 | MBENOUN MASSE Paul Serge Senior Lecturer In duty
33 | MOUNGANG Luciane Marlyse Senior Lecturer In duty
34 | MVEYO NDANKEU Yves Patrick Senior Lecturer In duty
35 | NGOUATEU KENFACK Omer Bébé | Senior Lecturer In duty
36 | NGUEMBOK Senior Lecturer In duty
37 | NJUA Clarisse Yafi Senior Lecturer Chief Div. UBA
38 | NOAH EWOTI Olive Vivien Senior Lecturer In duty
39 | TADU Zephyrin Senior Lecturer In duty
40 | TAMSA ARFAQ Antoine Senior Lecturer In duty
41 | YEDE Senior Lecturer In duty
42 | AMPON NSANGOU Indou Assist. Lecturer In duty
43 | BASSOCK BAYIHA Etienne Didier | Assist. Lecturer In duty
44 | ESSAMA MBIDA Désirée Sandrine Assist. Lecturer In duty
45 | FEUGANG YOUMSSI Frangois Assist. Lecturer In duty
46 | FOKAM Alvine Christelle Epse Assist. Lecturer In duty
KEGNE

47 | GONWOUO NONO Legrand Assist. Lecturer In duty
48 | KOGA MANG DOBARA Assist. Lecturer In duty
49 | LEME BANOCK Lucie Assist. Lecturer In duty
50 | NWANE Philippe Bienvenu Assist. Lecturer In duty
51 | YOUNOUSSA LAME Assist. Lecturer In duty
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[ 3- DEPARTMENT OF PLANT BIOLOGY AND PHYSIOLOGY (P. B. P.) (31)

1 | AMBANG Zachée Professor Chief of Division/UYII
2 | BELL Joseph Martin Professor In duty
3 | DJOCGOUE Pierre Frangois Professor In duty
4 | MBOLO Marie Professor In duty
5 | MOSSEBO Dominique Claude Professor In duty
6 | YOUMBI Emmanuel Professor Head of Department
7 | ZAPFACK Louis Professor In duty
8 | ANGONI Hyacinthe Associate Professor | In duty
9 | BIYE Elvire Hortense Associate Professor | In duty
10 | MALA Armand William Associate Professor | In duty
11 | MBARGA BINDZI Marie Alain Associate Professor | CT/ MINESUP
12 | NDONGO BEKOLO Associate Professor | CE / MINRESI
13 | NGODO MELINGUI Jean Baptiste | Associate Professor | In duty
NGONKEU MAGAPTCHE Eddy | Associate Professor | In duty
14 | L.
15 | TONFACK Libert Brice Associate Professor | In duty
16 | TSOATA Esaie Associate Professor | In duty
17 | DJEUANI Astride Carole Senior Lecturer In duty
18 | GOMANDIJE Christelle Senior Lecturer In duty
19 | MAFFO MAFFO Nicole Liliane Senior Lecturer In duty
MAHBOU SOMO TOUKAM. Ga- | Senior Lecturer In duty
20 | briel
21 | NGALLE Hermine BILLE Senior Lecturer In duty
22 | NNANGA MEBENGA Ruth Laure | Senior Lecturer In duty
23 | NOUKEU KOUAKAM Armelle Senior Lecturer In duty
24 | ONANA JEAN MICHEL Senior Lecturer In duty
25 | GODSWILL NTSOMBOH NTSE- | Assist. Lecturer In duty
FONG
26 | KABELONG BANAHO Louis- Assist. Lecturer In duty
Paul-Roger
27 | KONO Léon Dieudonné Assist. Lecturer In duty
28 | LIBALAH Moses BAKONCK Assist. Lecturer In duty
29 | LIKENG-LI-NGUE Benoit C Assist. Lecturer In duty
30 | TAEDOUNG Evariste Hermann Assist. Lecturer In duty
31 | TEMEGNE NONO Carine Assist. Lecturer In duty
| 4- DEPARTMENT OF INORGANIC CHEMISTRY (1. C.) (32)
1 AGWARA ONDOH Moise Professor Head of Department
2 | DJOUFAC WOUMFO Emmanuel | Professor In duty
3 Florence UFI CHINJE épouse ME- | Professor Rector Univ. Ngaoun-
LO dere
4 | GHOGOMU Paul MINGO Professor M'ini'ster in charge of
mission. P.R.
5 | NANSEU Njiki Charles Péguy Professor In duty
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6 | NDIFON Peter TEKE Professor CT MINRESI

7 | NDIKONTAR Maurice KOR Professor Vice-Dean Un. Bamenda

8 | NENWA Justin Professor In duty

9 | NGAMENI Emmanuel Professor Dean F.S. U. Ds

10 | NGOMO Horace MANGA Professor Vice Chancelor/UB

11 | ACAYANKA Elie Associate Professor | In duty

12 | EMADACK Alphonse Associate Professor | In duty

13 | KAMGANG YOUBI Georges Associate Professor | In duty

14 IC(EMMEGNE MBOUGUEM Jean | Associate Professor | In duty

15 | KONG SAKEO Associate Professor | In duty

16 | NDI NSAMI Julius Associate Professor | In duty

17 | NJJIOMOU C. épse DJANGANG Associate Professor | In duty

18 | NJOYA Dayirou Associate Professor | In duty

19 | TCHAKOUTE KOUAMO Hervé Associate Professor | In duty

20 | BELIBI BELIBI Placide Désiré Senior Lecturer CS/ ENS Bertoua

21 | CHEUMANI YONA Arnaud M. Senior Lecturer In duty

22 | KENNE DEDZO GUSTAVE Senior Lecturer In duty

23 | KOUOTOU DAOUDA Senior Lecturer In duty

24 | MAKON Thomas Beauregard Senior Lecturer In duty

25 | MBEY Jean Aime Senior Lecturer In duty

26 | NCHIMI NONO KATIA Senior Lecturer In duty

NEBAH Née NDOSIRI Bridget Senior Lecturer

27 NDOYE CT/ MINPROFF

28 | NYAMEN Linda Dyorisse Senior Lecturer In duty

29 | PABOUDAM GBAMBIE A. Senior Lecturer In duty

30 | NJANKWA NJABONG N. Eric Assist. Lecturer In duty

31 | PATOUOSSA ISSOFA Assist. Lecturer In duty

32 | SIEWE Jean Mermoz Assist. Lecturer In duty

5- DEPARTMENT OF ORGANIC CHIMISTRY (O. C.) (40)
1 DONGO Etienne Professor Vice Dean/CSA/ F. SED
5 | GHOGOMU TIH Robert Ralph | Professor Director B. A. 1 Foumban
3 NGOUELA Silvére Augustin Professor Head of Department UDs
4 NYASSE Barthélemy Professor In duty
PEGNYEMB Dieudonné Emma- Director/ MINESUP/ Head of
Professor

5 nuel Department
6 WANDII Jean Professor In duty
7 Alex de Théodore ATCHADE Associate Professor Vice-Dean / DPSAA
8 AMBASSA Pantaléon Associate Professor In duty
9 EYONG Kenneth OBEN Associate Professor In duty
10 | FOLEFOC Gabriel NGOSONG Associate Professor In duty
11 | FOTSO WABO Ghislain Associate Professor In duty
12 | KEUMEDIJIO Félix Associate Professor In duty
13 | KENMOGNE Marguerite Associate Professor In duty
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14 | KOUAM Jacques Associate Professor In duty
15 | MBAZOA née DJAMA Céline Associate Professor Associate Professor
16 | MKOUNGA Pierre Associate Professor In duty
17 | MVOT AKAK CARINE Associate Professor In duty
18 | NGO MBING Joséphine Associate Professor Sous/Direct. MINERESI
19 | NGONO BIKOBO Dominique Associate Professor C.E/ MINESUP
Serge
20 | NOTE LOUGBOT Olivier Placide | Associate Professor C.S/ MINESUP
21 | NOUNGOUE TCHAMO Diderot | Associate Professor In duty
22 | TABOPDA KUATE Turibio Associate Professor In duty
23 | TAGATSING FOTSING Maurice | Associate Professor In duty
24 | TCHOUANKEU Jean-Claude Associate Professor Dean /FS/ UYI
25 | TIH née NGO BILONG E. Anas- | Associate Professor In duty
tasie
26 | YANKEP Emmanuel Associate Professor In duty
27 | ZONDEGOUMBA Ernestine Associate Professor In duty
28 | KAMTO Eutrophe Le Doux Senior Lecturer In duty
29 | NGNINTEDO Dominique Senior Lecturer In duty
30 | NGOMO Orléans Senior Lecturer In duty
31 | OUAHOUO WACHE Blandine Senior Lecturer In duty
M.
32 | SIELINOU TEDJON Valérie Senior Lecturer In duty
33 | MESSI Angélique Nicolas Assist. Lecturer In duty
34 | MUNVERA MFIFEN Aristide Assist. Lecturer In duty
35 | NONO NONO Eric Carly Assist. Lecturer In duty
36 | OUETE NANTCHOUANG Judith | Assist. Lecturer In duty
Laure
37 | TCHAMGOUE Joseph Assist. Lecturer In duty
38 | TSAFFACK Maurice Assist. Lecturer In duty
39 | TSAMO TONTSA Armelle Assist. Lecturer In duty
40 | TSEMEUGNE Joseph Assist. Lecturer In duty
6- DEPARTMENT OF COMPUTER SCIENCE (C. S, (25)
1 ATSA ETOUNDI Roger Professor Chief Div.MINESUP
) FOUDA NDJODO Marcel Laurent | Professor f gfi?ﬁ:g SI\IUSI/,Chlef
3 NDOUNDAM Réné Associate Professor | In duty
4 ABESSOLO ALO’O Gislain Senior Lecturer In duty
5 AMINOU Halidou Senior Lecturer Head of Department
6 DJAM Xaviera YOUH - KIMBI Senior Lecturer In duty
7 DOMGA KOMGUEM Rodrigue Senior Lecturer In duty
8 EBELE Serge Alain Senior Lecturer In duty
9 KOUOKAM KOUOKAME. A. Senior Lecturer In duty
10 MELATAGIA YONTA Paulin Senior Lecturer In duty
11 MONTHE DJIADEU Valery M. Senior Lecturer In duty
12 MOTO MPONG Serge Alain Senior Lecturer In duty
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13 OLLE OLLE Daniel Claude De- Senior Lecturer C/D Enset. Ebolowa
lort
14 TAPAMO Hyppolite Senior Lecturer In duty
15 TINDO Gilbert Senior Lecturer In duty
16 TSOPZE Norbert Senior Lecturer In duty
17 WAKU KOUAMOU Jules Senior Lecturer In duty
18 | BAYEM Jacques Narcisse Assist. Lecturer In duty
19 EKODECK Stéphane Gaél Ray- Assist. Lecturer In duty
mond
20 | HAMZA Adamou Assist. Lecturer In duty
21 JIOMEKONG AZANZI Fidel Assist. Lecturer In duty
22 MAKEMBE. S . Oswald Assist. Lecturer In duty
23 MESSI NGUELE Thomas Assist. Lecturer In duty
24 | MEYEMDOU Nadege Sylvianne | Assist. Lecturer In duty
25 NKONDOCK. MI. BAHA- Assist. Lecturer In duty
NACK.N.
7- DEPARTMENT OF MATHEMATICS (MAT) (35)
1 AYISSI Raoult Domingo Professor Head of Department
2 EMVUDU WONO Yves S. Professor CD Info/Inspector MINESUP
3 KIANPI Maurice Associate Professor | In duty
4 MBANG Joseph Associate Professor | In duty
MBEHOU Mohamed Associate Pro In duty
5 fessor
6 MBELE BIDIMA Martin Ledoux | Associate Professor | In duty
7 NKUIMI JUGNIA Célestin Associate Professor | In duty
8 NOUNDJEU Pierre Associate Professor | Chief serv. certif. prog. /FS/UYI
9 TCHAPNDA NJABO Sophonie B. | Associate Professor | Director/AIMS Rwanda
10 TCHOUNDIJA Edgar Landry Associate Professor | In duty
BOGSO ANTOINE MARIE Senior Lecturer
1 In duty
AGHOUKENG JIOFACK Jean Senior Lecturer Chief Cell MINPLAMAT
12 Gérard
13 CHENDIJOU Gilbert Senior Lecturer In duty
14 DJIADEU NGAHA Michel Senior Lecturer In duty
15 DOUANLA YONTA Herman Senior Lecturer In duty
16 FOMEKONG Christophe Senior Lecturer In duty
17 KIKI Maxime Armand Senior Lecturer In duty
18 MBAKOP Guy Merlin Senior Lecturer In duty
19 MENGUE MENGUE David Joe Senior Lecturer In duty
20 NGUEFACK Bernard Senior Lecturer In duty
21 NIMPA PEFOUKEU Romain Senior Lecturer In duty
22 POLA DOUNDOU Emmanuel Senior Lecturer In duty
23 TAKAM SOH Patrice Senior Lecturer In duty
24 TCHANGANG Roger Duclos Senior Lecturer In duty
25 TETSADJIO TCHILEPECK M. E. | Senior Lecturer In duty
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26 TIAYA TSAGUE N. Anne-Marie | Senior Lecturer In duty
27 BITYE MVONDO Esther Clau- Assistante In duty
dine
28 FOKAM Jean Marcel Assistant In duty
29 LOUMNGAM KAMGA Victor Assistant In duty
30 MBATAKOU Salomon Joseph Assistant In duty
31 MBIAKOP Hilaire George Assistant In duty
32 MEFENZA NOUNTU Thiery Assistant In duty
33 OGADOA AMASSAYOGA Assistant In duty
34 TCHEUTIA Daniel Duviol Assistant In duty

8- DEPARTEMENT OF MICROBIOLOGY (MIB) (21)

1 | ESSIA NGANG Jean Justin Professor Head of Department
5 g;EGUE Maximilienne Ascen- | b, pocsor VICE-DEAN / DSSE
3 | NWAGA Dieudonné M. Professor En poste
4 | ASSAM ASSAM Jean Paul Associate Professor | In duty
5 | BOYOMO ONANA Associate Professor | In duty
6 | KOUITCHEU MABEKU Epse Associate Professor | In duty
KOUAM Laure Brigitte
7 | RIWOM Sara Honorine Associate Professor | In duty
8 | SADO KAMDEM Sylvain Leroy | Associate Professor | In duty
4 | ASSAM ASSAM Jean Paul Associate Professor | In duty
5 | BOYOMO ONANA Associate Professor | In duty
KOUITCHEU MABEKU Epse Associate Professor | In duty
6 | KOUAM Laure Brigitte
7 | RIWOM Sara Honorine Associate Professor | In duty
8 | SADO KAMDEM Sylvain Leroy Associate Professor | In duty
9 | BODA Maurice Senior Lecturer In duty
10 | BOUGNOM Blaise Pascal Senior Lecturer In duty
11 | ESSONO OBOUGOU Germain G. | Senior Lecturer In duty
12 | NJIKI BIKOI Jacky Senior Lecturer In duty
13 | TCHIKOUA Roger Senior Lecturer In duty
14 | ESSONO Damien Marie Assist. Lecturer In duty
15 | LAMYE Glory MOH Assist. Lecturer In duty
16 | MEYIN A EBONG Solange Assist. Lecturer In duty
17 | MONI NDEDI Esther Del Florence | Assist. Lecturer In duty
18 | NKOUDOU ZE Nardis Assist. Lecturer In duty
19 | SAKE NGANE Carole Stéphanie Assist. Lecturer In duty
20 | TAMATCHO KWEYANG Blan- Assist. Lecturer In duty
dine Pulchérie
21 | TOBOLBAI Richard Assist. Lecturer In duty
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9. DEPARTMENT OF PHYSICS (PHY) (44)

1 | BEN- BOLIE Germain Hubert Professor In duty
) DJUIDJE KENMOE épouse Professor In duty
ALOYEM
3 | EKOBENA FOUDA Henri Paul Professor Vice-Rector. UN
4 | ESSIMBI ZOBO Bernard Professor In duty
5 | KOFANE Timoléon Crépin Professor In duty
6 | NANA ENGO Serge Guy Professor In duty
7 | NANA NBENDJO Blaise Professor In duty
8 | NDJAKA Jean Marie Bienvenu Professor Head of Department
9 | NJANDJOCK NOUCK Philippe Professor In duty
10 | NOUAYOU Robert Professor In duty
11 | PEMHA Elkana Professor In duty
12 | TABOD Charles TABOD Professor Dean FS Univ/Bda
13 | TCHAWOUA Clément Professor In duty
14 | WOAFO Paul Professor In duty
15 | ZEKENG Serge Sylvain Professor In duty
16 | BIYA MOTTO Frédéric Associate Professor | DG/HYDRO Mekin
17 | BODO Bertrand Associate Professor | In duty
13 léiYEGUE A NYAM épse BELIN- | Associate Professor | In duty
19 | EYEBE FOUDA Jean sire Associate Professor | In duty
20 | FEWO Serge Ibraid Associate Professor | In duty
21 | HONA Jacques Associate Professor | In duty
22 | MBANE BIOUELE César Associate Professor | In duty
23 | MBINACK Clément Associate Professor | In duty
24 | NDOP Joseph Associate Professor | In duty
Associate Professor | Chief of cen-
25 | SAIDOU tre/IRGM/MINRESI
26 | SIEWE SIEWE Martin Associate Professor | In duty
27 | SIMO Elie Associate Professor | In duty
28 | VONDOU Derbetini Appolinaire Associate Professor | In duty
29 | WAKATA née BEYA Annie Associate Professor | Director/ENS/UYI
30 | ABDOURAHIMI Senior Lecturer In duty
31 | CHAMANI Roméo Senior Lecturer In duty
32 | EDONGUE HERVAIS Senior Lecturer In duty
33 | FOUEDIJIO David Senior Lecturer Chief Cell. MINADER
34 | MBONO SAMBA Yves Christian U. | Senior Lecturer In duty
35 | MELI'I Joelle Larissa Senior Lecturer In duty
36 | MVOGO ALAIN Senior Lecturer In duty
37 | OBOUNOU Marcel Assist. Lecturer DA/Univ Inte'r
Etat/Sangmalima
38 | WOULACHE Rosalie Laure Assist. Lecturer In duty
39 | AYISSI EYEBE Guy Francois Valé- | Assist. Lecturer In duty
rie
40 | DJIOTANG TCHOTCHOU Lucie Assist. Lecturer In duty
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Angennes

41 | LAMARA Maurice Assist. Lecturer In duty
42 | OTTOU ABE Martin Thierry Assist. Lecturer In duty
43 | TEYOU NGOUPOU Ariel Assist. Lecturer In duty

10-DEPARTMENT OF EARTH SCIENCES (E. S.) (42)

1 BITOM Dieudonné Professor Dean / FASA / UDs

2 | FOUATEU Rose épse YONGUE Professor In duty

3 | NDAM NGOUPAYOU Jules-Remy | Professor In duty

4 | NDJIGUI Paul Désiré Professor Head of Department

5 | NGOS III Simon Professor In duty

6 | NKOUMBOU Charles Professor In duty

7 | NZENTI Jean-Paul Professor In duty

8 | ABOSSOLO née ANGUE Monique | Associate Professor Vice-Dean / DRC

9 | BISSO Dicudonné Associate Professor Director/Pro’ject Bar-
rage Memve’ele

10 | EKOMANE Emile Associate Professor In duty

11 | GANNO Sylvestre Associate Professor In duty

12 | GHOGOMU Richard TANWI Associate Professor CD/Uma

13 | MOUNDI Amidou Associate Professor CT/ MINIMDT

14 | NGUEUTCHOUA Gabriel Associate Professor CEA/MINRESI

15 | NJILAH Isaac KONFOR Associate Professor In duty

16 | NYECK Bruno Associate Professor In duty

17 ONANA Vincent Laurent Associate Professor 1S/Il;lli(;fts/(;lj';}.Il;/[ater.

18 | TCHAKOUNTE J. épse NUMBEM | Associate Professor Chief. cell / MINRESI

19 | TCHOUANKOUE Jean-Pierre Associate Professor Associate Professor

20 | TEMDIJIM Robert Associate Professor Associate Professor

21 | YENE ATANGANA Joseph Q. Associate Professor Chief Div. / MINTP

22 | ZO’0O ZAME Philémon Associate Professor DG/ART

23 | ANABA ONANA Achille Basile Senior Lecturer In duty

24 | BEKOA Etienne Senior Lecturer In duty

25 | ELISE SABABA Senior Lecturer In duty

26 | ESSONO Jean Senior Lecturer In duty

27 | EYONG JOHN TAKEM Senior Lecturer In duty

28 | FUH Calistus Gentry Senior Lecturer Sec. D’Etat/ MINMIDT

29 | LAMILEN BILLA Daniel Senior Lecturer In duty

30 | MBESSE CECILE OLIVE Senior Lecturer In duty

31 | MBIDA YEM Senior Lecturer In duty

32 | METANG Victor Senior Lecturer In duty

33 | MINYEM Dieudonné-Lucien Senior Lecturer CD/Uma

34 | NGO BELNOUN Rose Noél Senior Lecturer In duty

35 | NGO BIDJECK Louise Marie Senior Lecturer In duty

36 | NOMO NEGUE Emmanuel Senior Lecturer In duty

37 | NTSAMA ATANGANA Jacqueline | Senior Lecturer In duty

38 | TCHAPTCHET TCHATO De P. Senior Lecturer In duty
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39 | TEHNA Nathanaél Senior Lecturer In duty
40 | TEMGA Jean Pierre Senior Lecturer In duty
41 | FEUMBA Roger Assist. Lecturer In duty
42 | MBANGA NYOBE Jules Assist. Lecturer In duty
41 | FEUMBA Roger Assist. Lecturer In duty

DISTRIBUTION OF PERMANENT LECTURERS IN THE FACULTY OF
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ABSTRACT

Nanotechnology is considered to be one of the most important technological advancements in
recent years, due to its new, profitable, and wide-spread applications in cancer therapy and
bacterial infections. However, the gold (AuNPs) and silver (AgNPs) nanoparticles using
plant-derived phytochemicals as both reducing and capping agents have emerged eco-friendly
horizons to develop effective and less harmful treatment strategies. This study aimed at inves-
tigating the synthesis and characterization of AuNPs and AgNPs, and to evaluate their effects
on cancer cells and bacteria strains. The aqueous (s, TM) and methanolic extracts (nTM) of leaf
(a,mTML), stem bark (,m TMSB, ), and root (,mTMR) from Terminalia mantaly were obtained
by the maceration procedure. The AuNPs and AgNPs were synthesized and followed by the
characterization using the UV-Visible Spectroscopy, Dynamic Light Scattering (DLS), High-
Resolution Transmission Electron Microscopy (HRTEM), Energy-Dispersive X-ray Spectros-
copy (EDX), Selected Area Electron Diffraction (SAED), and Fourier Transform Infrared
(FTIR) analysis. The anti-bacterial screening of the Terminalia mantaly extracts and derived
gold and silver nanoparticles were evaluated on eight bacterial strains using the broth microdi-
lution assay as described by the CLSI. The growth-inhibitory kinetics of the bio-active silver
nanoparticles was assessed on susceptible strains for a period of 8 hrs. The anticancer activity
was performed with extracts from Terminalia mantaly and derived more stable gold and silver
nanoparticles against cancer cells line (Caco-2, HepG2, and MCF-7), and on non-cancerous
fibroblast cell line (KMST-6) using MTT assay as described by Sibuyi. (2015). The most
promising extracts, gold, and silver nanoparticles were used to study the cell death mechanism
of action (apoptosis) using Annexin V-Cy3TM detection kit (APOAC), the intracellular Reac-
tive Oxygen Species (ROS) generation in cells using the 5-(and-6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA), and Propidium iodide
(PI) DNA stained cell cycle analysis using flow cytometry. The production of nanoparticles
was visually observed as a colour change of the gold salt from yellow to red wine or red for
gold nanoparticles (AuNPs), and colour of silver salt from colourless to yellow, brown, or
green for silver nanoparticles (AgNPs). The Surface Plasmon Resonance (SPR) values ranged
from 535 to 560 nm, and 438 to 480 nm and thereby confirming the production of AuNPs and
AgNPs respectively. The HRTEM confirmed that nanoparticles were crystalline in nature and
revealed the formation of different sizes and shapes. Most of the AuNPs and AgNPs were
spherical with a mean diameter of 9.3, 6.2, 21 and 28 nm obtained for , TML-AgNPs-25 °C,
aITMSB-AgNPs-70 °C, nTMR-AuNPs-25 °C, and nTMSB-AuNPs-70 °C respectively. The
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EDX spectra of bio-active AuNPs and AgNPs confirmed the presence of gold and silver ions
in all the nanoparticles. The FTIR revealed some functional chemical groups such as hydroxyl
and aldehyde groups in the Terminalia mantaly active metabolites. In this study, the ; TML-
AgNPs-25 °C, and ;,TMSB-AgNPs-70 °C, showed significant antibacterial activity against all
the tested bacterial strains and had MIC values of 3.125 and 125.000 ug/mL respectively. The
bactericidal effect of ; TML-AgNPs-25 °C was higher against Streptococcus pneumonia and
Haemophilus influenzae. In general, for the anticancer activity, the ICso values ranged from
0.006 to 93.730 pg/ml. The ICso values of the TM-AuNPs, and TM-AgNPs were higher than
that of the TM extracts. However, MCF-7 cells, in particular, were highly susceptible to the
effects of W"TMR and nTMSB extracts, with ICso values 2.73 and 19.73 pg/mL, respectively.
TM-AgNPs were the most promising on the three tested cells line. For example, .TML-
AgNPs-25 °C and s, TMSB-AgNPs-70 °C showed ICso of 0.006 and 0.008 pg/mL on HepG2
cells respectively. Similarly, n TMR-AuNPs-25 °C displayed cytotoxicity with ICso values of
0.18 and 6.56 png/mL on HepG2 and MCF-7 cells. The Annexin results confirmed the reduc-
tion of more than 50% of viable cells after the treatment with bioactive extracts and nanopar-
ticles. The percentage of 70.23 and 78.01 % were obtained for wTMSB on HepG2 and Caco-2
cells, respectively. Similarly, the "' TMR-AuNPs-25 °C and aTMSB-AgNPs-70 °C revealed a
higher apoptotic effect with the percentage of 63.75, 73.610, and 82.290 % on MCF-7,
HepG2, and Caco-2 cells respectively. The n”TMSB-AuNPs-70 °C and ;,TML-AgNPs-25 °C
induced significant ROS production of 62.83 and 63.26 % with Caco-2 and MCF-7 cells re-
spectively. The bioactive extracts and AgNPs mostly induced the cell arrest in GO/G1phase
while the bioactive AuNPs also induced the cell arrest in G2/M phase. The current research
highlighted the reducing and the capping potential of biomolecules present in extracts from
Terminalia mantaly plant that displayed the rapid formation of multiples nanostructures and
also demonstrated they’re selective and enhance capacities to eradicate cancer cells using
apoptosis through DNA fragmentation making it helpful to explore newer approaches in the

treatment of cancer disease and associated infections.

Keywords: Nanotechnology, Terminalia mantaly, Green synthesis, Nanoparticles, Cancer,
Proliferation, Apoptosis, Flow cytometry
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RESUME

La nanotechnologie est considérée comme 1'avancée technologique la plus importante en rai-
son de ses nouvelles applications répandues et rentables dans le traitement du cancer et des
infections bacteriennes. Cependant, les nanoparticules d'or (AuNPs) et d'argent (AgNPs) utili-
sant des composés phytochimiques d'origine végétale comme agents réducteurs et coiffants
ont émergé comme alternative pour le développement des stratégies de traitement efficaces et
biocompactibles. Ainsi, cette étude vise a réaliser la biosynthése de nouvelles nanoparticules
d’or et d’argent et évaluer leur capacité a éradiquer les cellules cancéreuses et a inhiber les
infections bactériennes associées. Les extraits aqueux et méthanolique de feuilles, des écorces
de tige, et de racines de Terminalia mantaly ont été obtenus par macération. Les nanoparti-
cules d'or et d'argent ont été synthétisées, suivi d'une premicere caractérisation a I'aide de 1'ana-
lyse par spectroscopie UV-visible et la diffusion dynamique de la lumiere (DLS), la micros-
copie électronique a transmission a haute résolution (HRTEM), la spectroscopie a rayons X a
dispersion d'énergie (EDX), la diffraction électronique en zone sélectionnée (SAED), et
l'infrarouge a transformée de Fourier (FTIR). Le screening préliminaire d’activité antibacté-
rien des extraits et des nanoparticules d'or et d'argent dérivant a été évalué sur huit souches
bactériennes a l'aide du test de microdilution en milieu liquide comme décrit par le CLSI. La
cinétique inhibitrice de croissance des nanoparticules d'argent bioactives a été évaluée sur des
souches sensibles pendant une période de 8 heures. L'activité anticancéreuse a été réalisée
avec des extraits, les nanoparticules d'or et d'argent les plus stables contre trois lignées cellu-
laires (Caco-2, MCF-7 et HepG2) et sur la lignée cellulaire fibroblaste non cancéreuse
(KMST-6) en utilisant le test de MTT. Les extraits, les nanoparticules d’or et d’agent les plus
actives ont été selectionnes pour étudier les mécanismes de mort cellulaire (Apoptose) en uti-
lisant le kit de détection d'apoptose Annexin V-Cy3™ (APOAC), la génération intracellulaire
des espéces réactives de l'oxygene (ROS) au niveau des cellules utilisant le 5- (et-6) -
chlorométhyl-2 ', 7'-dichlorodihydrofluorescéine diacétate acétyl ester (CM-H2DCFDA) et
une analyse du cycle cellulaire par la méthode colourée de I'ADN a l'iodure de propidium (PI)
en utilisant la cytométrie de flux. La formation de nanoparticules a été observée visuellement
par un virage de couleur de la solution jaune a celle similaire vin rouge/rouge pour les nano-
particules d'or et le changement de couleur incoloure au jaune, marron ou vert pour les nano-
particules d'argent. Les valeurs de résonance plasmonique de surface (SPR) variant de 535 a
560 nm et de 438 a 480 nm respectivement pour les nanoparticules d’or et d’argent fournis-
sent ainsi des preuves de la formation des nanoparticules. La forme sphérique a été majoritai-
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rement obtenue avec les nanoparticules de nature crystalline, et un diamétre moyen de 9.3,
6.2, 21 et de 28 nm a été respectivement obtenu avec des nanoparticules d'argent de 1’extrait
aqueux de feuille a 25 °C et I'extrait aqueux des écorces de tige a 70 °C, et les nanoparticules
d'or de I’extrait méthanolique de racines a 25 °C et I’extrait méthanolique des écorces de tige
a 70 °C. La caractérisation infrarouge a transformée de Fourier a révélé que certains groupes
chimiques fonctionnels tels que les groupes hydroxyle (OH) et aldéhyde (C-OH) des métabo-
lites actifs de la plante Terminalia mantaly. Les nanoparticules biogéniques d’argent synthéti-
sées a partir de l'extrait aqueux de feuilles a 25 °C et de 1'extrait aqueux d'écorce de tige a 70
°C ont montré une activité antibactérienne importante contre toutes les souches bactériennes
testées avec des valeurs respectives de CMI de 3.125 et 125. 000 pg/mL. L'effet bactéricide
des nanoparticules d'argent synthétisées a partir de l'extrait aqueux de feuilles a 25 °C était
particuliérement élevé contre Streptococcus pneumoniae et Haemophilus influenzae. Les va-
leurs des Clso ont vari¢ de 0.006 a 93.730 ug/mL. Les valeurs des Clso des nanoparticules
etaient plus importante que celles des extraits. Cependant, les extraits méthanoliques des
écorces de tige et de racines ont été les plus actifs avec des Clso de 19.73, et de 2.730 pg / mL
respectivement sur les cellules MCF-7. Les nanoparticules d'argent stables étaient les plus
prometteuses sur les trois cellules testées avec des valeurs de Clso de 0.006 et de 0.008 pg/ml
sur la cellule HepG2. De plus, les nanoparticules d'or de 1'extrait aqueux des racines a 25 °C
ont également montré une bonne activité avec des valeurs Clso de 0.18 et de 6.56 pg/mL sur
les cellules HepG2 et MCF-7. Les extraits bioactifs et les nanoparticules d'or n'ont montré
aucun effet significatif sur la cellule normale KMST-6. Les résultats Annexin ont confirmé la
réduction de plus de 50 % de cellules viables apres traitement avec les extraits et les nanopar-
ticules actives. Les pourcentages apoptotiques de 70.23 and 78.01 % ont été obtenus avec
l'extrait méthanolique d'écorce de tige respectivement sur les lignées cellulaires Caco-2 et
HepG2 cells. Les nanoparticules d'or provenant d'extrait méthanolique d’ecorces de tige a 70
°C et les nanoparticules d’argent d'extrait aqueux de feuilles a 25 °C et, traités respectives
avec les cellules Caco-2 et MCF-7 ont induit une production importante d'espéces réactives de
'oxygéne respectives de 62.83 % et de 63.26 %. Les extraits et les nanoparticules d'argent
bioactifs ont principalement provoqué l'arrét du cycle cellulaire en phase G0/G1, tandis que
les nanoparticules d'or bioactives ont également induit I'arrét du cycle cellulaire en phase
G2/M. Les résultats de cette étude ont mis en évidence la capacité de réductrice et potentielle
des biomolécules présentes dans les extraits de Terminalia mantaly a produire des nanoparti-
cules d’or et d’argent de petites tailles avec divers motifs structuraux et leurs capacités sélec-
tives d’éradiquer les cellules cancéreuses via des mécanismes d’action tels que 1’apoptose a
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travers la fragmentation de I’ADN confirmant ainsi 1’utilisation traditionnelle de la plante
Terminalia mantaly pour la prévention, le traitement du cancer et les infections bactériennes

associées.

Mots-clés: Nanotechnologie, Nanoparticules, Terminalia mantaly, Synthése verte, Cancer,

Prolifération, Apoptose, Cytométrie de flux.
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INTRODUCTION

Nanotechnology can be termed as the fabrication, characterization, exploration, and applica-
tion of nanosized (1-100 nm) materials for the development of science that offers an infinite
possibility of advancement and innovation in many fields including those in cancer therapeu-
tics, medical imaging, and diagnostics (Adiseshaiah et al., 2016; Ahmed et al., 2017;
Enayati ez al., 2018). Cancer is increasingly recognized as a critical public health problem
and the leading cause of death globally with an estimated 18.1 million new cancer cases and
9.6 million cancer deaths worldwide in 2018 (Bray ef al., 2018; Siegel et al., 2019). The dif-
ferent types of cancer that afflict humans are lung, brain, and breast, colorectal, cervical, and
pancreatic cancer (Rajkumar ef al. 2011). Colon cancer is the third most commonly diag-
nosed and estimated 1.36 million new cases (42 %) and 774,000 deaths every year all over the
world (Siegel et al., 2019). Breast cancer is the first most common cancer found in women
and approximately 2.1 million cases are estimated in 2018. Liver cancer is the fifth most
common cause of cancer death in men and it is the seventh most common cause of cancer
death among women and estimated 31,780 deaths (Siegel et al., 2019). In Africa, 715,000
new cases of cancer and 542,000 new deaths were recorded in a year (Parkin et al. 2008;
Ferlay et al. 2015). The incidence and mortality of these cancers have been continuously ris-
ing in the central African country including Cameroon with an estimation of 3273 (20.8 %)),
871 (5.5 %), and 955 (6.1 %) new cases of breast, colorectum, and liver cancer respectively in
2018 (Enow et al., 2012; Stimpfel and Virant-Klun, 2016).

Cancer progression impairs the normal biological process of healthy cells which is achieved
by the invasion of nearby tissues and metastasize to distant tissues. These genetic alterations
can be induced by several risk factors including exposure to ionizing radiation, smoking,
hormonal, dietary, lifestyle, infection, genetic factors as well as age, race, ethnicity, gender,
and family history (Zhang et al., 2018). However, infections are estimated to contribute to 20
% of all human tumours and it has been shown that in 2008 around 2 million cancer cases
were caused by infectious agents globally, which was around 16.1 % of the total estimated
cancer incidence of that year. (Van and Neefjes, 2018). Recently, infections with specific
types of viruses and bacteria were established as risk factors for developing cancer in humans
(Mansoori et al., 2017). Chronic Salmonella typhi infections are linked to gallbladder carci-
noma (Scanu et al, 2015), and Salmonella enteritidis infections with colon carcinoma
(Mughini ez al., 2018). It is speculated that pathogenic bacterias’ toxin-mediated assault strat-

egies may contribute to carcinogenesis (El-Serag, 2012; Mughini ez al., 2018).
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Today, despite these advances, the favoured option for cancer treatment is chemotherapy, and
the overall mortality suggesting the contribution of research to the alleviation of the disease
were minimal (Zhou et al., 2016). Current treatment regimens are no-specific and reduced
efficacy as well as inadequate drug delivery at the site of the tumours and adversely implicate
healthy tissues and organs causing adverse effects. These include appetite and nausea, cardio-
toxicity, nephrotoxicity, ototoxicity, neurotoxicity, leading to the death of cancer patients
(Akindele et al. 2015; Kumari et al., 2016).

These facts clearly evidence the need for advanced technology for cancer treatment (Gmeiner
and Ghosh, 2015). Nanoparticle therapy were shown to be promising as alternatives for cur-
rent treatment regimens, and are effective toward tackling the issue of the development of
drug resistance and improving life quality (Das et al., 2013; Loos et al., 2014; Cruz et al.,
2019). Moreover, the United States Food and Drug Administration (FDA)-approved materials
may be selected as nano-scale drug carriers that were proven to be non-inflammatory and
non-toxic while enabling the delivery of highly localized concentrations of both hydrophilic
and hydrophobic agents (Danhier et al., 2012). Amongst nanomaterials, metal nanoparticles
especially gold and silver have attracted a great deal of attention and the interest of the scien-
tific community. This is due to their fascinating proprieties making them depend on sizes,
shapes with excellent, and diversified resources for cancer therapy (Mahmoudi et al., 2011,
Griife et al., 2016, Suvarna et al., 2017; Khatoon et al., 2018). A variety of physical and
chemical protocols for the synthesis of different geometric shapes and sizes of AgNPs and
AuNPs are reported (Elbagory ef al. 2016; Aljabali et al., 2018, Assadi et al., 2018). How-
ever, most of the protocols involve the use of toxic chemicals as reducing and capping agents
which are likely to produce toxic byproducts. The green synthesis of nanomaterials has gener-
ated great interest as it produces simple, cost-effective, readily scalable, and eco-friendly
products with minimal toxicity towards human beings. (Singh et al., 2015). The natural prod-
ucts are used extensively as reducing and capping agents to prevent agglomeration and in-
crease the stability of the synthesized NPs (Kharissova ef al., 2013; Daniel et al., 2014;
Makarov et al., 2014; Rajan et al., 2015). Biogenic nanoparticles are suggested to induce
their toxicity through oxidative stress by generating reactive oxygen species (ROS) involved
in a variety of different cellular processes ranging from apoptosis and necrosis to cell prolifer-
ation and carcinogenesis (Al-Sheddi et al., 2018). Apoptosis is a biological cell-active death
process, and it is an important mechanism that the multicellular organism’s body regulates
and maintains homeostasis. The study conducted by Ashokkumar et al. (2014) on the bio-
synthesis of AuNPs using the seed coat of Cajanus cajan showed that spherical shapes of
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AuNPs having the size of 9 to 41 nm in diameter induced the HepG2 cell apoptosis. Apopto-
sis can be triggered by increased intracellular ROS levels, which are also strong evidence in-
volved in the induction of apoptosis (Li et al., 2014). Importantly, the ROS leads to the acti-
vation of caspase-3 which is responsible for cell apoptosis by arresting the cell cycle at the
G2/M phase (Rai et al., 2016).
The extracts from Terminalia species (Combretaceae) such as Terminalia catappa, Termi-
nalia bellerica, Terminalia bentazoe, Terminalia mellueri, Terminalia arjuna, and Terminalia
cheduba are widely used by traditional healers to treat diseases such as cancer, dysentery,
diabetes, mycosis, malaria, and bacterial infections. (Therese et al., 2006; El-Rafie et al.,
2014, Mbouna et al., 2018). The synthesis of silver and gold NPs from Terminalia species are
reported. Higher stable gold nanoparticles (10-35 nm) were produced using leaf extracts of
Terminalia catappa (TC) (Ankamwar, 2010; Zakir et al., 2014). Edison and Sethuraman.
(2012) used an aqueous extract of Terminalia chebula to produce gold nanoparticles with siz-
es ranging from 6 nm to 60 nm. Bupesh ef al. (2016) showed the anticancer activity of
AgNPs nanoparticles from Terminalia cheduba against colon cancer cells (HT-29). Thus the
current study aimed to carry out the green synthesis and characterization of gold and silver
nanoparticles from Terminalia mantaly (Combretaceae) and investigate their potentials effect
on bacteria and cancer cells. It is in light of this background that the study was designed spe-
cifically to perform:

#+ The green synthesis and characterization of gold and silver nanoparticles using the

aqueous and methanolic extracts from Terminalia mantaly plant;
+ The in vitro antibacterial screening: MIC determination and the growth-inhibitory ki-
netics of the bio-active crude extracts, gold and silver nanoparticles;
+ The potential antiproliferative effect of extracts, more stable gold and silver nanoparti-

cles against a panel of four cells line, and study of the mode of cell death.
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Chapter I:

General Overview




CHAPTERI: LITTERATURE REVIEW

1.1 Nano

The term “NPs” is used to describe particles with a small size of less than 100 nm. One na-
nometer (nm) is equal to one billionth of a meter (1 nm = 10 ”m) at least for one dimension.
These particles are made in a nanometer-scale for manipulation of physical, chemical, or bio-
logic processes, and therefore regarded as nanoparticles and were already present in ancient
objects such as Lycurgus Cup, with similar features to currently engineered nanostructures,
so-called nanoarchaeology (Bobrovnikova-Marjon, 2014). Gold and silver colloids were

used by Romans were for colouring purposes in ceramics (Figure 1).

Figure 1: Lycurgus Cup courtesy of the British Museum. The light source is (A) in the cup or (B) outside the
cup. Black circles indicate the positions of extracted colours (Bobrovnikoeva-Marjon, 2014).

I.1.1. Classification Of Nanomaterials

Nanomaterials can be classified into different types according to the size, morphology, physi-
cal and chemical properties (Figure 2). Some of them are carbon-based nanoparticles, ceramic
nanoparticles, metal nanoparticles, semiconductor nanoparticles, polymeric nanoparticles, and

lipid-based nanoparticles (Buzea et al., 2007; Jeevanandam et al., 2018; Khan et al., 2019).
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I.1.1.1 Carbon-Based Nanoparticles

Carbon-based nanoparticles include two main materials: carbon nanotubes (CNTs) and fuller-
enes. CNTs can be classified into single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs). Fullerenes are the allotropes of carbon having a struc-

ture of a hollow cage of sixty or more carbon atoms (Jeevanandam et al., 2018).
I.1.1.2 Ceramic Nanoparticles

Ceramic nanoparticles are inorganic solids made up of oxides, carbides, carbonates, and
phosphates. They have applications in photocatalysis, photodegradation of dyes, drug deliv-
ery, and imaging. These nanoparticles were used effectively as a drug delivery system for

some bacterial infections, glaucoma, cancer, etc.
1.1.1.3 Semiconductor Nanoparticles

The Semiconductor nanoparticles are found in the periodic table in groups II-VI, III-V, or V-
VI. These particles were bandgaps, which on tuning show different properties, metals, and
non-metals. Semiconductor nanoparticles are GaN, GaP, InP, InAs from group III-V, ZnO,
ZnS, CdS, CdSe, CdTe are II-VI semiconductors and silicon and germanium are from group

IV.
I.1.1.4 Polymeric Nanoparticles

A nanosphere particle has a matrix-like structure whereas the nanocapsules particle has core-
shell morphology. Polymeric nanoparticles are organic-based nanoparticles. The drug deliver-
ies with polymeric nanoparticles are highly biodegradable and biocompatible (Buzea et al.,

2007; Jeevanandam et al., 2018).
I.1.1.5 Lipid-Based Nanoparticles

Lipid nanoparticles are generally spherical with a diameter ranging from 10 to 100 nm. The
external core of these nanoparticles is stabilized by surfactants and emulsifiers. These nano-
particles have many applications in the biomedical field as a drug carrier and delivery and

RNA release in cancer therapy.
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Figure 2: Basic structure of inorganic nanoparticles figure reprinted with permission from Elsevier. (Xing et al.,
2014).

I.1.1.6 Metal Nanoparticles

Metal nanoparticles are prepared from metal precursors. These nanoparticles can be synthe-
sized by chemical, electrochemical, or photochemical methods (Jeevanandam et al., 2018).
These days, metal nanoparticles (Figure 3) have attracted a great scientific interest due to
their unique optoelectronic and physicochemical properties, and particularly Ag, Au, Pd, and
Pt are most effectively studied. These properties strongly depend on size, shape, crystallinity,

and structure. (Castro et al., 2014).

Metal NPs

Figure 3: Structure and energetics of gold and silver nanoparticles (Wang et al., 2011).

Note: A=Bulky ball, B, C, and E=metallic nanoparticles; D= metallic nanoparticles as drugs delivery systems
(Figure reprinted with permission from Elsevier).

Moreover, the metallic nanomaterials especially gold and silver nanoparticles exhibit wholly

innovative and improved characteristics compared to the voluminous particles of the bulk
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materials with specific characteristics, such as high surface area, high reactivity unique size
distribution, and required morphology (Siddqui ez al., 2015; Sekhar et al., 2018). Despite
several advantages of a biological synthesis approach for nanoparticles, the polydispersity,

stability of the nanoparticles formed remains a challenge. (Hansen et al. 2007).
I.1.1.6.1 Gold (AuNPs) Nanoparticles

(AuNPs) are a focus of intense scientific research owing to their fascinating chemical, elec-
tronic, and optical properties and potential applications in biomedicine, sensing, and catalysis
owing to its shape, size, and crystal structures arrangement (Leonard et al., 2011). Their syn-
thesis is based on the method developed by Turkevich in 1985 through reduction (Figure 4)
of gold aurate by citrate (KimLing et al., 2006). The chemical synthesis of gold nanoparticles
has been reported to exhibit a red wine, dark purple colour (Figure 4) in the aqueous solution
that is related to their intensity and size owing to its SPR (Mulvaney, 1996). The AuNPs can
be stabilized by the addition of proteins such as bovine serum albumin (BSA) on their surface
and can be used to attach targeting peptides and prevent their aggregation and precipitation
that occurs at their isoelectric point (Liu and Franzen, 2008). AuNPs are a promising candi-
date for biomedical engineering and drug delivery applications owing to their unique dimen-
sions, nontoxicity, surface functionalities, and capacity for controlled drug release (Datar and

Richard, 2010).
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Figure 4: Schematic illustration for the deduced process of gold nanoparticles formation. Reduction and
nucleation (Polte et al., 2010).

1.1.1.6.2 Silver (AgNPs) Nanoparticles

AgNPs are one of the most attractive inorganic materials because of their environment free
nature (Britto and Sebastian, 2011). Indeed, Silver ions (Ag") were subjected to chemical
reduction to form silver atoms (Ag’) (Figure 5). These atoms undergo nucleation to form
primary AgNPs that further coalesce with each other to form final AgNPs. Silver nanoparti-
cles formation displays a yellowish to the brown colour in aqueous solution (Figure 5). The
importance of silver nanoparticles has played a pivotal role in inhibiting various infectious
diseases caused by microbes and helping in the burn wounds healing process, by preventing
the infections in the wounds. Furthermore, silver nanoparticles are also known for their anti-

inflammatory and antiviral activity (Haider and Kang, 2015).

Figure 5: Schematic representation of the synthesis of colloidal silver nanoparticles using the chemical reduction
process (Salazar et al., 2018).

I.1.2 Physical And Chemical Synthesis Methods Of Metallic Nanoparticles

The synthesis of NPs is a milestone in nanotechnology. The two different approaches to nano-
technology are graphically termed “top-down and bottom-up’’ (Kotnala ef al., 2015). Where-
as “bottom-up’’ or molecular nanotechnology (figure 6), applies to build organic and inor-
ganic structures atom-by-atom, or molecule-by-molecule (Meyers et al., 2006). Several phys-
ical and chemical approaches are explored for the synthesis and stabilization of nanoparticles
(Chen et al., 2010). The physical method involves laser ablation and evaporation condensation

methods (Jung et al., 2006) whereas chemical methods utilize chemical reductants (citrate,
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NaBH, ethylene glycol, etc.), technique and multiple purifications, use of explosive solvents,
high consumption for processes such as sonication, high-priced equipment and harmful ef-
fects of by-products formed during the process. However, these chemical methods deliver at
the cost of expensive reducing and capping agents and toxic solvents along with tedious pro-

cess control (Kumar, 2012).
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Figure 6: Schematic representation of different methods of metallic nanoparticles (AuNPs and AgNPs) synthesis
(Krishnaswamy, 2015).

I.1.2.1 Nanoparticle Characterization Techniques

The characterization of nanoparticles is an important process in understanding the reaction
mechanisms and subsequent applications. The microscopy-based techniques such as atomic
force microscopy (AFM), transmission electron microscopy (TEM), scanning electron mi-
croscopy (SEM), Energy Filtered Transmission Electron Microscopy (EFTEM), are consid-
ered direct methods of obtaining data from images taken of the nanoparticles. In particular,
both SEM and TEM described here have been extensively used to determine the size and
morphological features of nanoparticles (Poinern, 2014). Spectroscopy based techniques such
as UV-vis, dynamic light scattering (DLS), powder X-ray diffraction (XRD), energy disper-
sive spectroscopy (EDS), Selection Area Electron Diffraction (SAED), Fourier transform in-
frared spectroscopy (FTIR), and, X-Ray photoelectron spectroscopy (XPS), Mossbauer spec-
troscopy, Thermo gravimetrical analysis(TGA), SQUID/FC-ZFC, IR-/Raman are considered
indirect methods of determining data related to composition, structure, crystal phase, and

properties of nanoparticles (Pérez et al., 2014; Cayado et al., 2015)
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I.1.2.1.1 UV-visible Spectroscopy Analysis

This technique is based on the light absorption or reflectance spectroscopy in the ultraviolet-
visible electromagnetic spectral regions in which molecules and other chemical compounds
undergo electronic transitions. The principle of localized surface plasmon resonance (LSPR)
states that when light interacts with conductive nanoparticles (i.e., AgNPs and AuNPs) which
are smaller than the incident wavelength, the resultant electric field excites electrons and gen-
erates plasmon oscillations which are dependent on the composition, size, geometry, dielectric
environment, and separation distance of NPs (Salazar et al., 2018). For silver and gold nano-
particles, the resonance frequency of this SPR is strongly dependent on different proprieties of
nanoparticles such as their sizes, shapes, inter particles interaction, dielectric properties, and
the local environment. The absorption affects the identification of colour in the visible range
(Sharma et al., 2019). Wavelengths between 300 and 800 nm are generally used for charac-
terizing metallic nanoparticles ranging in size from 2 nm up to around 100 nm (Poinern,
2014). The absorption measurements of silver (Ag) nanoparticles are usually between 400 and
450 nm (Devika et al., 2013; Poinern et al., 2013), while gold nanoparticles have strong ab-
sorption in the visible region with the maximum in the range of 500-600 nm (Figure 7) due
to the SPR phenomenon (Mishra et al., 2012; Kelly et al., 2003). This is attributed to the
collective oscillation of free conduction electrons induced by an interacting electromagnetic
field with the concerned metallic nanoparticles. The appearance of extract colour in red, pur-
ple, violet, or pink-ruby red due to excitation of SPR vibration in the above-mentioned wave-
length confirms the production of gold nanoparticles. The appearance of extract colour in yel-

lowish, brown, and dark brown is related to the formation of silver nanoparticles.
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Figure 7: UV-visible Spectroscopy Analysis. (A): UV-Visible Instruments, (B): Surface Plasmon Resonance of
gold nanoparticle (Photographed by Majoumouo, 2017).

1.1.2.1.2 Dynamic Light Scattering Analysis

The size distribution, charge, surface chemistry of NPs are particularly important since they
strongly influence the mobility and bioavailability of NPs within physiological conditions;
and can be used to predict their state in solution (Pavlin and Vladimir, 2012). Dynamic light
scattering (DLS) spectroscopy can be used to measure the hydrodynamic diameter, quantify
the surface charge of nanoparticles suspended in a liquid (zeta potential), and polydispersity

index (Pdi) of the surface charge of nanoparticles suspended in a liquid (Poinern, 2014).
1.1.2.1.2.1 Hydrodynamic Diameter Of Nanoparticles

The DLS instrument measures the size distribution by intensity. It is important to note that the
size obtained corresponds to the size of the sphere that diffuses the same way as the particle
measured. The calculated size is thus a hydrodynamic diameter which for AuNPs or AgNPs
corresponds to the size of the core plus the size of the corona (Figure 8). Another limitation is
that the method considers a so-called solvation layer around the particle to be a part of it. A
solvation layer is a shell around a suspended particle, consisting of the molecules of the sol-

vent. (Berne and Pecora, 2000).
1.1.2.1.2.2 Zeta Potential Parameters

Zeta Potential analysis is a technique for determining the surface charge of nanoparticles in

solution (colloids). Nanoparticles have a surface charge that attracts a thin layer of ions of
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opposite charge to the nanoparticle surface. (Figure 8). Dispersions with a low zeta potential
value will eventually aggregate due to Van Der Waal inter-particle attraction (Clayton et al.,
2016). The NPs with a Zeta potential of within = 30 range are more stable in solution
(Cooper, 2015), values may be positive or negative and within this range favor good quality
and stable NPs which can be stored for a longer period in suspension. The TM-AuNPs had
Zeta potential values that ranged from —10 to —37 mV. This indicates that the NPs repel each
other and there is no tendency for them to aggregate as they provide the necessary repulsive
forces to remain stable when in solution (Grabinski, 2015). Zeta potential strongly depends
on the pH of the solution. For instance, at a fixed temperature (25 °C) at pH 6, zeta potential
is 9.62 mV that exhibits poor quality, unstable gold nanoparticles. At pH 7 zeta potential val-
ue is 25.7 mV, whereas at pH 10 zeta potential value is — 32 mV, which exhibits good quality
and comparatively better stability of gold nanoparticles (Tripathi et al., 2016).

1.1.2.1.2.3 Polydispersity Index (Pdi) Parameters

The polydispersity index is essential in nanoparticle applications, as it is difficult to control
the sample‘s uniformity with surface conjugation chemistry, and often aggregation of the NPs
can occur. Pdi describes the uniformity of the sample. The higher the index, the less uniform
the sample is. In general, samples with Pdi bellow 0.5 are considered monodisperse and vice
versa, samples with pdi above 0.5 are referred to as polydisperse. According to the Interna-
tional Organization for Standardization (ISO), Pdi values > 0.5 indicate that the samples with

the size distribution, while Pdi values = 0.5 are more monodispersive (Elbagory et al., 2019).
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Figure 8: Dynamic Light Scattering Analysis. (A): Zetasizer Malvern Instruments, (B): Z-Average size distribu-
tion, (C): Zeta potential (Photographed by Majoumouo, 2017).

I.1.2.1.3 Transmission Electron Microscope Analysis

The transmission Electron Microscope (TEM) is one of the most important tools of nanotech-
nology for imaging nanomaterials with sub-nanometer resolution (High-Resolution TEM) that
study some proprieties of nanoparticles such shapes, sizes and which operates on the same
basic principles as the light microscope but uses electrons instead of light (Egerton, 2005). In
these techniques, a thin specimen is imaged by an electron beam, which is irritated through
the sample at uniform current density (Reimer, 1989). Figure 9 illustrates the different kinds

of nanoparticle shapes.
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Figure 9: TEM images of gold nanoprisms (A, B) and nanorods (C, D) obtained at 20-200 KeV (Patel, 2017).
HRTEM is also used to differentiate microanalysis techniques including selected area electron

diffraction (SAED), and X-ray energy dispersive spectrometer (EDX) (Tripathi et al., 2016).

#+ Selected area electron diffraction, abbreviated as SAED is used primarily in material
science and solids state physics, and, in combination with TEM is one of the most
commonly used experimental techniques in those fields (Figure 10). Indeed, SAED is
a crystallographic experimental technique that can be implemented with a TEM to

identify crystalline phases and examine crystal defects (Reimer, 1989).

# The energy dispersive spectrum that aims to identify the elemental compositions in
the synthesized nanoparticles is a method that records the energy and intensity distri-
bution of x-rays generated by the impact of the electron beams on the surface of the

samples (Hawkes, 2006).
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Figure 10: Microanalysis HRTEM techniques of gold nanoparticles: (A): HRTEM microscope instrument; (B):
X-ray energy dispersive spectra; (C): gold facet, (D): Spherical shapes; (E): Selected Area electron diffraction
pattern with crystalline effect (Photographed by Majoumouo, 2017).

1.1.2.1.4 Fourier Transform Infrared Spectroscopy Analysis

The FTIR spectroscopy is used to investigate surface chemistry and identify surface residues
such as functional groups like carbonyls and hydroxyls moieties that attach to the surface dur-
ing nanoparticle synthesis (Poinern, 2014). Each chemical bond exhibits a natural vibration
frequency when absorbing light and thus shows a characteristic peak on the absorbance spec-
trum. Base on wavenumber, infrared light can be considered as far-infrared (4400 cm™),
mid-infrared (400-4000 cm™), and near-infrared (4000-14,000 cm™). Several studies com-
pared the FTIR spectrum during the fabrication of gold and silver nanoparticles and produced
information about reducing and capping agents such as proteins, polysaccharides, flavonoids,

terpenoids, and phenols.
1.1.2.2 Limitations of Physical And Chemical Synthesis Methods

The chemical and physical synthesis methods of nanoparticles are not only eco-friendly but
also cost-effective and can be easily modified for large-scale synthesis (Geethalakshmi and
Sarada, 2012). Although in the chemical synthesis of NPs, the generation of hazardous by-
products is produced highlighted as environmental contaminants. Certain chemicals are ex-
pensive and may lead to the presence of noxious chemical species tangled on the surface of
NPs, which may have detrimental effects on the environment (Mittal ez al., 2014). The toxici-

ty represents the most critical and fundamental problem associated with the use of gold and
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silver nanoparticles or any other nanoparticles from the chemical process in human disease
treatment. Wan et al. (2015) reported that CTAB-coated gold nanorods (CTAB-AuNPs) are
toxic to both tumours and non-malignant transformed cells at nanomolar concentrations.
CTAB-AuNPs aggregate on the cell membrane and cause damage to the membrane (Vijaya-
kumar et al., 2012). CTAB-AuNPs also increased lysosomal membrane permeation and de-
creased mitochondrial membrane potential, which subsequently induced cell death (Freese et
al., 2012) demonstrated that the higher amount of citrate on the surface of AuNPs increases
cytotoxicity and decreases the proliferation rate of human dermal microvascular endothelial
cells (HDMEC) and the human cerebral microvascular endothelial cell lines (hCMEC/D3).
The citrate-stabilized AuNPs (citrate-AuNPs) increased cytotoxicity compared to starch- and
gum arabic-stabilized AuNPs (Vijayakumar et al., 2012). The AgNPs-induced toxicity de-
pends on nanoparticle size, concentration, and duration of the treatment and to a large extent
is associated with the generation of ROS, free radicals, and consequently build-up of oxida-

tive stress (Figure 11) (Ahamed et al., 2010).

Considering all the above demerits of physical and chemical methods of NPs synthesis, there
was a need to find new favorable techniques. Biological synthesis of nanoparticles using plant
extracts, plant products, bacteria, yeast, and fungi suggested a valuable alternative tool toward
traditional chemical synthesis methods with lower toxicity (Murawala et al., 2009; Wang et

al., 2009).
I.1.3 Green Synthesis Methods

Nanotechnology is currently a flourishing field providing a novel way to fabricate nanoparti-
cles from biological sources. Also, the biological synthesis of nanoparticles using green tech-
nology is, nontoxic and provides a cost-effective, simple, and safe approach to synthesize
nanoparticles (Patra and Baek, 2015). Green nanotechnology involves objectives of several
goals:
+ Advancing the development of clean technologies that use nanotechnology;
+ Minimizing potential environmental and human health risks associated with the manu-
facturing and use of nanotechnology products and encouraging the replacement of ex-
isting products with new nanoproducts that are more environmentally friendly (Castro

et al., 2014).
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In a green synthesis of nanoparticles, three important rules of green chemistry should be con-
sidered: (i) choice of the green solvents used in the synthesis, ii) choice of an eco-friendly
benign reducing agent, and (iii) choice of a nontoxic material as a stabilizer (Salata, 2004).

The biological molecules undergo highly controlled assembly for making them suitable for
metal nanoparticle synthesis which was found to be reliable and eco-friendly (Rajoriya et al.,
2017). NPs are obtained from bacteria, fungi, algae, and plants, Kalishwaralal & co-workers
synthesized gold nanocubes, ranging from 10 to 100 nm, from the bacterium Bacillus licheni-
formis after incubation with gold salt for 48 h (Kalishwaralal et al., 2009). Shankar et al.
(2003) synthesized spherical AuNPs from an endophytic fungus (Colletotrichum sp.) after 96
hrs of incubation. The use of plants is more attractive, compared to the other biological sys-
tems, as they are readily available, safer, and contain a wide variety of reducing phytochemi-
cals. The microbial-derived and the plant-derived phytochemicals require shorter incubation
periods with gold salt to synthesize AuNPs (Nath and Banerjee, 2013). The plants provide a
better platform for nanoparticles synthesis as they are free from toxic chemicals and provide

natural capping agents.
1.1.3.1 Nanoparticles Plant Extracts

It is known that plants with the potential to hyper-accumulate and biologically reduce metallic
ions. Amongst several biological methods of nanoparticle synthesis, natural plant extracts are
used extensively as reducing agents as well as capping agents to inhibit the agglomeration and
stability of the synthesized nanoparticles (Kharissova et al., 2013; Malarkodi et al., 2014;
Sekhar et al., 2018).

Plant extracts, which are rich in bioactive compounds such as aroma, latex, flavonoids, phe-
nols, alcohols, and proteins can produce NPs from the silver or gold salts. The mechanism of
biosynthesis of nanoparticles in plants may be associated with the phytoremediation concept

in plants (Shah et al., 2011).
I.1.3.1.1 Advantages of Green Synthesis Of Nanoparticles Using Plant Extracts

Nanoparticles synthesized using plant extract as biological sources, possess distinct physio-
chemical properties, such as broad optical properties, low-cost nano synthesis, surface func-
tionalization, and high surface-to-volume ratio which offered a novel opportunity in cancer
treatment (Figure 12) (Mittal ez al., 2013; Khatami ez al., 2015; Singh ef al., 2015). Moreo-

ver, utilizing plant extracts as reducing agents in synthesizing gold and silver nanoparticles
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due to its simplicity, large-scale production, decreased production time and cost were under a
great deal of interest as reported in Makarov. (2014). Green nanoparticles advantage of pos-
sessing enhanced biological activities for human medical applications due to the availability
of active functional groups at the nanoparticle surface is exploited for the attachment of vari-

ous biological molecules.

Green synthesis of AulNPs and AgNPs using Plant extract

Possess natural
stabilizing and
capping agent

High reducing
potential

Eco-friendly

Less toxic

Cost
effective

Rapid and large
scale production

Simple, easy
reliable and
availability

Figure 11: Advantages of green synthesis of AuNPs and AgNPs by plant extracts (Majoumouo 2019).
1.1.3.2 Critical Biophysical Parameters Affecting Biological Synthesis Of Gold

And Silver Nanoparticles
These factors controlling the biological synthesis of metallic nanoparticles, subsequent for-

mation of stabilized nanoparticles include pH, reactant concentrations, reaction time, and

temperature (Figure 13).

1.1.3.2.1 pH

The pH value of the reaction medium plays a significant role during the formation of nanopar-
ticles (Gardea-Torresdey et al., 2010). The pH variation of the reaction medium tends to
produce variability in the shape and size of nanoparticles synthesized. In particular, larger

particles tend to be produced at a lower acidic pH value compared to high pH values
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(Sathishkumar e al., 2009; Dubey et al., 2010). The rod-shaped AuNPs nanoparticles syn-
thesized using Avena sativa (Oat) biomass were larger (25 to 85 nm) when formed at pH 2
and relatively smaller (5 to 20 nm) at pH 3 (Armendariz et al., 2004). At pH 2 fewer func-
tional groups were available and resulted in particle aggregation to form larger AuNPs. In a
similar study, AgNPs were synthesized using Cinnamon zeylanicum bark extract and the
number of particles synthesized increased with increasing concentrations of bark extract and
at higher pH values (pH 5 and above) the shape of the spherical nanoparticles (Sathishkumar
et al., 2009).

1.1.3.2.2 Reactant Concentration

A study by Huang et al. (2007) found that varying the amount of sundried Cinnamomum
camphora (camphor) leaf extract in the reaction medium could significantly influence the
shape of the synthesized AuNPs and AgNPs. Similarly, varying the amount of Aloe vera leaf
extract in the reaction medium containing chloroaurate ions (Chandran et al., 2006). Fur-
thermore, decahedral, hexagonal, triangular, and spherical Ag nanoparticle shapes were pro-
duced by varying the concentration of Plectranthus amboinicus leaf extract in the reaction

medium (Narayanan and Sakthivel, 2010).

1.1.3.2.3 Reaction Time

Ahmad and Sharma. (2012) revealed that the reaction time to synthesize spherical Ag nano-
particles using Ananas comosus (Pineapple) extract is an important factor. The reaction con-
tinued up to 5 min, but after that, only a slight colour variation could be observed. In a similar
study by Dwivedi and Gopal. (2010) Chenopodium album leaf extract was used to produce
AgNPS and AuNPs. Moreover, a study by Kumar et al. (2012) revealed that when Aza-
dirachta indica leaf extract and AgNOs3; were combined, increasing the reaction time tended to

produce particles with increasing size.

1.1.3.2.4 Temperature

Temperature is also an important factor in determining the size, shape, and yield of nanoparti-
cles synthesized via plant extracts (Song et al., 2009; Sathishkumar ez al., 2010). The syn-
thesis of AgNPs at a reaction temperature of 25 °C via Citrus sinensis (sweet orange) peel
extract produced particles with an average size of around 35 nm. However, as the reaction

temperature increased to 60 °C the average particle size decreased to 10 nm (Kaviya et al.,
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2011). Diospyros kaki (persimmon) leaf extract was able to synthesize stable AgNPs over a
reaction temperature range from 25 to 95 °C. It was also found by Armendariz et al. (2004)
that thermal variation in the reaction conditions for Avena sativa (oat) biomass resulted in
changes in the size and shape of Au nanoparticles formed. Gericke and Pinches. (2006)
showed that higher temperatures promote the higher formation rate for AuNPs. Nanoparticles
reaction rate and particle formation rate appear to become faster when reaction temperature

increases, however, the average particle size decreases with increasing temperature.

1.1.3.2.5 Nature Of Extracts

The nature and source of plant extract influence the morphology of synthesized NPs (Mukun-

than and Balaji, 2012).
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Figure 12: Critical biophysical parameters that can influence the production of monodisperse, stable, high-yield
nanoparticles (Mukunthan and Balaji, 2012).
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1.2 Broad Applications Of Metallic Nanoparticles & Biologically Inspired Tem-
plates

Nowadays, the high impact that nanotechnology has on both science and society offers new
research possibilities (Barabadi et al., 2017). The green bionanomaterials involving inorgan-
ic metals NPs such as gold, and silver, prepared from different bio-sources (Figure 14), in
particular, have received considerable interest in the fields of electronic components, photon-
ics, medicine, and agriculture (Dreaden et al., 2012; Yeh et al., 2012; Elbagory et al., 2016),
medical diagnostic imaging (Youns et al., 2011), pharmaceuticals products and phototherapy
of cancer cells or tumours (Puvanakrishnan ez al., 2012). They also have technological ap-
plications including biomedical services, cosmetics as wound dressing, drug-gene delivery,

environmental health, and in food (Liz-Marzan and Kaman, 2003; Kannan ez al., 2014).
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Figure 13: General applications of nanoparticles Adapted with permission from Singh ef al. (2016).
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1.2.1 Biological And Medical Application Of Silver Nanoparticles

Silver nanoparticles have inherent antimicrobial activity and are already used as an antimicro-
bial agent in a wide range of commercially available medical and consumer products (Pa-
nacek et al., 2006; Pollini ef al., 2012) and antimicrobials (Rai ez al., 2009). Silver nanopar-
ticles were found to possess both antibacterial and anti-inflammatory properties that can pro-
mote faster wound healing. Today, silver nanoparticles, present in metallic nanoparticle
groups are frequently used in food shelf life extension, food packaging. The mechanisms of
the antibacterial and anticancer activities are shown in Figure 11. Several studies demonstrat-
ed the bactericidal properties of the AgNPs. The antimicrobial action of AgNPs is linked with
four well-defined mechanisms: (1) adhesion of AgNPs onto the surface of cell wall and mem-
brane, (2) AgNPs penetration inside the cell and damaging of intracellular structures (mito-
chondria, vacuoles, ribosomes) and biomolecules (protein, lipids, and DNA), (3) AgNPs in-
duced cellular toxicity and oxidative stress caused by the generation of reactive oxygen spe-
cies (ROS) and free radicals, and (4) Modulation of signal transduction pathways. Besides
these four well-recognized mechanisms, AgNPs also modulate the immune system of the hu-
man cells by orchestrating inflammatory response (Figure 15) which further aid in the inhibi-
tion of microorganisms (Tian et al., 2007). Then, AgNPs cause an increase in ROS inside the
microbial cells leading to cell damage, AgNPs modulate the cellular signal system ultimately
causing cell death. The antibacterial potential of AgNPs is related to the generation of free

radicals and Reactive Oxygen Species (ROS) (Dakal et al., 2016).
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Figure 15: Diagram represent the different mechanisms of action of NPs including silver nanoparticles in
bacterial cells (Baptisa et al., 2018).
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1.2.2 Biological And Medical Application Of Gold Nanoparticles

The biological application of AuNPs is rooted in their physicochemical properties. The most
important being their smaller size that allows the modification of AuNPs to cross any biologi-
cal barrier by attaching targeting and therapeutic peptides on their surface (Cho et al., 2009).
The therapeutic application of gold started centuries ago when gold compounds were used for
medical purposes by Chinese and Indian people. For medical purposes, gold was used to treat
conditions such as male impotence, epilepsy, syphilis, rheumatic diseases, and tuberculosis.
China was the first to discover the longevity effect of red colloidal gold. The application of
red colloidal gold continues in India for the same purposes (Ayurvedic medicine for rejuvena-
tion and revitalization) as well as in China by the elderly. Cinnabar-gold (Makaradhwaja) is
used for fertility purposes in India, and the USA as a supplement (Table 2). Gold was used to
treat nervous disorder and epilepsy in Western countries and no toxicity was observed in both
in vitro and in vivo studies (Bhattacharya et al., 2007). Since then oral and injectable gold
compounds continued to be used especially as treatment of 52 arthritis due to the bacteriostat-
ic effects and proved to be anticancer effects (Rau and Rheumatol, 2005). Traditionally,
AuNPs were used in several medical applications. Gold nanoparticles were extensively used
in biomedical applications (Bhumkar et al., 2007; Sperling et al., 2008; Doria ef al., 2012;
Le et al, 2015), separation sciences (Sykora et al., 2010), disease diagnostics (Torres-
Chavolla et al., 2010), and pharmaceuticals (Cai et al.,2008). AuNPs have attracted signifi-
cant interest over the last decade as a medicinal material in the treatment of tumours. Addi-
tionally, studies have also shown that AuNPs are effective antibacterial agents against many

bacterial strains (Pissuwan et al., 2009; Poinern et al., 2013).
1.2.3 Nanomedicine For Cancer Applications
1.2.3.1 Current Challenges In Cancer Therapy

Cancer is increasingly being recognized as a critical public health problem and the leading
cause of death globally with an estimated 18.1 million new cancer cases and 9.6 million can-
cer deaths worldwide in 2018 (Bray et al., 2018). In 2019, 1,762,450 new cancer cases and
606,880 cancer deaths were projected to occur in the United States (Siegel et al., 2019). Con-
ventional chemotherapy delivers a cytotoxic agent indiscriminately to neoplastic and normal
cells with severe systemic effects. (Mishra et al., 2013; Akindele et al., 2015) Among the

antineoplastic agents that were investigated as encapsulated drugs for cancer, therapeutics are
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doxorubicin (Table 1). Those drugs are cytotoxic against different kinds of tumours. They
also induce other significant side effects such as cardiotoxicity, and neurotoxicity that can
lead to decreased life quality or even death of patients (Abidemi ef al. 2015; Wen et al.,
2017). Between 2005 and 2018, over 1,100 anticancer drugs were discovered, most of which
are in clinical trials, and a few drugs were waiting for the approval of the Food and Drug Ad-
ministration. The average amount spent on cancer therapies and supportive care increased to

133 billion dollars in 2017. (Siegel et al., 2015; Aitken et al., 2018).
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Table I: A summary of the various types of chemotherapeutics available for cancer therapy.

Drug Type Example Mode of Action
Alkylating Cisplatins Cell-cycle independent drugs.
agents Mitomycin C Typically, these chemotherapeutics alkyl-
ate(bind) DNA base leading to the cross-linking
of DNA strands and/or proteins, eventually
leading to single and double-stranded DNA
breaks, leading to apoptosis (Puyo et al., 2014).
Antimetabolites Methotrexate Cell cycle-dependent. Small molecules that
pemetrexed closely resemble critical metabolites and are

Anti-microtubule
agents

Topoisomerase
inhibitors

Cytotoxic antibiotics

Vinca alkaloids
(Vincristine, vinblastine,
etc); taxanes
(Paclitaxel, Docetaxel)
Irinotecan/topotecan;
etoposide

Doxorubicin
Mitoxantrone,
Novobiocin, aciarubicin
Actinomycin
Doxorubicin

Epirubicin
Mitoxantrone

capable of interfering with the normal function
of metabolic enzymes including those involved
in DNA, RNA, and protein synthesis (Bobrov-
nikova-Marjon and Hurov, 2014)

Cell cycle-specific (S-phase) inhibits microtu-
bule function causing mitotic arrest and subse-
quent apoptosis (Klute et al., 2014).

Cell cycle-dependent inhibits enzymes (topoi-
somerase | and II) involved in DNA unwinding,
therefore DNA replication and transcription;
leading to apoptosis (Khadka and Cho, 2013).

Cell cycle-dependent.

Generally, act to interrupt cell division by in-
tercalating with DNA and preventing the re-
sealing of the DNA double helix, triggering the
apoptotic pathway (Tahover et al., 2015).

Since the approval of Cisplatin (platinum-containing inorganic compound) in 1978 by FDA

for cancer treatment, research for medical effects of inorganic metal has been rising. Nano-

technology- based therapeutics as an alternative therapy is gaining traction (Xin et al., 2017).

The nano-drug version of doxorubicin has been approved by the FDA for the treatment of

refractory ovarian cancer, breast cancer, and Kaposi’s sarcoma in the USA. Biodegradable

liposome nanoparticles are used to deliver doxorubicin to the tumour site, and help retain the

drug efficacy and circulation longer than the normal drug (Yezhelyev et al., 2006; and

Sasisekharan, 2007).
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1.2.3.2 Nanoparticles Based Drugs For Cancer Applications

The earliest application of nanomedicine was in cancer research where liposomes were used
to deliver chemotherapy payloads to the tumour tissues (Moghimi ez al, 2005). Abraxane (NP
albumin-bound paclitaxel) was the first chemotherapeutic NP to be approved by the FDA for
the treatment of metastatic breast cancer in the USA (Yezhelyev ef al., 2006). One important
property of gold nanoparticles for cancer applications is their thermal diffusivity. The use of
local hyperthermia guided by gold nanoparticle accumulation with the tumour is a recent
strategy to provoke cancer cell apoptosis and necrosis (Kennedy ef al., 2011). The strategy
can be applied in various diseases as long as biomarkers exclusively expressed during the
development of the disease are known or were identified (Yezhelyev et al., 2006). Gold has
many applications in medicine and nanotechnology, an anti-angiogenic effect (Arvizo et al.,
2011). There are currently two AuNP-formulations that have undergone human clinical trials
in the treatment of solid tumours. Aurrimune (CYT-6091) was the first citrate coated AuNPs
to go through clinical trials which started in 2005 for the delivery of anti-cancer therapy.
CYT-6091. AuNPs were recently investigated as broadly used nanoparticles for biocompati-
bility and cytotoxicity in connection with cellular interactions, it is demonstrated that the
AuNPs lowered endocytosis and inhibited cancer cell proliferation (Selim and Hendi 2012;

Grijalva et al., 2017).
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Table II: Nanoparticles therapeutics undergoing clinical investigations (Hagaman et al.,

2021).
Name Formulation Indications Company Current
status
Abraxane Paclitaxel protein bound Microtubules Celgene Approval
particles Inhibition and increase the specificity of
(Breast, and lung cancer) antineoplastic effect
Caelyx® Liposomes —doxorubucin DNA-intercalating agent and topoiso- Janssen Pharma- Approval
(Breast, ovarian cancer) merase I, much longer circulation time ceutical
due to the steric barrier provided by the
surface-grafted PEG
Ferumoxtran-10 Dextran Inhibit the cancer cells effectively, re- Ferrotran® Phase 3
duces the size of cancer tissues as ther- clinical trial
motherapy
GNPS Gold Increase of effects, DNA hybridation Preclinical
(Breast, ovarian cancer) detection, protein interaction
S-CKD602 Peglyated liposomal Topoisomerase inhibitor, greater solubili- Alza Corpora- Phase /I
ty, eliminated by the reticuloendothelial tion
system (RES), which consists of cells
CRLX101 Polymeric nanoparticle DNA topoisomerase I, apoptosis, Cerulean Phar- Phase II
(cyclodextrin) formulation  Increase the exposure of tumor cells, ma
of camptothecin while minimizing side effects.
NC-6004 Polymeric nanoparticles DNA cross linking agent, DNA synthe-  NanoCarrierCO. Phase I
(PEG-poly amino acid) sis inhibitors
Formulation of cisplatin
NK105 Polymeric nanoparticles Antitumor activity and reduction of the = Nippon Kayaku Phase II
(PEG-poly aspartate associated peripheral nephrotoxicity Co, Ltd
Formulation of paclitaxel
NK911 Polymeric nanoparticle Enhanced the delivery of doxorubicin ~ Nippon Kayaku Phase I
(PEG-poly aspartate formu-  and reduce the associated cardiotoxicity Co, Ltd
lation of doxorubicin)
Zevalin ® 90Y -ibritumomab combines the benefits of a monoclonal Bayer Pharma Approval

tiuxetan

antibody with the efficacy of radiation in
the treatment of B-cell non-Hodgkin lym-
phoma
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1.2.3.3 Nanoparticles-Induced Cancer Cell Death

Several mechanisms are involved in NP-mediated in vitro toxicity in cancerous cells. Cellular
responses to NP exposure might include those at the cell, organelle, and gene-level or a com-
bination of them (Patil et al., 2016). The high levels of reactive oxygen species (ROS) pro-
duction, downregulation of antioxidant enzyme coding genes, lipid peroxidation, and geno-
toxic effects, among others, may be involved in the integrated cellular response to NPs (Choi
et al., 2016; Abdal et al., 2017). The AuNPs and AgNPs were also observed to induce di-
verse types of cell death, primarily through autophagy, and apoptosis (Sun et al., 2018).
1.2.3.3.1 Nanoparticles Induced Apoptosis
Apoptosis is a physiological cell death process (Figure 17). Apoptosis is a sequential signal-
ing pathway that involves protein-cleaving proteases known as cysteinyl-aspartate-specific
proteases, caspases (Gullicksen et al, 2003). Morphologically, apoptosis is characterized by
loss of cellular contact with the surrounding cells, cytoplasmic contraction, and chromatin
condensation. This includes genomic DNA fragmentation, externalization of phosphatidylser-
ine (PS) component of the phospholipid bilayer, and formation of apoptotic bodies that are
removed through endocytosis by macrophages before the cells lose their plasma membrane
integrity (McConkey 1998; Nelson-Dooley e al., 2005). Although several stimuli appear to
trigger the process of apoptosis, there are two major signaling pathways: the death receptor
pathway and the mitochondrial pathway (McConkey, 1998; Nelson-Dooley et al., 2005).
Extrinsic death signals such as Fas ligand and TNF-a induce cell death from outside of the
cell, whereas DNA damage, oxidative stress, toxins, and deficiency of survival factors, are
communicated through mitochondria to evoke intrinsic cell death (Asoh and Ohta, 2008).

+ Apoptosis Pathways
Programmed cell death, as the name suggests is a naturally occurring process. Apoptosis con-
tinually takes place throughout the growing process, it can be initiated by intrinsic or extrinsic
signal pathways and executed by caspases (Mallat and Tedgui, 2000). Both these pathways
involve a series of molecular and biochemical steps that lead to the activation of pro-caspases.
The activated caspases cleave nuclear and cytoplasmic substrates responsible for the mainte-
nance of nuclear integrity, cell cycle progression, and DNA repair, causing cell death (Nel-

son-Dooley et al., 2005).
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+ Intrinsic Pathway

The intrinsic or mitochondrial pathway is initiated by stress molecules (ROS, reactive nitro-
gen species), (Nelson-Dooley et al., 2005). This pathway is regulated by the Bcl-2 family of
proteins, which consist of 3 classes: the pro-apoptotic effectors (Bax and Bak), as the name
suggests, the mitochondrial pathway is dependent on the release of cytochrome c¢ from the
mitochondria induced by irreparable DNA damage (Figure 16). Depending on the extent of
DNA damage, apoptosis can be an immediate or delayed reaction within the cell. The nuclear
transcription factor, p53 is often involved in apoptosis. The p53 upregulation activates genes
such as Bcl-2 associated protein-X (Bax), resulting in either a decrease in the inner mitochon-
drial transmembrane potential or opening of the voltage-dependent anion channel (VDAC).
Cytochrome c is released from the mitochondria, apoptotic protease activating factor-1 (Apaf-
1), procaspase 9, and either ATP or dATP form a complex called apoptosome. Formation of
the apoptosome activates caspase 3 leading to cell death (Kiechle and Zhang, 2002). The
intrinsic pathway is dependent on the permeability of mitochondrial membranes and the re-
lease of cytochrome c as outlined in Figure 1.8. Briefly, the mitochondrial permeability transi-
tion pore (PTP) is the key regulator of the intrinsic pathway. The PTP’s crucial components
inactivation of apoptosis are VDAC-1 in the outer mitochondrial membrane (OMM) and ade-
nine nucleoside translocator (ANT) in the inner mitochondrial membrane (IMM) (Nelson-
Dooley et al., 2005; Shore, 2009; Shoshan-Barmatz et al., 2010). Apoptosis can also be
induced by an increase in reactive oxygen species (ROS) (Chun et al. 2010; Wang et al.
2013; Belhadj et al. 2014). ROS are by-products generated during oxygen metabolism within
mitochondria. Overproduction of ROS can stimulate oxidative stress and damage macromole-
cules, proteins, lipids, and DNA (Ott et al., 2007). Antioxidant systems help neutralize ROS
generation, however a strong imbalance between antioxidants and elevated ROS concentra-
tion, upon hyperthermic exposure (Mari et al. 2009). Hyperthermia was demonstrated to
cause an increase in ROS in the form of hydrogen peroxide, superoxide anion, and hydroxyl
radical (Kikusato and Toyomizu 2013). Hyperthermia \showed to decrease crucial antioxi-
dant levels such as superoxide dismutase, thus promoting the cell into apoptosis (El-Orabi et
al. 2011). Most of their functions are executed via ion channels, VDAC in apoptosis. Mito-
chondria are made up of two distinct and important compartments: the matrix surrounded by
the IMM, contains enzymes responsible for -oxidation and citric acid cycle; the intermem-

brane space surrounded by the OMM contains several apoptosis-inducing factors (cytochrome
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¢, procaspases, and AIF). Thus, apoptotic stimuli increase the permeability of the OMM
and/or IMM, and induce cytochrome c release (Nelson-Dooley et al., 2005; Shoshan-
Barmatz et al., 2010). The release of cytochrome c seals the fate of the cell, which is death.
This process can be counteracted by anti-apoptotic proteins (Bcl-2 and Bcl-xL), their in-
creased expression prevents cytochrome C release and promotes cell survival (Kutuk and
Basaga, 2006).

+ Extrinsic Pathway

Extrinsic signals such as cytokines, hormones, and chemotherapeutic, ionizing, or viral agents
are also capable of inducing apoptosis. The extrinsic pathway compared to Intrinsic is more
acute and massive (Nelson-Dooley ez al., 2005). Cell death through this pathway involves
recognition of cell membrane death receptors by the ligands from the TNF gene family, the
most studied being Fas. The binding of a ligand to the death receptor recruits two signal-
transducing molecules: TNF receptor-1 associated death domain protein (TRADD) and Fas-
associated protein with death domain (FADD). Either molecule binds procaspase-8 leading to
the formation of an intracellular complex known as the death-inducing signal complex
(DISC). The formation of DISC results in proteolytic cleavage and activation of procaspase 8
to caspase 8 leading to DNA degradation by cleaving procaspase 3, or truncate Bid to tBid
resulting in mitochondrial release of proapoptotic peptides Binding of tBid to Bak initiates
similar steps as in the intrinsic apoptotic pathway, the release of cytochrome c leading to the
formation of apoptosome followed by cell death (Kiechle and Zhang, 2002; Nelson-Dooley
et al., 2005).
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Figure 14: Three models for the cytosolic escape of mitochondrial proteins in response to apoptotic stimuli Fig-
ure reprinted with permission from Springer (Kutuk and Basaga, 2006). Upon an apoptotic stimulus such as
cellular stress (oxidative stress, UV irradiation, growth factor withdrawal) or activation of death receptors, a
mitochondrial channel could be formed by 1. Voltage-dependent anion channel (VDAC) and adenine nucleotide
translocase (ANT), 2.VDAC-ANT-Bcl-2 proteins (Bax, Bak),3. Only Bcl-2 proteins (Bax, Bak). Anti-apoptotic
members of the Bcl-2 protein family (Bcl-2, Bel-xL) may interfere with the apoptotic process through the inhibi-
tion of cytosolic escape of mitochondrial proteins.

# Apoptosis Assay Analysis By Flow Cytometry Technique

There are many assays available for measuring cell death such as the FITC Annexin V/Dead
Cell Apoptosis Kit with FITC annexin V and PI for flow cytometry provides a rapid and con-
venient assay for apoptosis. Apoptosis assays measure key apoptotic markers, and necrosis
typically focuses on the cell permeability that is characteristic of necrotic plasma membrane
rupture. Some assays, such as Annexin V, (Figure 17) can differentiate between apoptosis
and necrosis using a dual-core marker system. Annexin V binding to membrane-bound phos-
phatidylserine (PS) indicate early apoptosis whereas the propidium iodide (PI) labeling identi-
fies the leaky cell membranes associated with necrosis. Indeed, the morphological and bio-
chemical events in the two pathways can be detected through different assays and techniques:
for instance translocation of PS can be detected by flow cytometry using annexin V which

binds to externalized PS. DNA fragmentation into 180—200 base-pair units initiated by caspa-
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se-3 activation can be determined by agarose gel electrophoresis. (; Sorisky et al, 2000;

Kiechle and Zhang 2002).
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Figure 15: Apoptotic changes in the plasma membrane. Detection of apoptosis by concurrent staining with an-
nexin V-APC and PI. Human B-cell lymphoma cells were untreated (left panel) or treated with dexamethasone
(right panel), as described Cells were subsequently stained with annexin V — APC conjugate and PI and their far-
red and red fluorescence was measured by flow cytometry. Live cells (V) are both annexin V and PI negative. At
the early stage of apoptosis (A), the cells bind annexin Vwhile still excluding PI. At the late stage of apoptosis
(N), they bind annexin V-FITC and stain brightly with PI previously (Wledkowic et al., 2013).
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Metallic nanoparticles such as AgNPs and AuNPs induced diverse types of cell death, primar-
ily through intrinsic pathways, including ROS production, mitochondrial function disturb-

ance, and ER stress.

1.2.3.3.2 Nanoparticles Induced Intracellular ROS And Cell Survival

The reactive oxygen species (ROS) are free radicals of the biological system, including vari-
ous disease pathogenesis such as cancer (Mitra, 2019). There are three major types of ROS,
among others: superoxide anion (O2"), hydroxyl radical (HO-), and hydrogen peroxide
(H202), which play a pivotal role in cell metabolism, signaling, and homeostasis. Accumula-
tion of ROS in the cells increases the damage of the proteins, lipids, and nucleic acids (Abdal
et al., 2017). Indeed, elevated rates of reactive oxygen species (ROS) have been detected in
almost all cancers, where they promote many aspects of tumour development and progression.
In cancer cells, high levels of reactive oxygen species can result from increased metabolic
activity, mitochondrial dysfunction, peroxisome activity, increased cellular receptor signaling,

oncogene activity, increased activity of oxidases, cyclooxygenases, lipoxygenases, and thy-
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midine phosphorylase, or through crosstalk with infiltrating immune cells (Pelicano et al.,
2004). In this regard, the ability of NPs to generate ROS could potentially be exploited for
cancer therapy. In MCF-7 human breast cancer cells, Zn-doped TiO2 NP exposure leads to
drastic decreases in cell viability and increased cell cycle arrest associated with increases in
oxidative stress (Ahamed et al., 2016). The NP-mediated ROS generation initiates a sequence
of pathological events, including inflammation, fibrosis, genotoxicity, and carcinogenesis, and
1s modulated by physicochemical features of NPs, such as size, charge, surface area, and
chemical structure (Shvedova et al., 2012). NP-related toxicity can trigger increased expres-
sion of pro-inflammatory and fibrotic cytokines and activation of inflammatory cells, such as
macrophages and neutrophils, which can influence the enhanced generation of ROS (Kenne-
dy et al., 2009; Lee et al., 2009). The mechanism associated with NP-induced ROS genera-
tion varies among different NPs (Figure 18), the ability of NPs to depolarize the mitochondri-
al membrane and to interfere with the electron-transport chain through activation of NADPH-
related enzymes was previously described (Xia et al., 2006; Soenen et al., 2011). AgNP-
exposed human glioblastoma and human fibroblast cells showed increased accumulation of
AgNPs in mitochondria that led to the disruption of the mitochondrial electron-transfer chain
and, consequently, high levels of ROS-mediated cytotoxicity (Asharani et al., 2009). The
interaction of Ag ions with NADH dehydrogenase, which blocks electron transfer to 022 and
generation of high levels of ROS, was shown in Escherichia coli (Holt and Bard, 2005). (Ri-
som et al., 2005). NP exposure may cause cancer cell death by oxidative stress through varied
mechanisms, including ROS production, inhibition of antioxidant enzymes, mitochondrial
damage, and lipid peroxidation (Abdal et al., 2017). For instance, Matulionyte et al. (2017)
demonstrated that photoluminescent gold nanoclusters have specific toxicity against MCF-7
breast cancer cells and were less toxic on MDA-MB 231 breast cancer cells, a highly drug-
resistant cell line. The mechanism of cell death was apoptosis, necrosis, and generation of
ROS, effects that were more evident in MCF-7 cells (Matulionyte et al., 2017). Nanoclusters
have specific toxicity against MCF-7 breast cancer cells and were less toxic on MDA-MB 231
breast cancer cells, a highly drug-resistant cell line. The mechanism of cell death was apopto-

sis, necrosis, and generation of ROS, effects that were more evident in MCF-7 cells.

Michele S Majoumouo/PhD thesis/DB/FS/VY1/2022 Page 32



B Endocytu‘sis 1)

Diffusion

AT o
Biological
functions LI (2) %
mOdu_lated by ' ‘ (3)lons release L
NPs-induced "
. ROS "\
¥‘ / ) \
HO
——-———""> (_
DNA Damage
and
Cytotoxicity 0
A =% 3
DNA damage 0 -
Point mutation : HzO,
o Apoptosis ©) e o
ellular ’
. lar £y / / r
Differentiation
W40 Y
\ s Nucleus
\ Anticancer /f‘
\ \ J L y

.

Figure 16. Schematic diagram describing the mechanisms implicated in NP-induced ROS production (Abdal et
al., 2017). NPs can be internalized into the cell by (1) endocytosis; (2) formation of the endocytotic vesicles; and
(3) release of particle ions from vesicles into the cell. The main factors responsible for ROS generation by NPs
include: (a) interaction with the mitochondria; (b) interaction with NADPH oxidase; and (c) factors related to the
physicochemical properties (size, shape, photoreactive properties, and surface chemistry). These factors lead to
ROS generation and its consequences, including DNA damage, cell cycle arrest, alterations in apoptosis, and
damage to the cell membrane.

1.2.3.3.3.2 Effects Of Nanoparticles Induce Cellular Responses

Due to the complexity of cell responses to nanoparticles, it is important to evaluate the biolog-
ical effect of NPs from different perspectives, from toxicology assessment to both in vitro and
in vivo testing, to better understand NP-induced cellular responses and the mechanisms be-
hind them (Figure 19). Nanoparticles have been shown to cause cell cycle arrest, including
G2/M and Go/G arrest (Figure 20). The type and extent of cell cycle arrest vary depending on
the composition, size, size distribution, surface modification, and subsequent surface derivati-
zation of nanoparticles (Kim et al., 2013; Wu et al., 2013; Estevez et al., 2014), Go/G; arrest
can be caused by DNA damage and microtubule damage, while nanoparticles in combination
with oxidative stress and/or lysosome rupture could lead to the Go/G1 arrest. However, the
mechanisms and the factors behind the G2/M cell cycle arrest caused by nanoparticles are still
unclear. Recently, Mahmoudi et al. (2011) speculated that the effects of nanoparticles on the
cell cycle may depend on the intracellular location of the nanoparticles. Additionally, it was
reported that gold nanoparticles (GNPs) with lysosomal escape ability localized to the tubu-
lin/microtubule system and caused cell cycle arrest at the Go/G1 phase through induction of
microtubule damage. However, whether the intracellular localization of nanoparticles is

linked with G2/M cell cycle arrest is still unknown. Studies on the effects of AuNPs in the cell
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cycle are still scarce. However, it has already been reported that AuNPs can interfere in the
cell cycle Mahmoudi ez al. (2011); and Roa et al. (2009) demonstrated that exposure for
24hrs to glucose capped-AuNPs (Glu-AuNPs) accelerated the GO/G1 phase transition in the
human prostate cancer cells (DU-145) and resulted in the accumulation of cells in the G2/M
phase (29.8 %) comparing with control cells (18.4 %). Choi et al. (2012) have also evaluated
the effect of serum protein-coated AuNPs in the cell cycle of human lung carcinoma and hu-
man epidermoid carcinoma cell lines. The authors observed an increase in the sub-G1 popula-
tion in the AuNPs-exposed cells compared to control cells, where most cells were in the G1
phase. Also, Chuang et al. (2013) performed an extensive evaluation of 10 nm x 45 nm Au
nanorods in human lung adenocarcinoma epithelial (A549) and gastric adenocarcinoma
(AGS) cells. The effect of AgNPs on the cell cycle has also been studied. In A549 cells, incu-
bation for 24 hrs with a low concentration (2 pg/mL) of AgNPs did not alter the cell cycle
progression (Beer ef al., 2012). However, at a higher concentration (3 pg/mL), a decrease of
the cell number in the G1/G0O phase was obtained (Beer et al., 2012). In mouse peritoneal
macrophage (RAW264.7) cells, exposure to 69 nm AgNPs for 24 hrs resulted in cell arrest at
the G1 phase hindering the S phase, followed by cell apoptosis (Park et al., 2010). Also,
Asharani et al. (2009) employed the cell cycle analysis as a complementary study of the oxi-
dative stress caused by starch-coated AgNPs. The fact that cells with DNA damage can ac-
cumulate in the G1, S, and G2/M phase, and cells in an irreversible state of damage will ac-
cumulate in the sub-G1 phase, the authors reported that these NPs caused cell arrest at the
G2/M phase of human lung fibroblast (IMR-90) and human glioblastoma (U251) cells. Zheng
et al. (2013) used both AuNPs and AgNPs to study their role in the enhancement of radiosen-
sitivity in hepatocellular cells (HepG2). In this study, they have combined AgNPs and AuNPs
with irradiation and evaluated whether this combination (AgNPs-irradiation and AuNPs-
irradiation) could induce changes in cell cycle compared to control cells (the cells treated with

irradiation alone).
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# Cell Cycle Analysis By Flow Cytometry Technique
The flow cytometry technique is a valuable tool to analyze the impact of the NPs on the cell
cycle. This technique is based on the evaluation of the cell properties in a flow, after staining
the cells with propidium iodide (PI), a nucleic acids-binding dye. Figure 20 is represented a
typical histogram of the cell cycle analysis by flow cytometry. The first peak of the histogram
is related to the cells in the GO/G1 phase. The cells in the G2/M phase are represented in the
second peak of the histogram. The space between the peaks corresponds to the cells that are in
the S phase. The sub-G1 area corresponds to cellular debris and late apoptotic and necrotic

cells.
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Figure 17: Schematic diagram describing the mechanisms implicated in NP on cell cycle arrest (A): Effect of
gold nanoparticles (Kumar ef al., 2015) and silver nanoparticles (B) on cell cycle arrest (Asharani ez al., 2009).
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Figure 18: Representative cell cycle histogram of Caco-2 cells analyzed by flow cytometry.

Finally, NPs might release ions that enter the nucleus and cause DNA fragmentation/hyper-
methylation and/or cell cycle arrest in cancer cells. Furthermore, NPs inhibitory effect on cel-
lular viability is due to the downregulation of anti-apoptotic genes, e.g. Bcl2, generation of
reactive oxygen species (ROS), mitochondria fission and autophagy, and events that finally

induce cell death through apoptosis.

1.3 Challenge And Advance In Nanotechnology

Most of the methods are still in the development stage and the problems experienced are sta-
bility and aggregation of nanoparticles, control of crystal growth, morphology, size, and size
distribution. The large-scale is interesting because of the lack of surfactants, templates, or
other auxiliary substances to stabilize and control nanoparticle shape which could be toxic
and persist as residual contaminants in the product (Castro et al., 2014). The use of continu-
ous-flow microreactors should be further examined because they have shown advantages for
nanoparticle production. Nowadays, little is known about the mechanistic details of these
transformations but this knowledge is necessary for the economic and rational development of
new synthetic methods. Genetic engineering techniques can potentially be used to improve

the particle properties and to control their composition (Altavilla et al., 2017).

1.3.1 Safety And Environmental Impact Of Nanoparticles

The application of green nanotechnology has two goals: producing and products without

harming the environment or human health and producing nano-products that provide solutions
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to environmental problems. Nanomaterials or products directly can clean hazardous waste
sites, desalinate water, treat pollutants, or sense and monitor environmental pollutants (Yunus

etal., 2012).

1.3.2 Significance Progress In Green Nanotechnology

Specifically, in the past few years, the production of nanoparticles using plant material have a
significant impact on nanotechnology. The emerging biosynthesis using living or dead bio-
mass and derived products is undoubtedly an important field that faces considerable research
challenges if the aim is to achieve benefit from nanotechnology minimizing the impact on
human health and the environment. Likewise, several studies reported the synthesis of AuNPs
using extracts from plants such as Aloe vera (Kumar and Yadav, 2009), Trianthema decan-
dra (Geethalakshmi and Sarada, 2012), and Memecylon umbellatum (Arunachalam et al.,
2013). Chandran and coworkers. (2007) also reported the biogenic gold nano triangles and
spherical silver nanoparticles were synthesized by a simple procedure using Aloe vera leaf
extract as the reducing agent. Moreover, extracts obtained from plants are found to have sev-
eral active metabolites like alkaloids, saponins, terpenoids, anthocyanins which are responsi-
ble for the possible reduction of complex chemical, silver nitrate, and gold chloride into sin-
gle-molecule like silver and gold as biometal with bioactivity (Gopinath et al., 2013). Be-
sides, many recent studies used different plant extracts (Table 3) from other Terminalia spe-
cies such as Terminalia catappa, Terminalia bellerica, Terminalia bentazoe, Terminalia
mellueri, Terminalia arjuna, and Terminalia cheduba as a mediator for gold and silver nano-
particle formation (Kumar et al., 2012; El-Rafie and Hamed, 2014; Singh et al., 2015).
Nevertheless, a survey of literature revealed that very limited species of the genus Terminalia
are used for the biosynthesis of metal nanoparticles with no report concerning the Terminalia
mantaly plants (Ankamwar, 2010; Kumar et al., 2012). The present studies attempted to
demonstrate the potential of extracts from Terminalia mantaly plant to produce crystalline,

stable gold and silver nanoparticles and their biological applications.
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Table III: List of some Terminalia species, their parts used, and the biomolecules obtained

from the plants responsible for the green synthesis of AgNPs and AuNPs.

Plant species Part Actives component Sizes and Shape References
Leaf Phenol/carboxylic Leaf 8—16 nm; spherical (Arumugam and Gopinath,
Terminalia arjuna Group Arjunetin, leu- and irregular AgNPs 2011.
Bark coanthocyanidins, and 20-60 nm; spherical Gopinath et al., 2013; Ah-
hydrolyzable tannins bimetallic Ag/AuNPs med et al., 2016)
55-71 nm; cubic, hexagonal, (Zakir et al., 2014) and
Terminalia catappa Leaf Tannins triangular and 10 -35 nm, spheri- Ankamwar, 2010)
cal for AgNPs and AuNPs re-
spectively
Terminalia chebula Fruit Polyphenols <100 nm; pentagon, spherical (Kumar et al., 2012)

and triangular

Stem bark Polyphenols Spherical AgNPs: 5 to 50 nm (Shah et al., 2011)

1.3.2.1 Description Of Plant Used To This Study

Medicinal plants are a potential source for multiple anticancer, antimicrobial agents, as they
produce a wide variety of secondary compounds with several biological activities (Amer et
al., 2007). It is well known that more than 400.000 species, as well as Terminalia species of
tropical flowering plants, have medicinal properties (Odugbemi, 2006). The genus Termi-
nalia gets its name from the Latin terminus since the leaves appear at the tips of the shoots

(Fahmi et al., 2015).
1.3.2.1.1 Terminalia Species

The genus Terminalia is the second largest genus of the Combretaceae after Combretum, with
about 200 species. Terminalia species range from shrubs to large deciduous forest trees.
Mostly they are very large trees reaching in height up to 75 m tall. The species, Terminalia
mantaly are founded in Cameroun and are frequently used in traditional medicine for the
treatment of various infectious diseases and chronic diseases as cancer (Ngouana et al.,

2015).
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1.3.2.1.2 Terminalia mantaly H. Perrier
1.3.2.1.2.1 Botanical Description

Terminalia mantaly has grown 10-20 m with an erect stem and neat, conspicuously layered
branches. Bark pale grey, smooth, and rather mottled (Figure 22). The length up to 7 cm,
apex broadly rounded, base very tapered, margin wavy (Figure 22) (Orwa et al., 2009).

Figure 19: Terminalia mantaly plant (Combretaceae), (Photographed by Majoumouo, 2019).
1.3.2.1.2.2 Ethnobotanical And Traditional Used

The wood obtained from the plant is used as ordinary interior joinery in the manufacturer of
doors, windows, stairs, partitions, cladding; mounting tools, and firewood (Arbonnier, 2004).
Moreover, Terminalia mantaly H. Perrier (Combretaceae) is used in the traditional environ-
ment to satisfy several troubles such as cancer, diarrhea, dysentery, arterial hypertension, gas-
troenteritis, mycosis, and bacterial infections (Orwa et al., 2009; Bognan et al., 2013;

Fahmy et al., 2015).
1.3.2.1.2.3 Previous Work Performed On Terminalia mantaly Plant

Terminalia species plants especially Terminalia mantaly have been used for years in folk
medicines and are still used for health benefits. Indeed, several past and recent studies reveal
the potential of extracts from these plant species to inhibit the growth of a wide range of path-
ogenic bacteria (Ngouana ef al., 2015; Tchuente ef al., 2017). Additionally, Mbouna et al.
(2018) investigated the antiplasmodial activity of extracts and fractions from Terminalia man-

taly (Combretaceae) and also their selectivity on non-cancerous kidneys cells line (Hek293T)
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CHAPITRE II: MATERIAL AND METHODS
II.1 MATERIALS

II.1.1 Chemicals Reagents And Their Suppliers

For this study, silver nitrate and gold salt (sodium tetrachloroaurate (III) dihydrate), and am-
picillin were purchased from Sigma-Aldrich (Cape Town, South Africa), Phosphate buffered
saline (PBS), and Muller Hinton Broth (MHB) and Muller Hinton Agar (MHA) were pur-
chased from Lonza (Cape Town, South Africa). FBS, Trypsin-EDTA, DMEM, and pen-strep
(penicillin-streptomycin) were bought from Thermo Scientific (Ansfrere, South Africa). Poly-
styrene 96-well microtitre plates were obtained from Greiner bio-one GmbH (Frickenhausen,
Germany). Annexin V-Cy3 Apoptosis detection Kit, CM-H2DCFDA probe kit, MTT, propid-
ium iodide, and RNase were purchased from Sigma-Aldrich (Cape Town, South Africa).

I1.1.2 Instruments

UV-Vis spectra were recorded using POLAR star Omega microplate reader (BMG Labtech,
Cape Town, South Africa). The size distribution, Pdi, and zeta potential measurements of the
synthesized AuNPs and AgNPs in solution were analyzed using Zetasizer (Malvern Instru-
ments Ltd., Malvern, UK). HRTEM analysis was done using FEI Tecnai G2 20 field-emission
gun (FEG). The FTIR analysis was done using JASCO 460 plus spectrophotometer with a
frequency ranging from 4000-400 cm-1. The baseline corrections were performed for all spec-

tra.

I1.1.3 Bacteria Strains

The bacterial strains listed in Table 4 were purchased from Biodefense and Emerging Infec-
tions Research Resources Repository (BEI Resources, Rockville, MD 20852) and the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA). The microorganisms were main-

tained on an agar slope at 4 °C and sub-cultured for 24h before use.
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Table I'V: List of bacterial strains used for antibacterial activity.

Bacterial strains Acronym Reference Supplier
No.

Streptococcus pneumoniae S. pneumoniae ATCC 49619 ATCC
Klebsiella pneumoniae K. pneumoniae ATCC 13883 ATCC
Haemophilus influenzae H. influenzae ATCC 49247 ATCC
Shigella flexneri S. flexneri NR-518 BEI resources
Salmonella enterica S. enterica” NR-13555 BEI resources
Salmonella enterica S. enterica® NR-4294 BEI resources
Salmonella enterica enterica S. enterica enterica NR-4311 BEI resources
Staphylococcus aureus S. aureus NR-45003 BEI resources

Notes: S. enterica (Salmonella enterica subsp. enterica A36 (Serovar Typhimurium) vs S. enterica (Salmonella
enterica subsp. enterica 2004 Pennsylvania Tomato Outbreak, Serovar Anatum, Isolate 4)
Abbreviations: ATCC, American Type Culture Collection; BEI resources, biodefense, and emerging infections
research resources repository.

I1.1.4 Cancer Cells Maintaining

The cell lines provided from ATCC were cultured into DMEM supplemented with 10 % heat-

inactivated fetal bovine serum (FBS) and 1 % of penstrep (penicillin-streptomycin) and incu-

bated in a 37 <C humidified incubator with 5 % CO; saturation. The cells were obtained from

the American Type Culture Collection (ATCC, Manassas, VA, USA).

Table V: List of cancer and non-cancerous cells line.

Cells line Acronym Resistance status Gene mutation Species

Breast cancer MCEF-7 Adenocarcinoma TP53, CDKN2A, PIK3CA  Homo sapiens

Colorectal cancer Caco-2 Colorectal PTEN, TP53, Homo sapiens
adenocarcinoma APC, MYC

Liver cancer HePG2 Hepatocellular TP53 Homo sapiens
carcinoma

Human fibroblast KMST-6 nontumorigenic N/A Homo sapiens

immortalized

Notes: MCF-7, Michigan Cancer Foundation-7; Caco-2, Cancer coli-2; CDKN2A, Cyclin-dependent kinase
inhibitor 2A; PIK3CA, Phosphatidylinositol-4, 5-bisphosphate 3-kinase, catalytic subunit alpha, PTEN, Phos-
phatase and tensin homolog; TP53, gene encodes a major tumor suppressor transcription factor; APC, Adenoma-

tous polyposis coli; MYC, proto-oncogene, bHLH transcription factor, N/A, Not applicable.
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I1.1.5 Terminalia mantaly Harvest And Identification

The TM plant materials were collected from Yaoundé (Cameroon, West Africa). Fresh leaves
(TML), stem bark (TMSB), and roots (TMR) were harvested from mature TM plant, and
identified at the National Herbarium (Yaoundé, Cameroon) by comparison with a voucher

specimen bearing the reference number of 64212/HNC.

I11.2 METHODS

I1.2.1 Green synthesis And Characterization Of Gold And Silver Nanoparticles
I1.2.1.1 TM Samples Preparation And Extraction

The plant material was washed with distilled water, cut into small pieces, and dried at room
temperature (25 °C) in the dark. The aqueous and methanolic TM extracts denoted as .TM
and nTM, respectively, were obtained by maceration procedure. Briefly, 100 g fine powder of
TML, TMSB, and TMR samples were soaked in 1 L of either methanol (for 48 hrs) or sterile
distilled water (for 72 hrs) at room temperature. The extraction procedure was repeated three
times and filtered using Whatman No 1 filter paper. The methanolic filtrates were evaporated
to dryness using a rotary evaporator (Biichi 011, Flawil, Switzerland). The aqueous filtrates
were lyophilized using a Martin Christ Beta 2—8 lyophilizer (Germany). The extracts were

stored at 4 °C for further experiments.

I1.2.1.2 Phytochemical Screening Of Crude Extracts

The presence of the following classes of compounds i.e. alkaloids, flavonoids, glycosides,
saponins, and tannins, terpenoids, in the TM extracts was performed according to previously
described standard procedures of Harbone. (1976); Odebeyi and Sofowara. (1978). Briefly,
50 mg/mL of ,-TM and nTM were subjected to different reagents to determine the presence of
various phytochemicals using Mayer’s reagent (alkaloids), Shinoda test (flavonoids), Fehling
solution (glycosides), froth test (saponins), ferric chloride test (tannins and phenolic), Born-

trager’s reaction test (anthraquinones), and Libermann-Burchard test (sterols and terpenoids).
+ Test For Alkaloids

Fifty milligrams of plant extracts were diluted in 10 mL of 2 % H>SO4. The mixture was ho-
mogenized and warmed for 2 minutes and then filtered. Five drops of Meyer reagent were
added to 1 mL of the filtrate. The development of turbidity indicated the presence of alkaloids
(Odebeyi and Sofowora, 1978).
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+ Test For Phenols
Fifty milligrams of plant extracts were dissolved in 2 mL of methanol and warmed for 5
minutes. Three drops of freshly prepared ferric cyanide solution (1 mL of FeCl3 1 % and 1
mL of K3Fe (CN) 6) were added. The formation of a green precipitate indicated the presence
of phenols (Harbone, 1976).

+ Test For Triterpenes And Sterols

Fifty milligrams of plant extracts were dissolved in 1 mL of chloroform. To this solution, a
few drops of acetic anhydride and sulphuric acid were successively added. The formation of
violet-red to the green-blue colour indicated the presence of triterpenes and sterols respective-
ly (Harbone, 1976).

+ Test For Saponins
Fifty milligrams of plant extracts were added to 5 mL of dissolved water. After homogeniza-
tion, the mixture was heated till boiling temperature. The appearance of the foam of more than

Icm in diameter indicated the presence of saponins (Harbone, 1976).
+ Test For Flavonoids

Fifty milligrams mg of plant extracts were dissolved in 5 mL of methanol. Few crystals of
magnesium added followed by HCI solution. A brick-red or violet colouration indicated the

presence of flavonoids (Harbone, 1976).
+ Test For Tannins

Fifty milligrams of plant extracts were added to 5 mL distilled water. The mixture was
warmed and then filtered. A Few drops of 3 % ferric chloride solution were added to the fil-

trate. Blue-black or dark-green coloration indicated the presence of tannins (Harbone, 1976).
# Test For Anthraquinones

Fifty milligrams of plant extracts were diluted in 2 mL of chloroform and 2 mL of ether pet-
rol. The mixture obtained was homogenized and filtered. 1 mL of 10 % NaOH was added to
ImL of the filtrate. The red colour formation indicated the presence of anthraquinones

(Odebeyi and Sofowara, 1978).
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+ Test For Glycosides

One gram of plant extracts was dissolved in 5 mL of HCI and then neutralized by 5 mL of 5
% NaOH. Fehling solution was added drop by drop. The formation of a red precipitate indi-
cated the presence of glycosides (Odebeyi and Sofowara, 1978).

I1.2.1.3 Synthesis Of Biogenic Gold And Silver Nanoparticles

The gold and silver nanoparticles were synthesized following a protocol described by El-
bagory et al. (2016). The stock concentrations (50 mg/mL) of the aqueous and methanolic
extracts were prepared in distilled water. The small-scale synthesis was carried out in a 96
well plate to obtain the optimal concentration of TM extracts and temperature. Briefly, 50 pL
of ,TM or nTM extracts (at concentrations ranging from 0.78 to 50 mg/mL) were placed in a
96 well plate and 250 pL of 3 mM AgNO3 and ImM of AuCL4 and 250 pL of 1 mM of sodi-
um tetrachloroaurate (III) dehydrate (Sigma-Aldrich, St Louis, USA) respectively to the plant
extracts. The samples were prepared in duplicate plates. One plate was incubated at 25 °C and
a second plate at 70 °C while shaking at 40 rpm for 24 hrs. The colour change in the solution
was used as an indication of AgNPs and AuNPs formation. The optimum concentration of
extracts was used to scale up the AgNPs and AuNPs synthesis from 300 pL to 2 mL. The na-
noparticles were recovered and washed thrice with distilled water, and centrifuged at 14 000
rpm for 10 min to remove the excess of AgNOs3 AuCly, and the unreacted Au **, Ag" ions, and
plant extracts. The TM-AgNPs and TM-AuNPs were resuspended in sterile distilled water
and stored at 4 °C.

I1.2.1.3.1 Measurement Of Nanoparticles Concentrations

The nanoparticles were synthesized using a fixed volume of 1 mL in the Eppendorf tube (2
mL) with a precise scale (Appendix 1). After the formation of nanoparticles, the samples
were washed thrice with distilled water and centrifuged at 14 000 rpm for 10 mins. The pellet
was collected and dried using the Bock Heater (Johannesburg, South Africa) at 25 °C. Finally,
the concentration was deducted using the difference in terms of the mass of NPs in 1 mL us-

ing this formula.

Mass of nanoparticles(Ug) = Mass of epindoff tube with NPs(ug) — Mass of the empty epindoff

I1.2.1.3.2 Characterisation Of Synthesized TM-AgNPs And TM-AuNPs

The formulated nanoparticles gold and silver nanoparticles were characterized by different

analyses including UV-Visible Spectroscopy, Dynamic Light Scattering (DLS), High-

tube (ug)
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Resolution Transmission Electron Microscopy (HRTEM), Energy-Dispersive X-ray Spectros-
copy (EDX), and the selected area electron diffraction (SAED) analyses.

(1)UV-Visible Spectroscopy Analysis

The formation of TM-AuNPs and TM-AgNPs was preliminarily confirmed by visual observa-
tion for a colour change to red wine, yellowish and dark brown, further by UV-visible spectra
after 5-24 hrs synthesis. Sharp peaks obtained from the UV-visible spectrum confirmed the
presence of AuNPs and AgNPs at the absorption range between 350 and 700 nm using a PO-
LAR star Omega microplate reader (BMG Labtech, Germany). AuNPs synthesis was up-

scaled to 2 mL following the optimum conditions.
(i) Dynamic Light Scattering (DLS) Analysis

The TM-AuNPs and TM-AgNPs were washed 3 times with distilled sterile HO and centri-
fuged at 10000 rpm for 13 min, the nanoparticles were resuspended in double-distilled sterile
H>0O. The AgNPs and AuNPs were analyzed by Dynamic Light Scattering (DLS) to measure
their hydrodynamic size, Zeta potential, and Poly dispersity index (Pdi) using a Zetasizer

(Malvern Instruments Ltd., Malvern, UK).

(ii1) Stability Testing Analysis Of Gold And Silver Nanoparticles

The stability of TM-AuNPs and TM-AgNPs in DMEM (Gibco, UK) cell culture media was
tested as described by Elbagory et al. (2019). The stability of the TM-AuNPs and TM-
AgNPs was evaluated by mixing the TM-AuNPs, TM-AgNPs, and the cell culture medium at
a 1:1 ratio and incubating the mixture at 37 °C for 24 hrs. The mixtures of the TM-AuNPs,
TM-AgNPs, and the cell culture medium were subjected to UV-Vis analysis after the 24 hrs
period. The morphology, core size, and crystallinity, of the more stable TM-AgNPs, and TM-

AuNPs were performed.

(iv) High-Resolution Transmission Electron Microscopy (HRTEM), Energy Disper-
sive X-Ray Spectroscopy (EDX) And Selected Electron Diffraction (SAED) Pattern
Analysis Of More Stable And Bio-active TM-AuNPs And TM-AgNPs

The morphology, core size, and crystallinity of the bio-active TM-AgNPs and TM-AuNPs
were characterized by High-Resolution Transmission Election Microscopy (HRTEM) using
an FEI Tecnai G2 20 field-emission HRTEM (Oregon, OR, USA). The HRTEM was also
used for Energy Dispersive X-ray (EDX) and Selected Area Electron Diffraction (SAED)
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analysis. The samples were prepared by drop-coating one drop of each sample onto a carbon-
coated copper grid. The samples were dried under a Xenon lamp for 10 min and analyzed by
HRTEM. The transmission electron micrographs were captured in bright field mode at an
accelerating voltage of 200 KeV. The EDX spectra were collected using an EDX liquid nitro-
gen cooled Lithium doped Silicon detector. The TEM micrographs were analyzed using Im-

age J Software (50b version 1.8.0 60, http://imagej.nih.gov/ij).

(v) Fourier Transform Infrared (FTIR) Analysis Of Active TM-AgNPs And TM-
AuNPs

The Fourier Transform Infrared (FTIR) analysis of the active TM-AgNPs and TM-AuNPs and
extracts were performed using a JASCO 460 plus spectrophotometer (Perkin Elmer, Massa-
chusetts, MA, USA) with a frequency ranging from 4,000 to 400 cm-1. The FTIR analysis is
used to identify the type of bonds in the TM phytochemicals that are involved in the synthesis
of the AgNPs and AuNPs. The TM-AgNPs and TM-AuNPs were dried in an oven at 70 °C.
The TM extracts, AuNPs, and AgNPs powders were mixed with potassium bromide (KBr)
powder and pressed into a pellet before FTIR analysis. Background correction was made us-

ing a reference blank KBr pellet. The baseline corrections were performed for all spectra.

I1.2.2 Evaluate in vitro Antibacterial Screening And MIC Determination Of The

Bio-active Crude Extracts, Gold And Silver Nanoparticles

The antibacterial activity of the TM extracts AuNPs and AgNPs was assessed on eight bacte-
rial strains according to the guidelines set by the Clinical Laboratory Standards Institute
(MO07A9, 2012) with slight modifications. Some of the bacterial strains that are listed in Table
6 were a kind gift from Biodefense and Emerging Infections Research Resources Repository
(BEI Resources, Rockville, MD 20,852) and some were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA)

11.2.2.1 Inoculum Preparation

The Mueller—Hinton broth (Sigma, MO, USA) was inoculated with single bacterial colonies
and the cultures were incubated at 37 °C with shaking at 400 rpm for 18-24 hrs. The bacterial
suspensions were subsequently standardized to 0.5 Mc Farland (~1.5x10% cells/mL) with OD
between 0.08 to 0.12 at 600 and 630 nm. The inoculum was diluted to a final concentration of

5x10°cells/mL.
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I1.2.2.2 Screening Of TM Extracts And Derive TM-AgNPs And TM-AuNPs
Against A Panel Of Eight Bacteria Strains

The Mueller—Hinton broth (Sigma, MO, USA) was inoculated with single bacterial colonies
and the cultures were incubated at 37 °C with shaking at 400 rpm for 18-24 hrs. The bacterial
suspensions were subsequently standardized to 0.5 McFarland (~1.5%108cells/mL) at 630 nm.
Each inoculum was diluted to a final concentration of 5x10°cells/mL and further dispensed in
a 96 well plate at 100 pL per well. The single point inhibitory effect of TM extracts TM-
AuNPs and TM-AgNPs was determined against the eight bacterial strains. To this end, 100

Evaluation of spectrum of _
inhibition (%)

Number of strains by the test samples

x100

Total numbers of tested strains

L of TM extracts (500 pg/mL), TM-AuNPs or TM-AgNPs (12.5 pg/mL) were individually
added to wells containing 100 puL of bacteria and the plates were incubated for 24 hrs. Ampi-
cillin was used as a positive control at 128 pg/mL. The turbidity of the bacterial culture,
which was visually examined, was used as an indication of bacterial growth. The growth inhi-
bition was defined as the absence of the turbidity of the bacterial culture. The susceptibility of
the bacterial strains to the TM extracts, TM-AuNPs and TM-AgNPs were expressed as the
number of the strains that showed growth inhibition spectra action. The percentage of bacteria

inhibited or the spectrum of inhibition was calculated according to the following formula:

The active crude extracts and the nanoparticles that inhibited 75 % of tested bacteria were

selected for MIC determination using the microdilution assay as described above.

I1.2.2.3 Dose-Response Studies And Evaluation Of The MIC For Active Extracts
And TM-AgNPs

The bacteria were treated with increasing concentrations of the crude extracts (0-500 pg/mL)
and TM-AgNPs (0 —12.5 pg/mL). The negative (untreated) and positive (treatment with am-
picillin at 0—128 pug/mL) controls were also included. After 24 hrs of treatment, the turbidity
of the bacterial suspension was visually assessed as an indication of bacterial growth. The
lowest concentration that inhibited the visible growth of bacteria was recorded as the MIC.

All the experiments were performed in triplicate.
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I1.2.2.4 Assess The Growth Inhibitory Kinetics Of Promising Silver Nanoparticles
On Susceptible Strains

The bacterial growth kinetics following treatment with ,TMSB and . TML-AgNPs was studied
using a protocol that was previously published by Cao et al. (2012). Briefly, the susceptible
bacterial strains were treated with the following concentrations: 1 x MIC, 1/2 x MIC, and 1/4
x MIC of each AgNPs. Ampicillin was used as a positive control at its MIC value. The assays
were performed in triplicate in 96 well plates. The OD of bacterial cultures was measured at
630 nm at different time points (2, 3, 4, 6, 7, and 8 hrs) to monitor bacterial growth rate and

the growth curves were plotted as absorbance (OD 630 nm) versus time (hrs).

I1.2.3 Assessement The Anproliferative Potential Of Extracts, More Stable Gold
And Silver Nanoparticles On Four Resistant Models Cells Line

11.2.3.1 Effect Of The Nanotherapy On Cell Proliferation: MTT Assay Kit

The anticancer effect of crude extracts, more stable nanoparticles was carried out on

four cell lines according to the methods described by Sibuyi. (2015).
I1.2.3.1.1 Subculture Of Cells

The cell lines used in this study were obtained from the American Type Culture Collection.
The cell lines were regularly cultured in T25 cm (Sigma) at 37 °C in a 5 % CO2 culture flasks
humidified incubator in DMEM cell culture media. The media was supplemented with 10 %
heat-inactivated fetal bovine serum (FBS), 1 % penicillin-streptomycin, and 1 % non-essential
amino acid solution. The media were changed and replaced with fresh complete media every
three days. The procedures were performed in the Biological Safety Cabinet Class II (Laminar

flow) using aseptic techniques.
11.2.3.1.2 Cell Splitting And Trypsinization

The cells were split when they reached 70 % confluency, the media was removed from the
flask using a 10 mL serological pipette into a waste beaker. The cells were rinsed with 3 mL
of DPBS and discarded into a waste beaker, 3 mL of 2X trypsin was added to the cells and
incubated for 1-3 minutes at 37 °C. As soon as the cells start to round up, the detachment was
facilitated by gently tapping the flask on the surface to dislodge the cells. The cells that were
still attached to the flask were removed by pipetting. The cells were then transferred to the
prelabeled 15 mL conical tubes and centrifuged at 3000 rpm for 5 minutes. The cells were

resuspended in 1-5 mL complete media, cell count was performed.
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11.2.3.1.3 Cell Count/ Viability: Trypan Blue Exclusion Assay

Cell viability was performed using trypan blue exclusion assay by the Countess® Automated
Cell Counter (Life Technologies) following the manufacturer’s instructions. Briefly, 10 pL
aliquot of trypsinized cell suspension was mixed with 10 pL of 0.4 % trypan blue dye reagent.
10 pL of the cell-dye mixture was loaded into a Countess™ chamber slide (Life Technolo-
gies), followed by cell count, the data readout was given in total cells/mL, live cells/mL, dead

cells/mL, and percent viability.
I1.2.3.1.4 Antiproliferative MTT Kit Assay

MTT Cell Proliferation Assay Kit provides a simple method for the determination of cell
numbers using standard microplate absorbance readers. The determination of cell growth rates
1s widely used in the testing of drug action and cytotoxic agents and screening other biologi-

cally active compounds.

(1) Principle of MTT

The MTT assay involves the conversion of the water-soluble MTT (3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide) to an insoluble formazan for 2-4 hrs. The formazan is
then solubilized, and the concentration is determined by optical density at 570 nm. This reac-
tion is catalyzed by the mitochondrial succinate dehydrogenase enzyme in metabolically liv-
ing cells, while dead cells showed no activity to generate reducing equivalents such as NADH

and NADPH.

(i1) Procedure

The viability of the Caco-2, HepG2, and MCF 7 and the non-cancerous human fibroblast cell
line (KMST-6), with crude extracts, more stable gold, and silver nanoparticles was evaluated
using the MTT assay as described by Mmola and co-workers. (2016) with some modifica-
tions. The cells were maintained in DMEM containing 10 % FBS and 1 % pen-strep in a 37
°C humidified incubator with 5 % CO; saturation. The cells were seeded in 96-well microtitre
plates at a density of 5 x 10°cells/100 pL/well. The plates were incubated at 37 °C in a humid-
ified CO2 incubator. After 24 hrs, the culture medium was replaced with a fresh medium con-
taining the nanoparticles at increasing concentrations of high concentration (Appendix 1).
The stock solutions of nanoparticles were prepared in ddH>O and for the extracts (10 mg/mL)
were prepared in 10 % dimethyl sulfoxide (DMSO) and two-fold dilutions from 1000 -7.8125

ng/mL and added to the 96-well plate containing the various cell lines. As a positive control,
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cells were treated with 10 % DMSO with the final concentration of 1% in each well. Cells
were treated without MTT dyes and DMSO concentrated at 100 % was considered as Blank.
Untreated cells were used as the negative control. All treatments were done in triplicate.

Thereafter, 100 uL. of MTT reagent (prepared from 5.0 mg/mL stock solution and diluted with

Viability (%) -

Average absorbance of test ( treated cells)

x100

Average absorbance control (untreated cells )

DMEM medium using a dilution factor of 1:10) were added to each well. The cells were in-
cubated at 37 °C for 4 hrs and covered in foil and shook for 1 min in an orbital shaker at RT.
The MTT reagent was then removed and replaced with 100 pL of alkaline DMSO to dissolve
the purple formazan crystals as described by Wang and colleagues. (2012) and incubated for
30 min. The absorbance of the formazan product formed was measured at 550-570 nm wave-
length (A), with background subtracted at the A of 630 nm using a PolarSTAR Omega plate
reader. Each sample point was performed in triplicate. The percentage of cell viability was
calculated by comparing the absorbance of the test samples with the absorbance of the control
(untreated) samples. The average ICso for cancer cells and the cytotoxicity concentration
(CCso) for normal cell values were determined using GraphPad Prism version 8.0.0 for Win-
dows, GraphPad Software, San Diego, California USA, www.graphpad.com. The percentage

of cell viability formula was determined using:

(111) Selectivity Index (SI) Of Active Extracts And Nanoparticles

The degree of selective toxicity of the active crude extracts and nanoparticles towards cancer
cell lines relative to the non-cancerous cell line (KMST-6) was expressed as the selectivity
indexes (SI) as outlined by Badisa et al. (2009). The cancer cell line may either be Caco-2,
HepG2, and MCF-7. The SI was calculated as:

Selective Index (SI) =
CCs, 1in non-cancerous fibroblast cell (KMST-6)

x100

IC, in cancer cell line
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I1.2.3.1.5 Study The Cell Death Mode Of Action Of The Potent Extracts And Na-

noparticles

I1.2.3.1.5.1 Analysis Of Apoptosis Cell Death Induced By Bio-active TM Extracts,
TM-AuNPs, And TM-AgNPs

One of the earliest events to takes place during apoptosis is the exposure of phosphatidylser-
ine (PS) residues on the outer leaflet of the cell membrane. Therefore, by exposing cells to
fluorescently labeled annexin-V, apoptosis was quantified by the fluorescence intensity meas-
ured using flow cytometry (Van, 1998). The percentage of cells undergoing apoptosis was
detected and quantified by using the Annexin V-Cy3 Apoptosis Detection Kit (APOAC, Sig-
ma-Aldrich). The cells were seeded in 6 and 12-well culture plates at a density of 2 x 10°
cells/mL and incubated for 24 hrs at 37 °C culture media was then removed and replaced with
media containing ICso AuNPs or AgNPs. The cells were treated with 10 uM of cisplatin a
positive control. The cells were then incubated for 24 hrs at 37 °C. Untreated and treated with
apoptosis-inducing agents were included as controls. After incubation, all the media from
each well containing floating cells were transferred to 15 mL conical tubes using a sterile pi-
pette. The wells were washed with 1 mL DPBS and transferred into the corresponding 15 mL
conical tubes containing floating cells. The supernatant was discarded, the pellet was gently
re-suspended in APOAC dye (For 10 mL of dye, 100 pL of Annexin V Cy3.18 Conjugate
(100 mg/mL solution, Catalog Number A 4963, 100 uL of 50 mM 6-CFDA in acetone solu-
tion, 10-mL Binding Buffer (Catalog Number B9796). The cells were washed three times
with 200 pL of 1X-Binding Buffer each. 100 pL of the Double Label Staining Solution
(AnnCy3 and 6-CFDA) were added on each 15 mL tube and were covered with aluminum
foil. The cells were incubated for further 10 minutes at 37 °C, and 200 pL of buffer was added
to each tube and centrifuged at 3000 rpm for 5 minutes at RT. The supernatant was discarded
and the cell pellets were re-suspended in 200 pL of 10 X Binding Buffer on each tube and
covered with aluminum foil. The staining was measured by Attune Acoustic flow cytometer
(Applied Biosystems, Germany) or Accuri flow cytometer (BD Biosciences). The acquisition
was done, in log mode and a maximum of 10000 to 30 000 events per sample was acquired

and analyzed using Attune software (Applied Biosystems, German) and Flowjo software.

Michele S Majoumouo/PhD thesis/DB/FS/UY1/2022 Page 63



I1.2.3.1.5.2 Mitochondrial Dysfunction: ROS Activity Of Bio-active TM Extracts,
TM-AuNPs And TM-AgNPs

(1) Principle Of Chemical Reaction Of H2DCFDA

DCFDA-Cellular Reactive Oxygen Species (ROS) assay Kit (ab113851) uses the cell-
permeant reagent 2°,7° —dichlorofluorescein diacetate (DCFDA, also known as H2DCFDA
and as DCFH-DA), a fluorogenic dye that measures hydroxyl, peroxyl, and other reactive
oxygen species (ROS) activity within the cell. DCF is a highly fluorescent compound that is
detected by fluorescence spectroscopy with excitation-emission at 495 nm / 529 nm.

ir
&

H,DCFDA-AM -

Cell Membrane
//-77-77_
Cellular Esterase

. Activity

H,DCF

(Non-fluorescent)

DCF
(Fluorescent)

(ii) Procedure

The intracellular ROS generation in cells exposed to the active crude extracts, AuNPs and
AgNPs was investigated using the 5-(and-6)-chloromethyl-2', 7'-dichlorodihydrofluorescein
diacetate acetyl ester (CM-H2DCFDA) fluorescence probe (Life Technologies). The Caco-2,
HepG2 and MCF-7, cells were seeded in a 6 and 12 well plate at 2 x 10° cells/mL and cul-
tured at 37 °C overnight. The cells were treated with bio-active crude extracts, AgNPs and
AuNPs at ICso for 24 hrs. The cells were treated with 0.1 % H2O» a positive control induction
of ROS. Cells were detached using trypsin, washed twice with 2 mL of 1X PBS, and resus-
pended in 350 puL of 7.5 uM DCFH-DA prepared in PBS. The pellets were resuspended in
350 uL 1X PBS. The mean fluorescence intensity in the cells was determined by Attune or

Accuri flow cytometers.

11.2.3.1.5.3 Cell Cycle Assay of Bio-active TM Extracts, TM-AuNPs, And TM-
AgNPs Using Flow Cytometry

The propidium iodide (PI) is a commonly used fluorescent dye for staining DNA in cells. Be-

cause it intercalates into the DNA, the fluorescence signal exhibited by PI is directly related to
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the amount of DNA within cells. DNA content varies with respect to the cell cycle phase, the
percentages of cells in each phase of the cell cycle can be quantified by flow cytometry analy-
sis of PI-stained cells. The Caco-2, HepG2, and MCF-7 cells were seeded in a 12 well plate at
2 x 10° cells/mL and cultured at 37 °C overnight. The cells were treated with bio-active TM
extracts, TM-AuNPs, TM-AgNPs, at their specific ICso for 24 hrs. The cells were treated with
10 uM of cisplatin a positive control. Cells were detached using 400 pL of trypsin-EDTA to
each well, washed twice with 2 mL of 1X PBS. Then, the harvested cells were fixed in 70 %
ethanol at 20 °C for 2 weeks to permeabilize the cell membrane for efficient dye loading of
the relatively impermeable PI dye. After the fixation, the cells were washed with 2X in PBS.
Spin at 3000 g in a centrifuge, then, 50 uL of RNA were added (I mL of RNA (100 pg/mL
stock of RNase) prepared in 9 mL of 1X PBS This will ensure only DNA, not RNA, is stained
and 200 pL of the fluorescent nucleic acid stain, PI was added (400 uL of PI (50 pg/mL stock
solution prepared in 9.6 mL of 1x PBS). The mean fluorescence intensity in the cells was de-
termined by measuring the forward scatter (FS) and side scatters (SS) to identify single cells

by Attune or Accuri flow cytometers.
I1.2.4 Statistical Analysis

The values were analyzed using two-way ANOVA using GraphPad Prism version 8.0.0 for
Windows, GraphPad Software, San Diego, California USA, www.graphpad.com. Data are
expressed as mean £ SD of experiments performed in triplicate. Error bars represent the SD

and *p <0.0001.
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Chapter 111:

Results and Discussion




CHAPTER III: RESULTS AND DISCUSSION

I1I.1 Results Of Green synthesis And Characterization Of Gold And Silver Na-

noparticles

The green sources used, the plant extracts are readily available, provide an easy, cost-
effective, and simple method that involves just one-step synthesis. Herein we report the en-
hanced antibacterial potential of twelve AgNPs and twelve AuNPs characterized and synthe-
sized from six aqueous and methanolic extracts prepared of Terminalia mantaly plant. The
synthesis process was monitored under two different temperature conditions to measure the
effect of temperature on the geometric properties of the synthesized AgNPs and AuNPs. The
several physical and optical measurement techniques including, Ultraviolet-Visible Spectros-
copy (UV-Vis), Dynamic Light Scattering (DLS), High-Resolution Transmission Electron
Microscopy (HR-TEM), and Energy-dispersive X-ray spectroscopy (EDX), FTIR were used

to characterize the AgNPs and AuNPs and were led to several results.

I11.1.1 Phytochemicals Composition

The phytochemical composition of TM extracts in Table 6, revealed an unequal distribution
of different secondary metabolites in both water and methanolic plant extracts. The alkaloids,
flavonoids, glucosides, and total phenols were present in all the extracts, and no anthocyanins
were found in any of the TM extracts. The ,-TM extracts contained the majority of the phyto-
chemicals, while all the nTM extracts lacked steroids. Tannins and triterpenes were not pre-
sent in TMSB and TMR; TMR and TML lacked anthraquinones. These metabolites contain
active functional groups, such as hydroxyl, aldehyde, and carboxyl units, that may play pivot-
al roles in the chemical reduction processes of gold precursors to produce AgNPs (Kumar et
al., 2012) and AuNPs (Ankanwar et al., 2010). A similar result was reported on other Termi-
nalia species by co-workers such as (Garcez et al., 2003; Nagappa et al., 2003; Shah et al.,
2011; Edison and Sethuraman, 2012; Gopinath and Arumugam, 2013).
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Table VI: Phytochemical composition of TM extracts.
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Abbreviations: TM, Terminalia mantaly: TML, TM leaf extract; TMSB, TM stem bark extract; TMR, TM root
extract; TML-AgNPs, AgNPs from TM leaf extract; TMSB-AgNPs, AgNPs from TM stem bark extract; TMR-
AgNPs, AgNPs from TM root extract, , — represents aqueous extracts , , — represents methanolic extract.

I11.1.2 Physical Formation Of TM-AgNPs And TM-AulNPs

Small scale AuNPs and AgNPs synthesis were carried out in a 96 well microplate by incubat-
ing the fixed concentration of gold (1 mM) and silver (3 mM) salt with increasing concentra-
tions of TM extracts (12.5 to 0.39 mg/mL) within 3 seconds to 5 hrs for AuNPs and 24 hrs for
AgNPs. The variation in colours is also dependent on the concentration of the extracts and the
temperature applied in the synthesis of the AgNPs and AuNPs.

For biogenic silver nanoparticles Figure 22, Appendix 2 shows that ,TMR-AgNPs, nTML-
AgNPs, W TMSB-AgNPs, and n”TMR-AgNPs produced a yellow colour, while the w"TML-
AgNPs produced a green colour and ; TMSB-AgNPs produced a brown colour. This is a high-
ly unusual reported AgNPs formation with clear yellowish to brown colours (Kannan et al.,
2014; Govindappa et al., 2016) The colour of colloidal solutions of AgNPs can vary from
yellow-green to blue (Figure 22), depending on the size and morphology of synthesized na-
noparticles as demonstrated by Raza et al. (2016). For AuNPs, the formation of TM-AuNPs
was visually observed with the formation of red wine/ruby red colour of the reaction mixture
within 3 seconds after addition of TM extracts to the gold salt as shown in Figure 23, Ap-
pendix 3. The results were obtained by some authors on Terminalia arjuna and Terminalia
catappa (Ankamwar, 2010). The appearance of red wine colour in the reaction suggests the

formation of AuNPs (Ankamwar, 2010; Singh ez al., 2012; Elia et al., 2014)

Michele S Majoumouo/PAD thesis/DB/FS/VY1/2022

Page 55



1. Plant collection 2. Maceration 3. Bioreduction 4. NPs synthesis
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Figure 20: One-step synthesis of TM-AgNPs and TM-AuNPs by reduction of gold and silver ions with TM
phytochemicals. Colour change denoted the presence of AuNPs and AgNPs.

Note: Aqueous and methanolic TM extracts were used to reduce AgNOs3 into AgNPs, and AuCL4 into AuNPs,
colour change indicates NP formation.

Abbreviations: AuNPs, gold nanoparticles; AgNPs, silver nanoparticles; TM, Terminalia mantaly; TML, TM
leaf extract; TMSB, TM stem bark extract; TMR, TM root extract, , — represents aqueous extracts, m — represents
methanolic extracts.

The variation in colours depended on the concentration of the extracts and the temperature
applied in the synthesis of the biogenic AgNPs (Moodley et al., 2018) and AuNPs (Ankam-
war, 2010). In the one-step reaction, the TM extracts acted as both the reducing, stabilizing
and capping agents. The bio-reduction of Ag* and Au**ions precursor could be ascribed to
various phytochemicals present in the plant extracts such as alkaloids, flavonoids, tannins,
steroids, and triterpenes (Table 6) (Huang et al., 2007). The functional groups (hydroxyl,
aldehyde, and carboxyl groups) in the extracts play a huge role in the reduction of AuCly into
AuNPs and AgNO3 into AgNPs (Shankar et al., 2004). The phenols due to the scavenging
capabilities of their —OH groups have been reported to be involved in the bio-reduction and

stabilization of NPs (Ankamwar, 2010). The phenolic compounds along with the water do
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mains can synergistically interact with the existing nuclei and lay the foundation to create

highly structured sheets of zerovalent gold (Lee et al., 2016).

I11.1.2.1 UV visible Spectrophotometric And Dynamic Light Scattering Analyses
Of TM-AuNPs And TM-AgNPs

The green synthesis of AuNPs and AgNPs was directly following by the two characterizations

including UV visible spectrophotometric and Dynamic Light Scattering analyses.
[I1.1.2.1.1 UV Visible Spectrophotometric Analyses Of TM-AuNPs

The reaction kinetics of the TM-AuNPs was monitored using a UV-visible spectrophotome-
ter. The optical properties of different TM-AuNPs at 5 hrs are shown in its UV-Vis spectra
(Figure 24). Their SPR ranged from 535 to 560 nm, which is within the SPR range for
AuNPs (Jafarizad et al., 2015). The ;TMSB-AuNPs-25 °C had the highest intensity at their
SPR (560 nm), and a weak plasmon band was observed for ;TMR-AuNPs-25 °C at 535 nm
(Figure 23, Table 7). An increase in the absorbance spectra indicates a higher production of
AuNPs (Liu et al., 2019). The concentration of extracts plays an important role to control the
size and morphology of AuNPs. The variations in the Amax values (SPR) and concentrations
of TM-AuNPs vary with the amounts and the quality of phytochemicals present in the TM
extracts (Table 6). The red wine colour exhibit by AuNPs in water is due to the excitation of
Surface Plasmon vibrations (Liu et al, 2019). Furthermore, the SPR of the AuNPs can be af-
fected by factors such as the shape, size, the refractive index of the dispersion medium, and
the average distance between neighboring AuNPs (Guo et al., 2015). The UV-Vis spectra of
TM-AuNPs (Figure 21).
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Figure 21: UV-vis spectral profiles of TM-AuNPs synthesized at 25 °C and 70 °C.

Note: AuNPs were synthesized by reducing AuCls with aqueous and methanolic TM extracts. The optical prop-
erties of the NPs were measured by UV-vis spectrophotometry.

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; TML-AuNPs, AuNPs from TM leaf
extract; TMSB-AuNPs, AuNPs from TM stem bark extract; TMR-AuNPs, AuNPs from TM root extract, SPR,
Surface plasmon resonance.

The SPR may be related to the amount of the NPs produced, as the OD-value correlates line-
arly with the concentration of the AuNPs in a solution (Rastogi and Arunachalam 2012).
There is a significant difference between the bands generated at 25 °C and 70 °C. On the other
hand, the sharper bands were also observed at 70 °C with most of the extracts but less asym-
metric as compared to 25 °C. It is generally recognized that UV—Vis spectra could be used to
examine the size and shape of AuNPs (Elia et al., 2014; Ngumbi et al., 2018). The surface
plasmon band in the TM-AuNP solution was at >535 nm for all AuNPs, suggesting that these
particles are dispersed uniformly in the aqueous solution with no evidence of aggregation

(Abdelhalim et al., 2012).
I11.1.2.1.2 UV Visible Spectrophotometric Analyses Of TM-AgNPs

Due to surface plasmon resonance (SPR), UV-vis spectrophotometric analysis of AgNPs that

are between 10 and 100 nm in size typically produces absorbance peaks (A max) from 400 to
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Absorbance

500 nm. As shown in Figure 22 and Table 7, the absorbance peaks of the TM-AgNPs ranged
from 438 to 480 nm. This also confirms the presence of AgNPs following the reactions using
TM extracts. The flavonoids and phenolic compounds are the major components in the TM
extracts (Ngouana et al., 2015). These phenolic and hydroxylated constituents are most likely
responsible for the reduction of AgNOs3 to form the AgNPs (Sharma et al., 2018). The peak
intensity of AgNPs synthesized at 70 °C was significantly higher, which suggests that the
concentration of the NPs was higher at 70 °C than at 25 °C. Based on UV-vis spectrophoto-
metric analysis, the synthesis of W"”TMSB-AgNPs and nTML-AgNPs at 25 °C was not very
successful as the peak intensities for these AgNPs were very low. The absorbance peaks for
mTMR-AgNPs, ;,TMSB-AgNPs and ;TML-AgNPs produced at 70 °C were much sharper
compared to the absorbance peaks for ;TMR-AgNPs, n TMSB-AgNPs and .,TML-AgNPs (al-
so produced at 70 °C). This suggests that » TMR-AgNPs, ., TMSB-AgNPs and ., TMR-AgNPs,
aTML-AgNPs are smaller and more uniform than , TMSB-AgNPs and nTML-AgNPs.
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Figure 22: UV-vis spectral profiles of TM-AgNPs synthesized at 25 °C and 70 °C.

Note: AgNPs were synthesized by reducing AgNO; with aqueous and methanolic TM extracts. The optical
properties of the NPs were measured by UV-vis spectrophotometry.

Abbreviations: AgNPs, silver nanoparticles, TM, Terminalia mantaly; TML-AgNPs, AgNPs from TM leaf
extract; TMSB-AgNPs, AgNPs from TM stem bark extract; TMR-AgNPs, AgNPs from TM root extract, SPR,
Surface plasmon resonance.
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The size distribution, charge, and surface chemistry of NPs are particularly important since
they strongly influence the mobility and bioavailability of NPs within the physiological condi-

tions; and can be used to predict their state in solution (Pavlin and Vladimir, 2012).
[11.1.2.2 Dynamic Light Scattering Analyses (DLS) Of TM-AuNPs And TM-AgNPs

The hydrodynamic diameter, zeta potential, and polydispersity index (Pdi) of the TM-AuNPs
and TM-AgNPs were measured by the DLS analysis. The sizes of the TM-AgNPs and TM-
AuNPs varied depending on the extract used for the synthesis and temperature (25 °C versus
70 °C). The hydrodynamic diameter ranged from 39 to 79 nm and 11 to 83 nm for TM-
AuNPs and TM-AgNPs respectively as shown in Table 7. For AuNPs, the extracts (nTML,
aIMR, and nTML) produced AuNPs with sizes that differ slightly at the two temperatures. A
significant difference was observed for TMSB (aqueous and methanolic) and .-TMR extracts
produced smaller sized (39, 44 and 66 nm) NPs at 25 °C, the sizes increased by >8 nm at 70
°C; while the size difference in others was negligible (1-4 nm). The change in size at high
temperatures could be due to various factors, the reducing and capping agents at 25 °C might
be different at high temperatures (70 °C). At high temperatures, the active phytochemicals at
25 °C might be preserved and others will then act as reducing agents (Amendola ez al., 2017).
An independent study also reported that at low temperatures the sizes of AuNPs produced
from plant extracts were significantly small (Zhang et al., 2018). Therefore, this data suggest
that temperature could be one of the critical parameters controlling the size of NPs. For
AgNPs, the Small sizes of 11 nm were obtained with ,TML-AgNPs-25 °C and the higher size
of 56 and 83 nm with " TMR-AgNPs-25 °C, ;,TMSB-AgNPs-70 °C respectively. For AgNPs,
the TML extract produced smaller AgNPs compared to the other extracts. Zeta potential pro-
vides pivotal information on the dispersion of NPs as the magnitude of the charge and indi-
cates the mutual repulsion (Clayton et al., 2016). Additionally, zeta potential is an important
parameter used to assess the charge of the NP surface and predicts the long-term stability of
the nanoparticles. Nanoparticles with negative zeta potential values suggest there are strong
repulsion forces between the NPs, which will prevent the agglomeration of the NPs in solu-
tion. Nanoparticles with a zeta potential within +30 mV to -30 mV range are considered to be
stable (Chanda et al., 2011; Cooper, 2015), while those outside this range will likely aggre-
gate due to inter-particle van der Waal’s attractions. The zeta potential of the synthesized TM-

AgNPs ranged from -12 to -37 mV. The TMSB-AgNPs were the only NPs with zeta potential
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values outside this range (-34 and -37 mV for TM-AgNPs synthesized at 25 °C and 70 °C,
respectively) (Table 7). This suggests that all the TM-AgNPs except for TMSB-AgNPs are
stable. The TM-AuNPs had Zeta potential values that ranged from —10 to —37 mV. This indi-
cates that the NPs repel each other with no tendency to aggregate as they possess the compul-
sory repulsive forces to remain stable when in solution (Grabinski, 2015; Clayton et al.,

2016). As well, except for the n» TML-AuNPs, all the TM-AuNPs are highly stable.

The polydispersity index (Pdi), which is an indication of uniformity, is an important parame-
ter of NPs to consider when assessing the application of NPs, since Pdi can affect the surface
conjugation chemistry and nanoparticle aggregation (Clayton et al., 2016). According to the
International Organization For Standardization (ISO), NPs with a Pdi > 0.5 indicate that the
NPs are polydispersed and non-uniform (Zhang et al., 2018), while a Pdi < 0.5 indicates that
the NPs are mostly uniform or monodispersed (Elbagory and co-workers, 2016; Mervat et
al., 2019). NPs with low Pdi value is likely to be monodispersed. The polydispersity index
(Pdi) of various TM-AuNPs at different temperatures is also shown in Table 3. Based on the
Pdi values obtained the TM-AgNPs such as ;,TML-AgNPs, ,TMSB-AgNPs, ; TMR-AgNPs
and nTMR-AgNPs synthesised at 25 °C are monodispersed. Similarly, ,TML-AgNPs and
aTMSB-AgNPs synthesised at 70 °C are also monodispersed. The TM-AuNPs had Pdi range
between 0.4-0.7 (Table 6) and were mainly monodispersed and less aggregated at 25 °C. NPs
are known to agglomerate in the presence of salts due to a reduction in the electronic double
layer around each particle, allowing for adhesion through van der Waals forces (Mittal ez al.,
2014). The ,TML-AuNPs had a Pdi of 0.6 at 25 °C, indicating that these NPs might be aggre-
gated, this could happen because some components in the buffer absorb on the surface of the
gold salt and form crosslinks in between the AuNPs. However, an increase in size for n TMR-
AuNPs resulted in polydispersed NPs as reflected by a change Pdi (0.4) at 25 °C to a Pdi =
0.5 at 70 °C. The change may be due to a decrease in NP surface area. The TM-AuNPs with
the lower Pdi values indicate that the AuNPs could be monodispersed, uniform in size and

shape, no aggregation, and are stable in colloidal form.
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Table VII: SPR and DLS analysis of TM-AgNPs and TM-AuNPs synthesized at 25 °C and 70

°C.
NPs parameters
TM-NPs
25°C 70 °C

[Extract] Amax PD Pdi zp [Extract] Amax PD Pdi zp

(mg/mL) (nm) (nm) (mV) (mg/mL) (nm) (nm) (mV)
aTML-AgNPs 0.78 438 11 0.50 -24 1.56 460 18 0.40 -26
aITML-AuNPs 1.56 540 43 0.60 -37 1.56 545 44 0.70 -35
m TML-AgNPs 1.56 474 44 0.60 -22 1.56 458 22 0.80  -29
m TML-AuNPs 3.12 544 55 0.4 -29 1.56 544 51 0.50 -10
aIMSB-AgNPs 0.78 464 28 022 -34 1.56 460 56 0.46  -37
aIMSB-AuNPs 1.56 545 39 0.50 -27 1.56 540 57 0.30 -28
m TMSB-AgNPs 1.56 480 60 0.62 -12 1.56 458 58 0.53 -12
m TMSB-AuNPs 1.56 550 44 0.50 -36 1.56 535 52 0.50 -29
aIMR-AgNPs 3.12 472 39 0.40 -23 3.125 478 30 0.88 -24
aTMR-AuNPs 6.25 560 66 0.70  -32 6.25 550 79 0.80 -29
m TMR-AgNPs 0.78 450 83 048  -22 0.78 438 67 0.51 -28
m TMR-AuNPs 1.56 540 44 0.40 -30 1.56 550 48 0.50 -32

Abbreviations: AuNPs, gold nanoparticles, AgNPs, silver nanoparticles; TM, Terminalia mantaly, ., represents
aqueous extracts ;m, represents methanolic extracts; TML-AgNPs, AgNPs from TM leaf extracts; TMSB-AgNPs,
AgNPs from of TM stem bark extracts; TMR-AgNPs, AgNPs from TM root extracts; SPR, surface plasmon
resonance; UV, ultraviolet; PD, particle diameter; ZP, Zeta potential; Pdi, Polydispersity index; DLS, dynamic
light scattering.

I11.1.3 HRTEM, SAED, EDX Analyses And FTIR Analyses Of Bio-Active TM-
AgNPs and TM-AuNPs

I11.1.3.1 HRTEM And SAED Pattern Of Bio-Active TM-AgNPs

The morphology and size of s TML-AgNPs and .TMSB-AgNPs varied as demonstrated by the
HRTEM micrographs in Figure 25. The AgNPs displayed heterogeneous and polydispersed
characteristics. The TML produced mostly spherical AgNPs at 25 °C whereas the same sam-
ple produced various geometric shapes such as triangular, tetrahedral, and hexagonal shapes
at 70 °C. Similar shapes as those of TML-AgNPs were observed in AgNPs synthesized by the
aIMSB extract. These anisotropic shapes were likely due to the reducing and capping phyto-
chemicals which not only provided thermodynamic stability but also defined the NP bio-
activities (Kumar et al., 2012). The crystalline nature of the biogenic AgNPs was confirmed
by their SAED patterns highlighted in Figure 26. The Bragg reflection planes on the face-
centered cubic (fcc) patterns of TM-AgNPs, 1.e. (111), (200), (220), (311), and (331) matched
those in the database of the Joint Committee on Powder Diffraction Standards (JCPDS no. 00-
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004-0784, USA) (Bagherzade et al., 2017; .Singh et al., 2018) and confirmed that the syn-
thesized AgNPs are composed of pure crystalline silver. These findings are further supported
by similar fcc patterns reported for the AgNPs synthesized from Cannabis sativa. (Bagher-
zade et al., 2017; Escarcega-Gonzalez et al., 2018; Singh et al., 2018).

+TML-AgNPs . TMSB-AgNPs

Figure 23: HRTEM micrographs and SAED patterns of selected TM-AgNPs.

Notes: The size, shape (A) and SAED patterns (B) of ;,TML-AgNPs-25 °C and ,TMSB-AgNPs-70 °C AgNPs
were analyzed by HRTEM. Scale bar from 20 to 50 nm.

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ;TML, aqueous TM leaf extract; ;,TMSB,
aqueous TM stem bark; HRTEM, High resolution transmission election microscope; SAED, selected area elec-
tron diffraction.

The size distribution of TM-AgNPs was calculated from the HRTEM micrograph, the repre-
sentative histograms (Figure 26) demonstrate that ;TML-AgNPs-25 °C and .TMSB-AgNPs-
70 °C synthesized at 25 °C and 70 °C had a diameter of 9.3 and 6.2 nm, respectively. The
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aTMSB-AgNPs-70 °C produced at 70 °C had a smaller core size (6.2 nm), this might suggest
that TMSB might be richer in reducing and capping agents. These results were comparable to
those reported by Zakir et al. (2014) on AgNPs synthesized from leaf extract obtained from
Terminalia catappa. The NPs were also spherical in morphology, with average sizes ranged
from 55-71 nm. Generally, the sizes were smaller and could be directly correlated to the ob-

served activity of TM-AgNPs.

aTML-AgNPs-25°C ., TMSB-AgNPs-70 °C
9.3 nm

6.2 nm

4_
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Figure 24: Particles size distribution of more stable and bioactive TM-AgNPs.

Note: The size, shape were analyzed by HRTEM. Scale bar from 20 to 50 nm using Image G and origin software
The diameter of 9.3 and 6.2 nm was obtained with ,TML-AgNPs and ,TMSB-AgNPs.

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ,TML, aqueous TM leaf extract; ,TMSB,
aqueous TM stem bark; HRTEM, High Resolution Transmission Election Microscope.

I11.1.3.1.1 EDX Of Bio-active TM-AgNPs

The Energy Dispersive Absorption photographs of the selected TM-AgNPs in Figure 27 dis-
plays the Ag' peaks at 3 keV. Metallic AgNPs typically show a strong signal peak at this posi-
tion due to their SPR (Prakash et al., 2013). The peaks of other elements such as Cu and C
were also detected, where C corresponds to the organic matrix and lacey carbon on the TEM
grid, Cu is observed since the grid is made up of Cu, and the S, Si, Cl and N peaks correspond
to the molecules capping the TM-AgNPs.
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Figure 25. EDX spectra of AgNPs synthesized from a TML and aTMSB AgNPs.

Notes: Silver nanocrystallites display an optical absorption band peak at approximately 3 keV (red arrow), which
is typical of the absorption of metallic silver nanocrystallites due to SPR.

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ,TML, aqueous TM leaf extract; ,TMSB,

aqueous TM stem bark; EDX, Energy Dispersive X-ray.

I11.1.3.1.2 FTIR Analysis Of Bio-active TM-AgNPs

The FTIR analysis of the bio-active TM-AgNPs and their originated plant extracts was per-
fomed. The functional group(s) in the aqueous TML and TMSB extracts that are responsible
for the reduction of Ag" and stabilization of AgNPs were identified through the FTIR analy-
sis. The phytochemicals play a role in the synthesis of AgNPs (Singh ez al., 2016). The com-
parative FTIR spectroscopy analysis between the TM extracts and the accompanying AgNPs
(Appendix 4 and 5). The FTIR data from spectrum of ;TML-AgNPs synthesized at 25 °C was
compared to the spectrum of the TML extract, while the ;TMSB-AgNPs synthesized at 70 °C
was compared to the TMSB extract. Several commonalities between the spectra of the ex-
tracts and their respective TM-AgNPs could be identified. This suggests that the extracts and

their respective TM-AgNPs share similar functional groups, which originate from phytochem-
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icals that were involved in the synthesis of the TM-AgNPs. Shifts in the peak in the FTIR
spectra of ;TMSB and aTML extracts and their respective AgNPs are summarized in Table 8.
In particular, the spectra of TML extract and AgNPs produced at 25 °C were characterized by
methyl (C-H) rock alkanes vibration band at 1338.32 and 1384.39 cm™! and the C-H stretching
observed between 2946.61 and 2830.64 cm™'.Moreover, there was a C=C double-bond
stretching at 1640.29 and 1638.56 cm-1. Additionally, strong OH group vibrations assigned to
phenol bands at 3647.29 and 3712.96 cm™ were detected in both samples (Appendix 1). The
FTIR spectra of TMSB and AgNPs produced at 70 °C showed fewer similarities between the
two samples. The spectra of ;TML-AgNPs synthesized at 25 °C, ;,TMSB, and ,TMSB-AgNPs
synthesized at 70 °C. The ,TML revealed intense bands at 1048.80 cm™ attributed to carbon-
yls (C=0) vibrations that were absent on TMSB-AgNPs produced. Some similarities in the
two samples were observed; the spectra of TMSB extract and AgNPs revealed bands at
1384.03 and 1384.96 corresponding to methyl (C-H) rock alkanes deformation, 1639.21 and
1638.68 cm™! bands attributed to stretch alkenes (C=C), 2930.41 and 2789.28 cm! bands cor-
responding to C-H stretching, 3717.06 and 3731.61 cm™! intense bands attributed to O-H from
alcohols and phenols vibrations. The shift in the different functional groups might be caused
by the polyphenolics, flavonoids, and terpenoids present in the TM extracts. The same phyto-
chemicals might be responsible for reducing, capping, and stabilization of the biogenic
AgNPs. Several studies reported that the active components in the plant extracts such as ter-
penoids and flavonoids act as reducing agent of the silver precursor to form AgNPs (Ankam-
war, 2010; Mittal et al., 2013; Fahmy et al., 2015; Elbagory et al., 2017). Different chemi-
cal classes influence the production of AgNPs, as well as their shape, size, and bio-activity.
(Elbagory et al., 2017). The IR bands and transmittance peak positions in the FTIR spectra of
the extracts were compared to their respective AgNPs as shown in Table 8. The comparison
of differences and similarities in the bonds between the extracts and AgNPs showed that the
major peaks in the FTIR spectra of the TMSB and TML extracts and AgNPs with similar
functional groups may be key players in the synthesis of the TM AgNPs. The shift in the peak
in the FTIR spectra of ; TMSB and .TML extracts and their respective AgNPs are summarized
in Table 3. In particular, the spectra of ;TML extract and AgNPs produced at 25 °C were
characterized by methyl (C-H) rock alkanes vibration band at 1338.32 and 1384.39 cm™!, and
the C-H stretching observed between 2946.61 and 2830.64 cm™'. Moreover, there was a C=C
double-bond stretching at 1640.29 and 1638.56 cm’!. Finally, OH group strong vibrations
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assigned to phenol bands at 3647.29 and 3712.96 cm™ were detected in both samples (Figure
4A and B). The FTIR spectra of ;,TMSB extract and AgNPs produced at 70 °C showed fewer
similarities between the two samples (Appendix 5). The spectra of ;TMSB extract revealed
intense bands at 1048.80 cm™! attributed to carbonyls (C=0) vibrations that were absent on
aITMSB-AgNPs produced. Some similarities in the two samples were observed; the spectra of
.TMSB extract and AgNPs revealed bands at 1384.03 and 1384.96 cm! corresponding to me-
thyl (C-H) rock alkanes deformation, 1639.21 and 1638.68 bands attributed to stretch alkenes
(C=C), 2930.41 and 2789.28 cm bands corresponding to C-H stretching, 3717.06 and
3731.61 cm™ intense bands attributed to O-H from alcohols and phenols vibrations. The shift
in the different functional groups might be caused by the polyphenolics, flavonoids, and ter-
penoids present in the TM extracts (Table 6). The same phytochemicals might be responsible
for reducing, capping, and stabilization of the biogenic AgNPs (Ankamwar, 2010; Mittal ez
al., 2013; Fahmy et al., 2015; Bagherzade ef al., 2017). Several studies reported that the
active components in the plant extracts such as terpenoids and flavonoids act as reducing

agents of the silver precursor to form AgNPs.

Table VIII: Comparison FTIR spectra of TM extracts and their respective most active TM-

AgNPs.
aTML aTMSB
Peak Peak Type of Peak po- Peak posi- Type of
position in  position Chemical sition in tion in Chemical
extracts in Bond extracts AgNPs at bond
(ecm™) AgNPs (cm™) 70 °C
at 25 °C (cm™)
(cm™)
1338.32 1384.39 C-H methyl rock alkanes 1048.80  ---—------
C-O Stretch
1640.29 1638.56 —C=C-stretch alkenes 1131.16 -
1876.99 1884.90 C=0 Anhydrides 1384.03 1384.96 C-H methyl rock alkanes
2946.61 2830.64 H-C=0:C—H stretch 1639.21 1638.68 —C=C- stretch alkenes
aldehydes
3530.47 3417.07 2016.03 2034.58 —C=C- stretch alkynes
3545.10 3417.99 2930.41 2789.28 H-C=0:C—H stretch
OH Alcohol, phenols aldehydes

3647.29 3712.96 3530.72 3530.35

3544.94 3544.99 OH Alcohol, phenols

3717.06 3731.61

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ;,TML, aqueous TM leaf extracts;
. TMSB, aqueous TM stem bark, FTIR, Fourier-transform infrared.
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I11.1.3.2 Full characterization Of Bio-active TM-AuNPs Using HRTEM, SAED
EDX, And FTIR Analyses

I11.1.3.2.1 Morphology And Particle Size Distribution Of Bio-active AulNPs

A variety of geometrical shapes of nanocrystals were identified in the Bio-active TM-AuNPs
by HRTEM as shown in Figure 28, most of the NPs (Appendix 6) were spherical with some
triangular, hexagonal and pentagonal shapes. The NPs had well-defined edges and most of
them were well dispersed without any sign of agglomeration. The wTMSB-AuNPs, and
mTMR-AuNPs generated different types of NPs, some anisotropic particles including the
spherical shapes at both temperatures. The non-uniform profiles and mixture of geometrical
shapes obtained with the other nanoparticles are very common with plant-based nanoparticle
synthesis (Moraes et al., 2010). This is mostly due to the presence of numerous phytochemi-
cals in the extracts that might act in synergy to reduce the gold salt and form AuNPs with a
mixture of geometrical shapes (Grabinski, 2015). TM extracts (Table 5) which can actively
reduce metal ions to form NPs with different sizes and shapes. The polyphenols were reported
to produce NPs with different shapes (Ankamwar, 2010) and that the polar and water-soluble
compounds are the ones mostly involved in the synthesis of AuNPs (Lee ef al., 2016). The
biomolecules that contain high polar groups (e.g., “OH) on their surface may increase the rate

of nucleation and induce AuNPs formation (Ankamwar, 2010)
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Figure 26: HRTEM images of TM-AuNPs synthesized at 25 °C and 70 °C. The arrows point at different NP shapes. The scale bar
at 10, 20, and 50 nm.

Notes: The size, shape (A) of " TMR and , TMSB. AgNPs were analyzed by HRTEM. Scale bar from 20 to 50 nm.
Abbreviations: AuNPs, gold nanoparticles; TM, Terminalia mantaly; "TMSB, methanolic TM Stem Bark extract; nTMR, meth-
anolic TM root extract; HRTEM, High resolution transmission election microscope.

Michele S Majoumouo/PAD thesis/DB/FS/VY1/2022 Page 68



The size distribution of TM-AuNPs was calculated from the HRTEM micrograph, the repre-
sentative histograms (Figure 29, Appendix 6) demonstrate that " TMSB-AuNPs synthesized
at 25 °C and 70 °C had a diameter of 25.5 and 28.3 nm, respectively. The n TMR-AuNPs pro-
duced at 25 °C had a smaller core size (21 nm), this might suggest that TMR might be richer
in reducing and capping agents. Similar results were reported by Ankamwar. (2010) on
AuNPs synthesized from leaf extract obtained from Terminalia Catappa. The NPs were also
spherical in morphology, with an average core size of 21.9 nm. The average sizes of the
m TMSB-AuNPs-70 °C (28.3 nm) bigger compared to the sizes of the " TMR-AuNPs-25 °C
(21 nm). Generally, the core sizes smaller at 25 °C and could be directly correlated to the rap-

id formation AuNPs from TM plant at this temperature (Figure 24).

mTMR‘A“NPS'25 OC mTMSB-AuNPS-70 °C

21 nm 5. _ 28 nm
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Figure 27: The particle size distribution of more stable and bio-active TM-AuNPs.

Note: The size, shape were analyzed by HRTEM. Scale bar from 20 to 50 nm using Image G and origin software
The diameter of 21 nm and 28 nm was obtained with ,TMR-AuNPs and ,TMSB-AuNPs.

Abbreviations: AuNPs, gold nanoparticles; TM, Terminalia mantaly; nTMR, methanolic TM Root extract;
mITMSB, methanolic TM stem bark; HRTEM, High Resolution Transmission Election Microscope.
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I11.1.3.2.2 Study Of Crystalline Effect Of Bio-active AuNPs Using SAED Analysis

The crystalline effect of NPs, SAED analysis was performed. The fringe lattice values ranged
from 0.167 to 0.257 nm and the SAED pattern, which confirmed the crystalline nature of the
TM-AuNPs varied between AuNPs synthesized at 25 °C and 70 °C. As an example, n TMSB-
AuNPs synthesized at 70 °C have a typical HRTEM image with clear lattice fringes (Figure
30). Furthermore, a d-spacing or inter-planar distance of 0.233 nm was obtained for TM-
AuNPs, which was comparable with 0.2355 nm, corresponding to the (111) planes of face-
centered cubic (fcc) gold single crystals (Appendix 7). The clear lattice fringes in HRTEM
images and the typical SAED pattern with bright circular rings corresponding to the (111),
(200), (220) and (311) planes were obtained in most TM-AuNPs. This was an indication that
the NPs obtained were highly crystalline, confirming the fcc crystalline geometry of AuNPs
(JCPDS file no. 4-0783) (Grabinski, 2015). This may be indexed based on the fcc structure
of gold. However, the lattice plane was predominantly (111)-oriented. The amorphous effect
(diffuse rings) was observed with ,TMSB and nTMR AuNPs at 70 °C, and the Bragg
reflections were weak and considerably broadened relative to the intense (111) and (200)

reflections.

25°C 70 °C

. TMSB-AuNPs

 TMR-AuNPs

Figure 28: SAED patterns of TM-AuNPs showing single facets of NPs in TEM micrographs.

The HRTEM images of gold nanoprism show a fringe spacing of TM-AuNPs synthesized at 25 °C and 70 °C.
Notes: SAED patterns of , TMSB and ,TMR. AuNPs were analyzed by HRTEM. Scale bar from 20 to 50 nm.
Abbreviations: AuNPs, gold nanoparticles; TM, Terminalia mantaly; n»TMR, methanolic TM root extract;
m IMSB, methanolicTM stem bark; HRTEM, High resolution transmission electron microscope, SAED. Surface
Area Electron Diffraction.
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I11.1.3.2.3 EDX Analysis Of Bio-active Active Gold Nanoparticles

The EDX spectra of TM-AuNPs are displayed in Figure 31, the spectra confirmed the pres-
ence of gold ions in all the AuNPs (Appendix 8). The Au peaks were acquired around 2.3
keV, 9.7 keV, and 11.3 keV. In some AuNPs, the EDX spectrum showed the presence of Sili-
cone (Si) which might be due to a high degree of crystallinity. These results further confirmed
the SAED patterns in Figure 5. The weak signals for oxygen in the spectra may have originat-
ed from the biomolecules bound to the surface of the NPs (Patel and Agrawal, 2011), Cu
from the support HRTEM grid and film, and Co from the lenses of the microscope (Elbagory
etal.,2017).
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Figure 29: EDX spectra of bioactive TM-AuNPs.
Notes: Silver nanocrystallites display an optical absorption band peak at approximately 2.3, 9.7, and 11.3 keV

(Green arrow), which is typical of the absorption of metallic silver nanocrystallites due to SPR.

Abbreviations: AuNPs, gold nanoparticles; TM, Terminalia mantaly; ;,TML, aqueous TM leaf extract; ,TMSB,
aqueous TM stem bark, nTMSB, methanolic TM stem bark, nTMR , methanolic TM root, EDX, Energy Disper-
sive X-ray.
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I11.1.3.2.4 FTIR Analyses Of Bio-active TM-AuNPs

FTIR analysis was carried out to with bio-active nTMR, nTMSB, nTMR- AuNPs -25 °C,
mTMSB-AuNPs-70 °C to identify the possible functional chemical bonds from the phyto-
chemicals in the TM extracts that are responsible for reduction, capping and stabilization of
AuNPs (Kumar et al., 2012; Balashanmugam et al., 2016). The FTIR spectra are shown in
Table 9, Appendix 9, and 10, highlighting some of the chemical bonds involved in NP syn-
thesis. Generally, the chemical bonds identified in the TM extracts and AuNPs include C-O,
C-H, -C=C-, H-C=0, —-C=C-, and O-H. Some of the peaks were absent in the AuNPs de-
pending on the temperature (25 °C and 70 °C). The FTIR spectra of "' TMSB, nTMSB-AuNPs
synthesized at 25 °C and at 70 °C (Appendix 9) showed prominent absorption bands at (1044
cm-1, 1330 cm-1, 1692 cm-1, 2958, cm-1, 3645 cm-1), (1104 cm-1, 1626 cm-1, 2938 cm-,
3417 cm-1) and (1032 cm-1, 1396 cm-1, 1638 cm-1, 2927 and 3474cm-1), respectively . The
shoulder at 1044 cm-1, 1104 cm-1, 1032 cm-1 is characteristic of C=0 vibrations, while the
stretch at, 1330 cm-1, 1396 cm-1 arises from the C-H methyl rock alkanes stretching but was
absent on n TMSB-AuNPs at 25 °C. The recorded peaks at 1692 cm-1, 1626 cm-1, and 1638
cm-1 are due to the vibration of —-C=C- stretch alkenes. The broad stretching at 2958 cm-1,
2938 cm-1, and 2927 cm-1 larises from the vibrations of H-C=0: C—H stretch aldehydes.
Moreover, the presence of the shifted band at 3645 cm—1, 3417 cm—1, and 3474 cm—1, in the
FTIR spectrum of nTMSB, n TMSB-AuNPs at 25 °C and " TMSB-AuNPs at 70 °C respective-
ly, can be attributed to the OH groups of alcohol or phenols groups. Moreover, the FTIR
analysis showed the presence of OH, COOH chemical bonds in the TM extracts and AuNPs
which could be the most dominant in the synthesis of AuNPs (Kumar et al., 2012). These
groups (-OH, -COOH, and long alkyl chains) are the most commonly used to functionalize
metal NPs, especially gold. The recorded FTIR spectra confirm that the chemical functional
groups in the TM active metabolites acted as reducing and stabilizing agents in the synthesis

of TM-AuNPs (Arumugam & Gopinath, 2013; Lee et al., 2016).
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Table IX: Comparison FTIR spectra of TM extracts and their respective TM-AuNPs.

Extracts Peak posi- Peak Peak position Possible chemicals
tion position in AulNPs groups
in extracts in AuNPs at 70 °C
(cm™) at 25 °C (cm™)
(cm™)
1044 1104 1032 C-0O carboxylic acids, esters,
1330 1396 ethers
mTMSB 1692 1626 1638 C-H methyl rock alkanes
2958 2038 2927 —C=C- stretch alkenes
3645 3417 3474 H-C=0: C—H stretch
aldehydes
O-H Alcohol, phenol
1044 1109 1099 C-O carboxylic acids, esters,
1363 1334 1377 ethers
mnTMR 1597 1626 1637 C-H methyl rock alkanes
2075 2088 2095 —C=C- stretch alkenes
3156 3450 3473 H-C=0: C—H stretch
aldehydes

O-H Alcohol, phenol

Abbreviations: AuNPs, gold nanoparticles; TM, Terminalia mantaly; «TMSB, methanolic TM stem bark ex-
tracts; m TMR, methanolic TM root; FTIR, Fourier-transform infrared.

I11.2. Antibacterial Activity Of TM extracts, And Derived TM-AuNPs And TM-
AgNPs

II1.2.1. Preliminary Antibacterial Screening: Evaluation Of spectra Of Activity

The antibacterial effects of six TM extracts, twelve AuNPs, and twelve AgNPs were evaluat-
ed against eight bacterial strains, of which two were Gram-positive (S. prneumoniae and S.
aureus) and the other six were Gram-negative (S. enterica®, S. enterica enterica, H. influenzae,
S. flexineri, K. pneumoniae, S. enterica®). The bacterial cultures were treated with a single
dose of 500 pg/mL of TM extracts and 12.5 pg/mL of TM-AgNPs and TM-AuNPs. This was
done as a quick and easy test of the antimicrobial activity of the TM extracts and TM-AgNPs.
The antibacterial activity in Figure 32 and Table 10 showed that four of the treatments
(.TML-AgNPs-25 °C, ;,TML-AgNPs-70 °C, ;TMSB-AgNPs-25 °C, and nTMSB) inhibited
the growth in a significant number of bacterial strains tested in this study..TML-AgNPs-25 °C
and ,TML-AgNPs-70 °C inhibited the growth in all strains, while ;TMSB-AgNPs-70 °C in-
hibited the growth of 80 % and 50 % of the strains, respectively and nTMSB was the most

active extract and inhibited the growth of four strains. Generally, three of the strains (K.
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pneumoniae, H. influenzae, and S. flexneri) were more susceptible to the effects of the treat-
ments, while S. enterica enterica was more resistant (Table 9). The lowest concentration re-
quired to inhibit the visible growth of the bacteria (i.e. the MIC) treated with the TM extracts
and AgNPs was determined. The results showed that the synthesized TM-AuNPs showed no
effects against any bacteria at the tested concentrations. The gold nanoparticles are not stable
inside the bacteria media and consequently are generally not bactericidal or only weakly at
high concentrations (Zhang et al., 2015). Many reports also demonstrated that AuNPs exhib-
ited no antibacterial effects against several pathogen bacteria (Dorosti and Jamshidi, 2016).
Amin et al. (2009) investigated the effect of 15 nm citrate capped AuNPs on the growth of
Esherichia coli and pointed out that no significant inhibitory effect was caused by gold nano-
particles. Nur. (2013) found that no significant inhibition effect with both 14.8 nm core size
and 5 nm core size citrate capped AuNPs on the growth of Pseudomonas fluorescens. Sri-
Ramkumar et al. (2014) also showed that synthesized AuNPs using Turbinaria conoides
aqueous extract and AuNPs alone did not show any antibacterial activity. Similarly, AuNPs
induced the cell division without any endocytosis and inhibitory effect on E. coli (Cui et al.,

2012).

80 4 Kk

Inhibitory Percentage (%)

Figure 30: Screening of the antibacterial effects of TM extracts and AgNPs against a panel of eight bacterial
strains.

Notes: Eight bacterial strains were treated with TM extracts and AgNPs for 24 hrs. Inhibitory effects of TM
samples are expressed based on the number of strains that showed growth inhibition. ***P < 0.001.

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ., represents aqueous extracts; m, repre-
sents methanolic extracts; TML, TM leaf extracts; TMR, TM root extracts; TMSB, TM stem bark extracts..
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Table X: Comparison of the bacterial susceptibility to TM extracts and TM-AgNPs.

Bacterial strains

Treatment s. s. s. K. S. enterica 5. s. H.
enterica® pneumoniae aureus pneumoniae enterica enterica® flexneri influenzae
Percentage of inhibition (%)

aTMSB - - - - - - - v
aTMSB-AgNPs-25 °C - - = v = - v v
2 TMSB-AgNPs-70 °C - v v v v v v -
n ITMSB - v = = v - v v
mTMSB-AgNPs-25 °C - - ; ] ) ) ) v
aTML = v - - - - - -
aTML-AgNPs-25 °C v v v v v v v v
.TML-AgNP-70 °C v v 7 7 v v v v
aTMR - v - - R _ . v
mTMR = v - - - _ _ v
m TMR-AgNPs-25 °C - v - - - - - -

INote: Ki1gnt bacterial strains were treated with 1Vl extracts and AgINKs IOr Z4 Nrs. INNIDITOry eItects oI 11Vl samples were visually assessed 1o 1dentity the strains that were
susceptibility to TM extracts and AgNPs. The TM-AgNPs were the most active and inhibited growth of all bacterial strains, compared to the crude extracts and otherAgNPs.
S. enterica® (Salmonella enterica subsp. enterica A36 (Serovar Typhimurium) vs S. enterica® (Salmonella enterica subsp. enterica 2004 Pennsylvania Tomato Outbreak,
Serovar Anatum, Isolate 4).

Abbreviations: AgNPs, Silver nanoparticles; TM, Terminalia mantaly;,, represents aqueous extracts; m, represents methanolic extracts; TML, TM leaf extracts; TMR, TM
root extracts; TMSB, TM stem bark extracts; S. pneumoniae, Streptococcus pneumoniae; S. enterica enterica, Salmonella enterica enterica; H. influenzae, Haemphilus
influenzae, S. flexineri, Shigella flexineri; K. pneumoniae, Kbesiella pneumoniae; S. aureus, Staphylococcus aureus, S. enterica- Salmonella enterica; -, no bacterial activity;
Vv, bacterial activity.
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The crude extracts and TM-AgNPs that inhibit at least 25 % and 75 % of tested bacteria

respectively were selected for MIC determination

I11.2.2 Determination Of The Minimal Inhibitory Concentration (MIC) Of The
More Active TM Extracts And TM-AgNPs

The MIC values for the treatments are summarized in Table 11. The lowest MIC value (3.12
ng/mL) was obtained for ,TMSB-AgNPs-70 °C and ,TML-AgNPs-25 °C against H. influen-
zae. The ;,TML-AgNPs-25 °C and aTMSB-AgNPs-70 °C appear to have more significant an-
timicrobial activity than the other TM-AgNPs. MIC values for ;,TML-AgNPs-25 °C varied
between 6.24 and 12.50 pg/mL in six out of eight strains, while the MIC values for ;,TMSB-
AgNPs-70 °C varied between 3.12 and 6.24 pg/mL in five out of eight strains.

NPs with smaller sizes are usually more efficient as they can easily pass through cellular bar-
riers and disrupt the physiological functions (Anandalakshmi et al., 2016, Aljabali et al.,
2018). As such, the efficacy of TML-AgNPs could be attributed to their smaller diameter
(Mmola et al., 2016). Furthermore, the active phytochemicals at specific temperatures might
be responsible for the biological activities of the AgNPs (El-Rafie and Hamed, 2014). Only
S. enterica enterica, S. flexineri, and H. influenzae were susceptible to the nTMR, ; TMSB and
mTMSB extracts. The MIC for these extracts was 125 pg/mL. Previous studies have demon-
strated the antifungal activity of the aqueous and ethanolic TML and TMSB extracts against
Candida species (C. albicans, C. glabrata, and C. parapsilosis) and Cryptococcus neofor-
mans with MIC values ranging from 0.04 to 0.16 mg/mL (Ngouana et al., 2015). Although
the extracts did not show the same response in bacteria, their respective AgNPs possess en-
hanced anti-bacterial activities against both Gram-negative and Gram-positive strains.
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Table XI MIC for crude TM extracts and derivate TM-AgNPs on selected bacteria strains.

Treatment

2 TMSB
aTMSB-AgNPs-25 °C
2 TMSB-AgNPs-70 °C
n TMSB

m TMSB-AgNPs-25 °C
aTML
aTML-AgNPs-25 °C
aTML-AgNPs-70 °C
aTMR

m TMR

m TMR-AgNPs25 °C
Ampicilin

S.
enterica®
>500
>12.50
>12.50
>500
>12.50
>500
6.24
>12.50
>500
>500
>12.50
32

S.

pneumoniae

>500
>12.50
6.24
>500
>12.50
>500
6.24
6.24
>500
>500
>12.50
4

S.

aureus

>500
>12.50
12.50
>500
>12.50
>500
6.24
12.50
>500
>500
>12.50
8

S. enterica S.

MIC (ug/mL)
K.
Ppneumoniae  enterica
>500 >500
6.24 >12.50
6.24 12.50
>500 >500
>12.50 >12.50
>500 >500
6.24 >12.50
6.24 >12.50
>500 >500
>500 125
>12.50 >12.50
16 32

enterica®
>500
6.24
12.50
>500
>12.50
>500
6.24
6.24
>500
>500
>12.50
16

S.

flexneri
>500
>12.50
>12.50
125
>12.50
>500
>12.50
>12.50
>500
>500
>12.50
32

H.
influenzae
125
3.12
>12.50
>500
6.24
>500
3.12
>12.50
500
>500
>12.50
16

Notes: S. enterica® (Salmonella enterica subsp. enterica A36 (Serovar Typhimurium) vs S. enterica ° (Salmonella enterica subsp. enterica 2004 Pennsylvania Tomato Out-
break, Serovar Anatum, Isolate 4).
Abbreviations: AgNPs, Silver nanoparticles; TM, Terminalia mantaly; ., represents aqueous extracts; m, represents methanolic extracts; TML, TM leaf extracts; TMR, TM
root extracts; TMSB, TM stem bark extracts; S.pneumoniae, Streptococcus pneumoniae; S. enterica enterica, Salmonella enterica enterica; H.influenzae, Haemphilus influen-
zae, S.flexineri, Shigella flexineri; K. pneumoniae, Kbesiella pneumoniae; S. aureus, Staphylococcus aureus; S. enterica, Salmonella enterica.

Michele S Majoumouo/PAD thesis/DB/FS/VY1/2022

Page 77



Based on the antibacterial results (Tables 4). The ;TML-AgNPs synthesized at 25 °C (; TML-
AgNPs-25 °C) and synthesized at 70 °C (.;TMSB-AgNPs-70 °C) showed higher antibacterial

activities and were selected for the growth inhibitory study.
I11.2.3. Growth Inhibitory Kinetics Of TM-AgNPs

The bacterial growth kinetics of several bacterial strains was evaluated in response to treat-
ment with TM-AgNPs. As shown in Figure 33, both TM-AgNPs caused a time- and dose-
dependent growth inhibition in the selected strains. Of the two ;,TM-AgNPs, ;,TMLAgNPs-25
°C (Table 7) was more effective and with the highest bactericidal effect on the microorgan-
isms. The ;-TML-AgNPs-25 °C suppressed the growth of the six bacterial strains tested. Inter-
estingly, the growth curve for S. enterica shows that the inhibitory effects of ampicillin dimin-
ish after 4 hrs, while inhibitory effects of ;TML-AgNPs-25 °C are maintained for the duration
of the experiment at all the concentrations tested. The bacteriostatic effects of ;TMSB-
AgNPs-70 °C were observed against all strains except for H. influenzae and S. aureus (Figure
34). The growth curves of S. enterica enterica and S. flexneri show that ,TMSB-AgNPs-70 °C
can effectively inhibit the growth of these two organisms from 2 to 8 hrs at all the concentra-
tions tested. Only higher concentrations (6.24 pg/mL) of ;TMSB-AgNPs-70 °C were effective
on S. pneumoniae and S. aureus at all time points. In general, the Gram-negative bacteria
were more susceptible to the effects of the TM-AgNPs than Gram-positive bacteria (S. pneu-
moniae and S. aureus). This might be due to the structural differences between the two bacte-
rial types, a key component being the cell membrane of the Gram-positive bacteria, where the
thick peptidoglycan layer acts as a barrier against penetration of foreign materials (Holowa-
chuk et al., 2003; Dakal et al., 2016). The thick and negatively charged peptidoglycan layer
in Gram-positive bacteria has been shown to entrap Ag+ions onto the cell wall and block their
activity. However, the exact mechanism of action of antibacterial of AgNPs is not yet known
(Feng et al., 2000; Kim et al., 2007). Nonetheless, several studies demonstrated that the bac-
tericidal effects of the AgNPs are strongly influenced by their size, shape, concentration, and

colloidal state (Jiang et al., 2009; Rai et al., 2016).
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Figure 33: Growth inhibitory activities of TML-AgNPs-25 °C against selected bacterial strains.

Notes: Growth curves of (A) S. pneumoniae, (B) S. enterica enterica, (C) H. influenza, (D) S. flexneri,(E) K.
pneumoniae, and (F) S. enterica® (Salmonella enterica subsp. enterica A36 Serovar Typhimurium) after 24 hrs
treatment. **P < 0.01, ***P <0.001.

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; TML-AgNPs, AgNPs synthesized from
aqueous leaf extracts from TM; S. pneumoniae, Streptococcus pneumoniae; S. enterica enterica, Salmonella
enterica enterica; H. influenzae, Haemphilus influenzae, S. flexineri, Shigella fLexineri; K. Pneumoniae,
Klebsiella pneumoniae; S. aureus, Staphylococcus aureus; S. enterica, Salmonela enterica.
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Figure 31: Growth inhibitory activities of TMSB-AgNPs-70 °C against selected bacterial strains.

Notes: Growth curves of (A) S. pneumoniae (B) S. enterica enterica, (C) H. influenzae, (D) S. flexneri, (E) K.
pneumoniae, and (F) S. aureus after 24 hrs treatment. ***P < 0.001.

Abbreviations: AgNPs, Silver nanoparticles; TM, Terminalia mantaly; ,TMSB-AgNPs, AgNPs synthesized
from aqueous Stem Bark extracts from TM; S. pneumoniae, Streptococcus pneumoniae; S. enterica enterica,
Salmonella enterica enterica; H. influenzae, Haemphilus influenzae, S. flexineri, Shigella flexineri; K. pneumoni-
ae, Klebsiella pneumoniae; S. aureus, Staphylococcus aureus; S. enterica, Salmonella enterica.
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I1I1.3 Potential Antiproliferative Effect Of Extracts, And The More Stable Gold
And Silver Nanoparticles Against A Panel Of Three Resistant Cancer Cells Line
And Study Of Mechanism Of Cell Death

The application of nanotechnology in medicine is looking very promising, in particular for the
development of effective therapies for chronic diseases; bringing about the exciting era of
nanomedicine. Nanomaterials have physicochemical properties that make them useful in ther-
apeutics, diagnostics (Lysik and Wu-Pong, 2003; Provenzale and Silva, 2009). However,
applications in therapeutics could be limited by their possible toxicity. The green synthesis of
nanomaterials has generated great interest as it provides a simple, cost-effective, readily scal-
able, and eco-friendly products with minimal toxicity towards human beings. Natural prod-
ucts are used extensively as reducing as well as capping agents to prevent agglomeration and
increase the stability of the synthesized NPs (Elbagory et al., 2019). The goal of the present
section was to develop a nanotherapy for cancer by investigating the therapeutic potential of
TM extracts, most stable TM-AuNPs and TM-AgNPs-targeted nanotherapy on the model cell
line (Caco-2, HepG2, and MCF-7), the Annexin V-Cy3™ Apoptosis detection kit (APOAC),
CM-H2DCFDAprobe to quantify ROS generation and cell cycle analysis using flow cytome-

try and were also lead to interesting and important data.

-111.3.1 Effect Of TM Crude Extract, Stable TM Gold And Silver Nanoparticles On Cell

Proliferation Of Cancer Cells

The stability of TM-AuNPs and TM-AgNPs in PBS, DMEM (Gibco, UK) cell culture media
was tested as described previously by Elbagory et al., (2019) and the most stable gold (TM-
AuNPs) and silver (TM-AgNPs) nanoparticles were selected for the anticancer potential. The
anti-proliferative activity of six TM extract, the more stable twelve gold, and two silver
nanoparticles was evaluated on Caco-2, HepG2, and MCF-7 cells spectrophotometrically by
measuring the degree of mitochondrial reduction of the tetrazolium salt, MTT. The potential
toxicity of the bioactive crude extract, gold, and silver nanoparticles on non-cancerous human
fibroblast skin cells (KMST-6) was investigated using the same methods. The number of via-
ble cells was proportional to the extent of formazan production. The results of MTT assays
revealed that most of TM extracts, TM-AuNPs and TM-AgNPs exerted significant cytotoxici-
ty to Caco-2, MCF-7 and HepG2 cells in a dose-dependent manner and were statistically sig-
nificant at all concentrations tested when compared to the negative controls (untreated cells).

The results revealed that most of the TM extracts, TM-AgNPs and TM-AuNPs exerted signif-
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icant cytotoxicity on the cells in a dose-dependent manner. The ICso values are summarized in
Table 12, they ranged from 0.18 to 93.73 ug/mL. This study found for the first time that
methanol extracts of TM root, stem, and bark are particularly toxic to the human breast cancer
(MCF-7) cell line. In general, the ICso values of the TM-AuNPs, TM-AgNPs were higher than
that of the TM extracts, suggesting that the TM-AuNPs and TM-AgNPs were more cytotoxic
than the TM extracts (Table 12). The »”TMR and nTMSB extracts were more toxic than the
other 4 extracts. However, MCF-7 cells in particular were highly susceptible to the effects of
mTMR and nTMSB extracts, with ICso values 2.73 and 19.73ug/mL, respectively.

Terminalia species are known for their anti-tumour activity. Terminalia ferdinandiana fruit
and leaf extracts exhibited cytotoxicity against human carcinoma cell lines including Caco-2
cells (IC50 = 102 ug/mL) (Shalom J and Cock, 2018). Nandagopal et al., 2014 demonstrat-
ed the cytotoxicity of Terminalia cheduba seed extracts against HepG2 cells (ICso= 40
ng/mL). Likewise, acetone extracts of Terminalia belerica and Terminalia chebula exhibited
differential cytotoxic activities in several cancer cell lines, with the breast cancer cell line,
MCF-7 being highly susceptible to the effects of this extract (Kaur et al., 2005). Saleem et
al. (2002) reported that methanol extracts of the Terminalia chebula fruit reduced cell viabil-
ity and inhibited cell proliferation in several malignant cell lines including MCF-7 cells. Phy-
tochemical analysis of TM has revealed the presence of alkaloids, flavonoids, glucosides, and
total phenols (Table 1), these secondary metabolites were reported to have anti-tumour activi-
ties. The TM-AgNPs were the most potent with an ICso values of (0.006, 0. 575. 4.406,
png/mL), and (0.008, 0.488, 2.060 pg/mL) on HepG2, Caco-2 and MCF-7 cells for ,TML-
AgNPs-25 °C and .,TMSB-AgNPs-70 °C respectively. Compare to the two TM-AgNPs, the
aIMSB-AgNPs -70 °C was most active on Caco-2 (0.488 pg/mL) and (2.060 pg/mL) MCF-7
cells. Overall, the silver nanoparticles had a higher cytotoxicity potency than gold nanoparti-
cles when the same plant’s extracts from Terminalia mantaly were used for the synthesis, ir-
respective of the cancer cell type tested. Cytotoxicity was discussed by Bupesh ez al. (2016)
and showed the anticancer activity of AgNPs nanoparticles from Terminalia cheduba against
HT-29 colon cancer. AgNPs synthesized from Annona squamosal leaf extracts possessed po-
tential cytotoxicity against breast cancer (MCF-7) cells (Rao et al., 2016). A study conducted
by Hassanien et al. (2019) demonstrated that AgNPs showed effectiveness on three types of
cancer (MCF-7, HepG2, and Caco-2 cells). Premasudha et al. (2015) study the biological
synthesis and characterization of silver nanoparticles using Eclipta Alba leaf extract and eval-
uation of its cytotoxic potential. Another example of naturally coated AgNPs includes the

effect of the Erythrina indica extract causing a dose-dependent reduction of viability in
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HepG2 hepatocellular carcinoma (Vimbela et al., 2017). For instance, green biosynthesized
AgNPs (Tanacetum vulgare) can exert a lethal effect on MCF-7 cells (El-Naggar et al.,
2017). The elevated anticancer activity of the TM AgNPs could be attributed to a synergy
between AgNPs and the covering polyphenols (Figure 32). Furthermore, most TM-AuNPs
showed some activity to the three tested cells. For example, while the ICso values for ;,TML-
AuNPs-25 °C and s TML-AuNPs-70 °C was only 5.71 pg/mL in the Caco-2 cell line, the cyto-
toxicity of these NPs was very different in the MCF-7 and HepG2 cell lines. The ICso value
for ;,TML-AuNPs-25°C in the MCF-7 cell line was 6.56 pg/mL, while the ICso value for
aIML-AuNPs-70°C at 32.59 pg/mL was much higher. Similarly, W TMR-AuNPs-25°C and
m TMR-AuNPs-70°C displayed very different cytotoxicity in HepG2 cells. With an ICso value
of 0.18 pg/mL, " TMR-AuNPs-25°C was highly toxic to HepG2 cells, but n TMR-AuNPs-70
°C was less toxic to these cells with an ICso value of 90.85 pg/mL. It has been demonstrated
that AuNPs exert in vitro cytotoxicity on several human cancer cells including HepG2 and
triple negative breast cancer cells (MDA-MB-231) (Malugin and Ghandehari, 2010; Paino
et al., 2010; Moses and Edwards, 2016). KS et al., (2016) synthesized AuNPs from Cassia
tora leaf extracts demonstrated the cytotoxic efficacy against colon cancer (Col320) cell lines.
AuNPs from Gymnema sylvestre leaf extracts were also investigated for their anticancer ef-
fects against HT-29 cells. The study revealed that these AuNPs exerted significant cytotoxic
effects against HT-29 cancer cells at a maximal concentration of 95 ug/mL (Arunachalam ez
al., 2014).

The activity of TM-AuNPs might be because of the size, shape, or other intrinsic properties of
the nanoparticles (Appendix 23, and Appendix 10). It has been reported that spherical and
rod-shaped AuNPs are more efficient in reducing cell proliferation of cancer cells than
AuNPs with other shapes (Wozniak, et al. (2017). TM-AuNPs studied here were mostly
spherical which possibly contributes to the high cytotoxicity of these AuNPs. The capping
agents (phytochemicals) that play a role in the synthesis of biogenic AuNPs can also affect
the cytotoxicity of AuNPs (Ankanwar, 2010; Wu et al., 2011). Phytochemical analysis
showed that the chemical composition of the various extracts was very different. This may
account for the differences in the physical characteristics of the TM-AgNPs and TM-AuNP as
well as the differences in cytotoxicity. This finding supports the traditional use of Terminalia

mantaly plant and derived TM-AuNPs in the treatment of cancer.
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Table XII: Cytotoxicity responses of TM extracts and the more stable TM-AuNPs and TM-
AgNPs against, Caco-2, HepG2 and MCF-7, cell lines.

ICso values (ug/mL)
Acronym
HepG2 Caco-2 MCF-7
m TML-AuNPs-25 °C 38.750+0.001 41.200+0.030 15.370+0.060

m TML-AuNPs-70 °C 85.070+0.005 18.370+0.410 54.560+0.002
aT ML-AuNPs-25 °C 63.098+0.001 5.714+0.030 6.567+0.010
aTML-AuNPs -70 °C 41.740+0.060 5.714+0.310 32.590+0.101
m TMSB-AuNPs-25 °C 30.560+0.101 75.837+0.010 54.460+0.010
m TMSB-AuNPs-70 °C 36.260+0.070 6.558+0.050 1.240+0.000
2TMSB-AuNPs -25 °C 66.290+0.010- 20.340+0.050 65.150+0.018
2 TMSB-AuNPs-70 °C 63.098+0.210 7.040+0.010 1.776+£0.010
m TMR-AuNPs -25 °C 0.1971+0.010 23.580+0.020 3.356+0.200
m TMR-AuNPs -70 °C 90.845+0.080 31.510+0.030 6.225+0.010
aTMR -AuNPs-25 °C 88.591+0.111 4.736+0.010 1.240+0.010
aTMR-AuNPs -70 °C 58.028+0.410 40.420+0.040 6.287+0.012
aTML-AgNPs -25 °C 0.006+0.011 0.575+0.070 4.406+0.017
aTMSB-AgNPs -70 °C 0.008+0.010 0.489+0.101 2.060+0.094
aTML 61.188+0.001 90.189+0.121 66.840%0.006

m TML 75.069+0.011 87.341+0.001 72.440+0.003

2 TMSB 93.730+0.001 62.658+0.005 49.230+0.001
mTMSB 41.280+0.021 76.372+0.008 19.730+0.023

2aTMR 90.470+0.011 73.031£0.001 43.300+0.001

m TMR 43.240+0.130 89.021+0.000 2.731£0.011

Note: Six extracts, twelve gold nanoparticles, and two AgNPs were treated with Caco-2, HepG2, and MCF-7
cells for 24 hrs. The decrease of the viability of cells was in a concentration-dependent manner and the TM-
AgNPs were the most active against the, compared to the crude extracts. The w TMR-AuNPs-25 °C and nTMSB-
AuNPs-70 °C were the most active. MCF-7 cells were more sensitive to the treatment.

Abbreviations: AuNPs, gold nanoparticles; AgNPs, silver nanoparticles; TM, Terminalia mantaly; ., represents
aqueous extracts; m, represents methanolic extracts; TML, TM leaf extracts; TMR, TM root extracts; TMSB, TM
stem bark extracts; Caco-2, human colorectal adenocarcinoma; MCF-7, human breast adenocarcinoma; HepG2,
human liver carcinoma; ICso, 50% Inhibitory Concentration.
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Figure 32: Effects of increasing concentrations of silver nanoparticles on the viability of Caco-2, HepG2 and
MCF-7 cells.

Note: Cell viability was analyzed using the MTT assay. Cells were treated with increasing concentrations of
aTML-AgNPs-25 °C and ,TMSB-AgNPs-70 °C with Caco-2, MCF-7 and HepG2 cells for 24 hrs.

Results represent the average of two independent experiments performed in triplicate. A two-tailed, unpaired t-
test was used to analyze significance. *p<0.05, ** p<0.001, ***p<0.0001, significant difference compared to
untreated sample.

Abbreviation: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ., represents aqueous extracts; m, repre-
sents methanolic extracts; TML, TM leaf extracts; TMSB, TM stem bark extracts; Caco-2, human colorectal
adenocarcinoma; MCF-7, human breast adenocarcinoma; HepG2, human liver carcinoma.

The anti-carcinogenic effect of phytoconstituents-mediated AuNPs (Patil et al., 2018) and
AgNPs (Devaraj et al., 2014) creates a center of attention on the growing interest in AuNPs
and AgNPs synthesis, which are being well-thought-out as novel agents. In this report, we
elucidated the therapeutic anti-carcinogenic effect of bio-active nanoparticles (;TMR-AuNPs-
25 °C, "”TMSB-AuNPs-70 °C, .,TML-AgNPs-25 °C, ,TMSB-AgNPs-70 °C) and bio-active
extracts (nTMSB and nTMR) against MCF-7, HepG2 and Caco-2 cancer cells and non-
cancerous fibroblast cell line (KMST-6). Most of the tested samples showed the anticancer
activity and the cytotoxicity of TM-AuNPs was lower than that of the TM-AgNPs.This differ-
ence could be attributed to the surface charges between NPs. MCF-7 cells were more sensi-
tive to the treatment compared to HepG2 and Caco-2 cells. Such variation in cytotoxicity
from one cell to another is due to differences in their origin, morphology, and genomes (Diab

et al., 2015). The study also highlighted the selective effect of bio-active TM extracts and

Page 85
Michele S Majoumouo/PhD thesis/DB/FS/UVY1/2022



TM-AuNPs on non-cancerous fibroblast cells (KMST-6) and could be used as a potent thera-
peutic agent for further development of anticancer drugs.

According to this criterion of National Cancer Institute (NCI), plant-derived products are gen-
erally considered to have in vitro cytotoxic activity if the ICso value in cancer cells is < 30
ng/mL following incubation between 48-72 hrs (Talib and Mahasheh, 2010), ,TML-AgNPs-
25 °C, s TMSB-AgNPs-70 °C, and w”TML-AuNPs-25 °C were highly cytotoxic. Additionally,
base on the availability of kit reagent of Annexin V-Cy3™ Apoptosis detection kit, CM-
H2DCFDA probe to quantify ROS generation and Propidium iodide cell cycle kit analysis,
gold nanoparticles (nTMSB-AuNPs-70 °C) with ICso <40 pg/mL and extracts (nTMSB and
mTMR) with ICso > 50 ng/mL at least 2 cancer cell lines were also selected for further exper-

iment.

I11.3.2 Effect Of The Selective Crude Extract, More Stable Gold And Silver
Nanoparticles On A Normal Fibroblast Cells Line (KMST-6)

The selectivity assay was performed with the two bio-active n"TMSB, n"”TMR, n TMR-AuNPs-
25 °C, nTMSB-AuNPs-70 °C, ;,TML-AgNPs-25 °C and ,TMSB-AgNPs-70 °C on non-
cancerous fibroblast skin cell line (KMST-6). The values CCso are summarized in Table 13
and ranged from 9.380 to 961.300 pg/mL and the selective indexes were ranged from 0.739 to
1563.330. The nTMSB and nTMR were non- toxic with high selectivity index especially with
Caco-2 cells and wTMR (SI=168.144 ug/mL). Similarly, the TM-AuNPs showed no
significant toxicity towards KMST-6 cells (Figure 36). The values CCsp of 275.700 pg/mL
and the selectivity index of 1399.492 was obtained with " TMR-AuNPs-25 °C towards
HepG2. The results corroborate with the finding of Elbagory et al. (2017) that showed that
synthesize biogenic AuNPs from the South African Galenia africana and Hypoxis hemerocal-
lidea plants extracts showed that there was no significant reduction in viability of KMST-6
cell after 24 hrs treatment with different concentrations (up to 32 nM) of the AuNPs. The
same finding has been demonstrated by Patra et al. (2020), showing that AuNPs were non-
toxic towards Hek293T cells signified that the AuNPs can be used for drug delivery as well as
bio-imaging applications. Studies have shown that biocompatible AuNPs can be delivered and
minimizing treatment duration and side effects (Mitra et al., 2015). These findings suggested
that AuNPs-assisted thermotherapy could cause targeted cancer cell ablation while avoiding
damage to surrounding noncancerous cells (Grijalva et al., 2018). Regarding silver nanopar-
ticles, the selectivity index of ;TMSB-AgNPs-70 °C and .,TML-AgNPs-25 °C was higher on
HepG2 with selectivity index of 190.500 and 1563.330 % respectively and which may suggest
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that these nanoparticles can be safely used in cancer therapy. Controversy, TM-AgNPs were
most toxic compared to TM-AuNPs especially with ,TMSB-AgNPs-70 °C that revealed the
CCso value of 1.524 pg/mL on KMST-6 and selectivity index (SI) of 0.739 towards MCF-7
cells. Ahamed and coworkers. (2019) demonstrated the adverse effects of AgNPs in mam-
malian cells. Moreover, according to the previous studies, AgNPs causes cytotoxicity of the
fibroblast cells by altering the morphology, reducing the viability along with oxidative stress
(Aziz et al., 2019). In context to normal cells exposed to AgNPs, an increase in cytotoxicity,
genotoxicity, and activation of signaling and inflammatory response, to a large extent, is asso-
ciated with the generation of ROS, free radicals and consequently buildup of oxidative stress
(Ahamed et al., 2019). Some authors also evaluated the contribution of Ag" ions present in
the AgNPs particles itself and not by the ions released in solution (Beer et al., 2012). Howev-
er, contradicting data has been presented in other studies that show that Ag ions are the ones
responsible for AgNPs-induced toxicity (Miura and Shinohara, 2009; Li ez al., 2010).
Table XIII: Cytotoxicity evaluation of most promising crude extracts, AuNPs, and AgNPs

against non-cancerous fibroblast KMST-6 cells.

Non-cancerous Cancer cells line
Fibroblast cell
Acronym line
KMST-6 MCF-7 HepG2 Caco-2
CCso (ng/mL) Selectivity index (CCso/ICso)
nTMR 459.200+0.0120 168.144+0.010 10.619+0.120 5.147+0.010
mTMSB 961.300+0.030 23.722+0.050 23.332+0.010 12.597+0.110

m TMR-AuNPs-25 °C 275.700+0.010 82.050+0.010 1531.660+0.100  11.690+0.500
m TMSB-AuNPs-70 °C 334.500+0.020 269.750+0.100 9.225+0.110 50.990+0.100
aTML-AgNPs-25 °C 9.380+0.400 2.128+0.050 1563.330+0.140 16.31+0.000
2 TMSB-AgNPs-70 °C 1.52440.330 0.739+0.610 190.500+0.500 3.116+0.610

Abbreviations: AuNPs, gold nanoparticles; AgNPs, silver nanoparticles; TM, Terminalia mantaly; ., represents
aqueous extracts; m, represents methanolic extracts; TML, TM leaf extracts; TMR, TM root extracts; TMSB, TM
stem bark extract; KMST-6, non-cancerous human fibroblast cells; CCso, 50% cytotoxicity concentration; SI,
selectivity index.
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Figure 33: Cytotoxicity evaluation of bio-active TM extracts and TM-AuNPs at various concentrations against
KMST-6 fibroblast normal cells.

Note: Results represent the average of two independent experiments performed in triplicate. A two-tailed, un-
paired t-test was used to analyze significance. *p<0.05, ** p<0.001, ***p<0.0001, significant difference com-
pared to untreated sample.

Abbreviation: AuNPs, gold nanoparticles; TM, Terminalia mantaly; ., represents aqueous extracts; m, represents
methanolic extracts; TMR, TM root extracts; TMSB, TM stem bark extracts; KMST-6, non-cancerous fibrobalst
cell line.

To better understand the cancer cells death mode of action induced by most potent extracts,
gold and silver nanoparticles, the Annexin V-Cy3™ Apoptosis detection kit, CM-H2DCFDA
probe to quantify the intracellular ROS generation and cell DNA propidium iodide staining

cycle analysis using flow cytometry were performed.

I11.3.3 Therapeutic Potential Of Targeted Nanotherapy: Investigation Into The Mode
Of Cell Death Induced By Bio-active Crude Extracts, AuNPs, And AgNPs

Biochemical assays such as Annexin V-Cy3™ Apoptosis detection kit, CM-H2DCFDA probe
to quantify the intracellular ROS generation and cell DNA propidium iodide staining cycle
analysis using flow cytometry were used to determine the therapeutic potential of selected
samples including w"TMR, nwTMSB, nTMR-AuNPs-25 °C, nTMSB-AuNPs-70 °C, ,TML-
AgNPs-25 °C, and ,TMSB-AgNPs-70 °C on three cancer cells line (Caco-2, HepG2, and
MCF-7) and non-cancerous fibroblast cell line (KMST-6).
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I11.3.3.1 Annexin V-Cy3 Apoptosis Detection Assay, Induced By Bio-active Ex-
tracts, TM-AuNPs And TM-AgNPs On Caco-2, HepG2, and MCF-7 Cells

Apoptosis is a form of programmed cell death and one of the roles of apoptosis is to prevent
the development of cancer. The extracts and nanoparticles with pro-apoptotic activities in
cancer cells are therefore potentially useful in anti-cancer drug research (Saibu et al., 2015).
In this study, the apoptotic effects of the selected samples including W TMR, nTMSB, n"'TMR-
AuNPs-25 °C, W TMSB-AuNPs-70 °C, ; TML-AgNPs-25 °C, and ; TMSB-AgNPs-70 °C and
cisplatin at their ICso values exposed by Caco-2, HepG2 and MCF-7cells were examined us-
ing Annexin V-Cy3™ Apoptosis detection assay. Concerning MCF-7 cells, apoptotic popula-
tion ranged from 6.60 to 79.00% (Table XIV). While the percentage varied from 6.60 to
31.60 %, 21.70 to 79.00, and 5.60 to 26.50 % at early apoptotic, late apoptotic, and necrosis
phase respectively in a dose-dependent manner (Appendix 11). For HepG2 cells, the percent-
age of apoptotic varied from 18.22 to 79.85 %, 1.55 to 60.53 %, and 60.53 to 15.16 %, at ear-
ly apoptotic, late apoptotic and necrosis phase respectively (Table XIV, Appendix 12). The
percentage of apoptotic Caco-2 cells varied from 66.24 to 83.86 %, at early apoptotic, late
apoptotic, and necrosis phase respectively (Table XIV, Appendix 13). The bio-active TM
extracts, TM-AuNPs and TM-AgNPs mostly induced the MCF-7 cell death at the late apop-
totic phase and could be explained by the fact that the bio-active extracts and nanoparticles
induced the DNA fragmentation content of MCF-7 cells, also the activation of mitochondrial
pathways mediated by the family of proteins known as caspases (Reed et al., 2005). Whereas,
the bio-active TM extracts, TM-AuNPs, and TM-AgNPs mostly induced the Caco-2 and
HepG2 cells death at the early apoptotic phase. The increase of the population at the early
apoptotic can be explained by the presence of alterations in membrane asymmetry (i.e., trans-
location of phosphatidylserine from the cytoplasmic to the extracellular side of the mem-
brane) and a prelytic DNA fragmentation (Jyotirmoy, 2012). The nwTMSB induced more
apoptotic on Caco-2 cells (78.01%) when compared to mTMR (66.24%). This result is con-
sistent with what has been obtained by Shalom J and Cock. (2018) that demonstrated that the
fruits extracts from Terminalia ferdinandiana possessed apoptotic activities against a panel of
human carcinoma cell lines including Caco-2 cells. Cell imaging studies detected morpholog-
ical features consistent with apoptosis in Caco-2 cells exposed to ethyl acetate, methanolic,
and aqueous extracts. Caspase 3 activity was significantly elevated in Caco-2 cells exposed to
these extracts, indicating that apoptosis was induced. Pucci et al. (2000) showed the extracts

of A. santolina and R. sativus induced apoptosis and necrosis in Caco-2 cells with a higher
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apoptotic effect (18.2 %) than treatment of 4. santolina extract (9.6 %). This could be due to
the effect of higher phenolic content on cells at G1 phase which is the state preceding DNA
replication in which factors such as cellular conditions (metabolism, signaling, and cell size)
influence cell cycle progression. The nTMR (44.60 %) induced a less apoptotic effect on
MCEF-7 cells when compared to " TMSB (62.50 %). Nevertheless, the n”TMR (26.50 %) also
induced a more necrotic effect on MCF-7 cells compared to nTMSB (16.90 %). The results
were inconsistent with the previous finding that showed no toxic effects of TM extracts
(mTMSB and nTMR) against non-cancerous KMST-6 cells. The study conducted by Salem et
al. (2002) showed that some apoptosis was induced on MCF-7 cells by the extract at lower
concentrations, but at higher concentrations, necrosis was the major mechanism of cell death.
The »TMSB induced more apoptotic (70.23 %) and less necrotic effect (1.99 %) on HepG2
cells when compared to »TMR with a percentage of 35.96 % and 15.16 % for early apoptotic
and necrotic phase respectively (Table XIV). The results were concordant with those from the
study of Sivalokanathan et al. (2006) that demonstrated that Terminalia arjuna bark extract
has shown profound effects on HepG2 cells and exhibits its cytotoxicity to these cells and the
cell death is mediated by apoptosis. Nanoparticles induced more apoptotic effects in Caco-2,
HepG2, and MCF-7 cells compared to extracts. Indeed, the high early apoptotic cells popula-
tion was obtained with ,TMSB-AgNPs-70 °C (79.85 %) compared to s, TML-AgNPs-70 °C
(68.86 %) with HepG2 cells. Besides, TM-AgNPs revealed a high population at the late apop-
totic with MCF-7 cells and the percentage was highest with ; TML-AgNPs-70 °C (67.35 %)
compared to W TMSB-AgNPs-25 °C (35.69 %). The apoptotic effect found in this study is in
agreement with findings from other studies. For instance, Krishnaraj et al. (2014) reported
that AgNPs biosynthesized nanoparticles with Acalypha indica extract exerted a cytotoxic
effect in MDA-MB-231 human breast cancer cells. Moreover, the green synthesized AgNPs
from Cynara scolymus leaf extract, showed efficient anti-cancer activities via mitochondrial
apoptosis in MCF-7 cells (Erdogan et al., 2019). As well, it has been proven that AgNPs ex-
posure resulted in alterations in apoptosis evident in the activation of caspase-3.and led to
significant suppression of cell growth of human breast cancer cells (MDA-MB-231)
(Gurunathan et al., 2013). Regarding gold nanoparticle, the h"”TMSB-AuNPs-70 °C (63.75
%), was able to induce more than 50 % apoptosis effect on MCF-7 cells compared to mTMR-
AuNPs-25 °C (16.61 %). Banu and coworkers. (2018) demonstrated the enhanced ability of
gold and silver nanoparticles biomimetically synthesized using Date Palm Pollen extract to
induce apoptosis in human breast adenocarcinoma cells (MCF-7). The TM-AuNPs showed a

similar early apoptotic effect on Caco-2 and HepG2 cells. For example, the early apoptotic
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effect of W TMSB-AuNPs-25 °C (73.61%) was higher when compared to mTMR- AuNPs-25
°C (65.42 %) with HepG2 cells. Similar results were obtained on the biosynthesis of AuNPs
using the seed coat of Cajanus cajan which led to HepG2 cell apoptosis with spherical shapes
of AuNPs having the size of 9 to 41 nm in diameter (Ashokkumar et al., 2014). The bio-
active nanoparticles previously showed smaller particle sizes. Smaller nanoparticles show a
higher accumulation at tumour sites and prolong in vivo half-life due to their avoidable cap-
ture by the reticuloendothelial system (Loutfy et al., 2015). This phenomenon, called en-
hanced permeability and retention (EPR) effect, provides higher accumulations of nanoparti-
cles with a smaller particle size than 100 nm into the tumour (Erdogan et al., 2019). The
apoptosis effects of TM extracts could be due to their flavonoid contents. Medicinal plants are
a source of a large number of bioactive that are excellent anticancer agents as they have the
efficiency to regulate the molecular mechanisms and various signaling pathways involved in
carcinogeneses such as oxidation, apoptosis, cell proliferation, metastasis, and angiogenesis.
Park et al. (2008) claimed that flavonoids would induce apoptosis in cancer cells. The results
of this study suggest that the differences in the mechanisms of toxicity induced by extracts
and nanoparticles may be large as a consequence of the type of cells used. This differential
rather than the universal response of different cell types exposed to extracts and nanoparticles
may play an important role in the mechanism of their toxicity (Sahu et al., 2014). Therefore,
those nanoparticles may act as new cell death regulators. Nanoparticles -induced DNA dam-

age often leads to activation of the cytoplasmic protein p53 and activation of caspase.
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Table XIV: Apopotic effects of more potent extracts, TM-AuNPs and TM-AgNPs against Caco-2, HePG2 and MCF-7 cells.

Annexin V —Cys ™ Apoptosis Cells population (%)

Acronym
MCEF-7 HePG2 Caco-2
Viable Early Late Necrotic | Viable cells Early Late apop- Necrotic | Viable Early Late Necrotic
cells apoptotic apoptotic apoptot- to cells apoptotic apoptot-
ic tic ic

Crtl 99.90+1.6 0.00£0.00 0.00+0.00 0.1+1.09 94.1844.15 0.00+0.00 0.07£0.06 5.81+4.13 | 94.83+0.78  0.73+0.46 0.53+0.05 3.91+£1.29
8

Cisplatin 8.70+1.98  6.60+1.95 79.00+£3.80 5.60+0.16 | 18.37+0.36  18.22+0.02  60.53+0.47 2.9840.01 | 10.25+£0.25 83.86+0.02 5.75£0.24 0.16+0.02

mTMR-AuNPs-25 °C 36.80+1.8 31.60+£3.79 21.70£5.09 9.90+0.52 | 35.09+0.08 65.42+3.42 2.08+£0.07 1.82+0.02 | 12.42+0.79 82.61+0.74 4.22+0.33 0.76+0.28
1

mTMSB-AuNPs-70 11.40+£0.04 10.5+6.21 70.00+£6.27 8.11+002 | 24.21+£3.61 73.61£3.50 24.21+£3.61 1.58+0.01 | 17.83+0.03 82.29+1.14 0.91+0.01 0.12+0.04

°C

nTMSB 9.60£1.51 11.00+1.11 62.5+£2.76 16.90+£0.1 | 26.47+0.03  70.23+0.18 1.55+0.01 1.99+0.01 | 12.42+0.69 78.01+0.43 7.52+0.13 2.06+0.13

1

mTMR 19.80+£2.6  9.10+0.65 44.60£7.22  26.50+£3.9 | 46.20+£0.01 35.96+0.04 2.76%0.01 15.16£0.0 | 25.94+1.00 66.24+4.05 6.06£2.21 1.78+0.82
1 6 2

aTML-AgNPs-25 °C 30.40+13.  9.00+1.67 52.10£16.9 8.70+£3.98 | 30.25+£0.01 68.86+£0.01 2.52+0.02 0.39+0.02 | 14.93+0.01 83.65+0.05 1.42+0.01 0.05+0.00
16 7

2 TMSB-AgNPs-70 °C 17.30+£0.7 7.30+0.46 68.70£1.38  6.70+0.20 | 16.5+0.40 79.85+£0.94 2.91+0.76 2.45+0.04 | 26.21+0.92  73.33£1.06 0.26£0.01 0.76+0.28
1

Note: Data represents the mean + standard error of the mean (SD) of three independent experiments (n = 3 per group).Significance was accepted at a P-value = 0.05.No differences were found in
active TM extracts, TM-AuNPs, and TM-AgNPs-exposed cells compared with controls (untreated cells).
Abbreviations: AuNPs, gold nanoparticles, AgNPs, silver nanoparticles; TM, Terminalia mantaly, a, aqueous extracts;m, methanolic extracts; TML-AgNPs, AgNPs from TM leaf extracts; TMSB-
AgNPs, AgNPs from of TM stem bark extracts; TMR-AuNPs, AuNPs from TM root extracts; MCF-7, Human breast adenocarcinoma cells, HePG2, Human Hepatocellular Carcinoma, Caco-2,

Colorectal adenocarcinoma.
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I11.3.3.2 Detection Of Intracellular Oxidative Stress-Induced By Bio-active Ex-
tracts, TM-AuNPs And TM-AgNPs On Caco-2, HepG2 and MCF-7 Cells

Apoptosis can be triggered by increased intracellular ROS levels, which are strong evidence
involved in the induction of apoptosis (Li et al., 2014). To further explore if the mitochondrial
dysfunction was related to the generation of ROS, we determined the ROS level in MCF-7
HepG2 and Caco-2 cells stained with H2DCF-DA by using confocal microscopy and the flow
cytometry. As shown in Table XV. The effect of the bio-active TM extracts, and TM-AuNPs
and TM-AgNPs conjugates on mitochondrial function and oxidative stress were assessed to
determine the health status of the cells. The amount of ROS within the cells was examined to
determine whether the various samples induce cellular oxidative stress. The CM-H2DCFDA
probe was used to detect and quantify the intracellular ROS produced by the cells. CM-
H2DCFDA is a nonfluorescent ROS indicator that is oxidized to 2’, 7’-dichlorofluorescin
(DCF) in the presence of ROS. CM-H2DCFDA is a cell-permeable fluorogenic probe that can
be used to assess oxidative stress in cultured cells (Wu and Yotnda, 2011). When the CM-
H2DCFDA probe is taken up by the cells, the cellular esterases deacetylate the probe to a non-
fluorescent compound that is later oxidized by ROS into the highly fluorescent compounds,
DCF. The intracellular ROS levels were examined in MCF-7, HepG2 and Caco-2 cells treated
with selected samples including W TMR, nTMSB, nTMR-AuNPs-25 °C, nTMSB-AuNPs-70
°C, .TML-AgNPs-25°C, .,TMSB-AgNPs-70 °C and 0.1 % H20O: as positive control by flow
cytometric analysis (Appendix 14, 15 and 16). An increase in cell fluorescence was an indi-
cation of ROS production in the cells. Concerning MCF-7 cells, the percentage of positive
ROS ranged from 3.40 to 69.37 % (Table XV). For HepG2 cells, the percentage of positive
ROS varied from 6.95 to 62.83 % (Table XV). Regarding Caco-2 cells, the percentage of
positive ROS ranged from 4.2 to 65 % (Table XV). Gold nanoparticles generated an in-
creased ROS level compared to the extracts and silver nanoparticles in a concentration-
dependent manner (Appendix 14, 15, and 16). For example, n” TMSB-AuNPs-70 °C generated
a positive cellular ROS population of 62.83 % on HepG2 cells. However, cells treated with
mTMSB showed higher ROS levels of 38.56 % and 45.87 % on HepG2 and Caco-2 cells re-
spectively. Similarly, cells treated with ,TML-AgNPs-25 °C showed higher ROS levels com-
pared to s TMSB-AgNPs-70 °C especially on Caco-2 cells with a percentage of 63.36%. The
results corroborate those of Boca and coworkers (2011) that found an increased level of in-
tracellular ROS in HT-29 cells treated with silver nanoparticles. Besides, Bohmert et al.

(2012) reported that AgNPs increased ROS production and cytotoxic effects in human colo-
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rectal adenocarcinoma (Caco-2) cells. Furthermore, one of the most important mechanisms of
the toxicity of AgNPs is that excessive levels of intracellular ion concentration increase the
production of ROS, which is produced by cellular oxygen metabolism (Carlson et al., 2008)
and uncontrolled ROS production can lead to serious cellular injuries, such as DNA damage
and mitochondria-involved apoptotic cell death (Gurunathan ef al., 2013). Oxidative stress is
a response for an increased generation or elimination of ROS which induce cellular injury at
cellular levels. Increased generation of free radicals induces by lipid peroxidation which is the
major consequence of oxidative stress and antioxidant depletion in cancer cell lines. Zorov et
al. (2014) demonstrated that the overproduction of ROS levels by a cellular disruption in
many cellular processes that occurs during cell proliferation, inflammation and apoptosis,
further increased ROS generation triggers cell death have been reported apoptosis can be trig-
gered by increased intracellular ROS levels, which are also strong evidence involved in the
induction of apoptosis (Li ef al., 2014). The observed activity with TM extracts might be at-
tributed to their high phenolic contents. The phytochemical studies previously revealed the
presence of phenols and flavonoids. Most Terminalia species were reported to possess antiox-
idant activity. The antioxidant activity of the Terminalia arjuna bark and Terminalia chebula
a fruit extract was studied and showed that they possessed a potent antioxidant activity
(Fahmi et al., 2015). In terms of acute toxic effects to cells, noble gold and silver metallic
nanoparticles have been shown to induce oxidative damage (Conde et al., 2012). Matuliony-
te et al. (2017) demonstrated that photoluminescent gold nanoclusters have specific toxicity
against MCF-7 breast cancer cells by increasing the ROS generation. Mechanistic studies
have shown that exposure to AgNPs is associated with the generation of ROS, DNA damage,
lipid peroxidation that often leads to cytotoxicity, and ultimately cell death (Lima et al.,
2012). AgNPs may trigger oxidative stress by reactive oxygen species (ROS) production
(Zhang and Gurunathan, 2016) causing a variety of intracellular responses and alterations
in antioxidant systems (Zorov et al., 2014) which finally could lead to apoptosis or necrosis.
AgNPs action mechanisms involve the release of silver cations and further interaction with
biomolecules such as DNA and proteins, affecting cell membrane integrity, lactate dehydro-
genase (LDH) levels, and mitochondrial permeability and leading finally to oxidative stress
and apoptosis (Li et al., 2005; Salazar ef al., 2018). AgNPs and AuNPs with elevated activity
due to their large surface to volume ratio could easily enter the cells, interact with cell con-
stituents, and thus disturb the cellular signaling pathways (Park et al., 2010). Importantly, the
ROS leads to the activation of caspase-3 which is responsible for cell apoptosis by arresting

the cell cycle at the G2/M phase (Rai et al., 2016). The findings suggest that the Caco-2,
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HepG2, and MCF-7 cells cytotoxicity induced by the TM extracts (nTMSB), TM-AgNPs
(aTML-AgNPs-25 °C) and TM-AuNPs (" TMR-AuNPs-70 °C) is somehow mediated through

the induction of increased levels of oxidative stress.

Table XV: Effects of more potent extracts, TM-AuNPs and TM-AgNPs on ROS generated by

MCF-7, HePG2 and Caco-2 cells

Intracellular positive ROS percentage (%)

Acronym
MCF-7 HepG2 Caco-2
Crtl 3.4+0.10 6.95+0.01 4.12+0.02
H20: 69.37+0.00 48.00+0.10 65.00+0.01
m TMR-AulNPs-25 °C 53.87+0.01 38.88+0.01 53.58+0.00
m TMSB-AuNPs-70 °C 53.89+0.02 62.83+0.01 58.28+0.02
m TMSB 8.35+0.18 24.81+0.05 37.84+0.03
mTMR 11.23+0.02 38.56+0.02 45.85+0.00
aTML-AgNPs-25 °C 21.83+0.01 18.83+0.10 63.36+0.05
aTMSB-AgNPs-70 °C 19.71+0.05 13.78+0.03 36.96+0.02

Abbreviations: AuNPs, gold nanoparticles, AgNPs, silver nanoparticles; TM, Terminalia mantaly, a, aqueous ex-
tracts;m, methanolic extracts; TML-AgNPs, AgNPs from TM leaf extracts; TMSB-AgNPs, AgNPs from of TM stem
bark extracts; TMR-AuNPs, AuNPs from TM root extracts; MCF-7, Human breast adenocarcinoma cells, HePG2, Hu-
man Hepatocellular Carcinoma, Caco-2, Colorectal adenocarcinoma.

Note: Data represents the mean + standard error of the mean (SD) of three independent experiments (n = 3 per
group).Significance was accepted at a P-value = 0.05.No differences were found in active TM extracts, TM-AuNPs, and
TM-AgNPs-exposed cells compared with controls (untreated cells).
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I11.3.3.3 DNA Staining Cell Cycle Of Bio-active Extracts, TM-AuNPs And TM-
AgNPs On Caco-2, HepG2 And MCF-7 Cells

Flow cytometry cell cycle analysis using propidium iodide (PI) DNA staining was performed
with bio-active including nTMR, nTMSB, nwTMR-AuNPs-25 °C, nTMSB-AuNPs-70 °C,
aIML-AgNPs-25 °C, ,TMSB-AgNPs-70 °C and cisplatin their 1Cso values with Caco-2,
MCF-7, and HepG2 cells.The different phase GO/G1, S Phase, G2/M phase was significantly
increased in a dose-dependent manner (Appendix 17, 18, and 19).

Concerning MCF-7, the cells population ranged from 7.05 to 71.00 % (Table XVI). For
HepG2, the cells population ranged from 10.15 to 73.71 % (Table XVI). Regarding Caco-2,
the cells population varied from 7.65 to 84.05 % (Table XVI). Generally, the bioactive gold
nanoparticles efficiently arrests the cell-cycle progression of MCF-7, HepG2, and Caco-2
cells at the G2/Mphase (Table XVI). For example, the " TMR-AuNPs-25 °C were more en-
countered in G2/M (51.90 %) especially with MCF-7 and it consequently leads to apoptosis.
Biogenic AuNPs mostly induced the G2/M arrest that could be through microtubule stabiliza-
tion (Cardoso et al., 2009; Kim et al., 2011; Chen et al., 2015). Also, Fraga et al. (2013)
reported that 20 nm Cit-AuNPs induced DNA damage (G2/M) in HepG2 cells at the 24hrs of
exposure. The mTMR, and wTMSB (28.70 % and 27.40 %) were slightly found to be in the
G2/M phase after 24 hrs of treatment with MCF-7 cells. Similar results obtained by
Sundarraj et al. (2012) who reported that Acacia nilotica extract inhibited the cell prolifera-
tion in human breast MCF-7 cancer cells by blocking the G2/M phase. Sundarraj et al.
(2012) reported that Acacia nilotica extract inhibited the cell proliferation in human breast
MCEF-7 cancer cells by blocking the G2/M phase.

Biocompatible TM-AuNPs could inhibit lysosome rupture and switched Go/Giarrest to G2/M
arrest. Finally, TM-AuNPs could act by stabilizing microtubules and caused G2/M arrest by
inducing interactions between lysosomes and microtubules. Therefore, the transport of nano-
particles can affect dynamic changes in microtubules. Microtubule-interfering drugs affect the
cell cycle distribution by impairing the mitotic checkpoint and regulating the activity of cy-
clins and CDKs. The stabilization and destabilization of microtubules could impair the mitotic
checkpoint and cause G2/M arrest. (Sudo et al., 2004; Nakayama et al., 2009). Generally,
Caco-2 and HePG?2 cells treated with bioactive extracts and silver nanoparticles were found to
be in the G0/G1 phase. Notably, wTMSB (70.10 %) and, w»'TMR (73.5 %) treated with HepG2
cells were found to be in the GO/G1 phase, compared with 69.55 % in the control group.
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A similar study was conducted using an ethanol extract of mastic have been also studied for
their anticancer potential and the extracts caused tumour growth suppression of colon cancer
cells and GO/G1 cell cycle arrest (Fitsiou and Pappa, 2019). The treated HepG2 cells with
1/10 of ICso of A. santolina induce sub GO phase apoptosis (SanchezCarranza et al., 2017).
The plant extracts showed a strong effect on G1 checkpoint arrest and induced a high effect
on cell apoptosis (Bortolotto ef al., 2016). This also may due to higher antioxidant activity of
flavonoids and phenolic compounds on G1 checkpoints. This result is in agreement with re-
cent in vitro studies performed on different cancer cell lines which were treated with extracts
of some medicinal plants (Glycyrrhiza glabra and Lepidium sativum) which contain high lev-
els of polyphenols and flavonoid compounds. Moreover, ,TML-AgNPs-25 °C, ,TMSB-
AgNPs-70 °C treated with HepG2 (65 and 68.45 %) and Caco-2 (62.75 and 84.05 %) were
found to be in the GO/G1 phase, compared with 69.55 in the control group.

However, Caco-2 and HePG2 cells treated with wTMR and ;.TMSB-AgNPs-70 °C gave a per-
centage of 81.45 and 84.05 % were found to be in GO/G1 phase (Table XVI). Notably, for the
HepG2 cells treated with n TMSB (70.10 %), nTMR (73.50 %), .TML-AgNPs-25 °C (65.00
%), and ,TMSB-AgNPs-70 °C (68.45 %) were found to be in the GO/G1 phase, compared
with 69.55 % in the control group. Our results effects are similar in previous studies of poly-
phenols on cell cycle G1 arrest and induce an apoptotic effect on colon cancer cells (Huang et
al., 2017; Lopez de las Hazas ef al., 2017). Recently, De Matteis ez al. (2015) proposed that
endocytosed AgNPs are degraded in the lysosomes, and the release of Ag" ions in the cytosol
induces cell damages. We found that cell cycle arrest was different according to the cancer
cells and the type and extent of cell cycle arrest varies depending on the composition, size
distribution, surface modification, and subsequent surface derivatization of nanoparticles
(Kim et al., 2013; Wu et al., 2013; Estevez et al., 2014). The link between the effect of silver
and gold nanoparticles on apoptotic, chromosomal aberrations, and oxidative damage of DNA
of cancer cells was previously reported (Xie et al., 2011). The main factors responsible for
ROS generation by NPs include interaction with the mitochondria, interaction with NADPH
oxidase, and factors related to the physicochemical properties (size, shape, photoreactive
properties, and surface chemistry). These factors lead to ROS generation and its consequenc-
es, including DNA damage, cell cycle arrest, alterations in apoptosis, and damage to the cell
membrane (Abdal et al., 2017). Indeed, the potential of nanoparticles to cause DNA damage
can be attributed to the generation of the free radical HO , which interacts with DNA to form

8-hydroxyl-2-deoxyguanosine (8-OHdG) that ultimately leads to DNA damage (Valavanidis
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et al., 2009). In HO mediated DNA damage, 8-OHdG is significantly increased during in vitro

and in vivo exposure to nanoparticles (Eblin ez al., 2006).
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Table XVI: Apoptotic effects of more potent extracts, TM-AuNPs and TM-AgNPs against MCF-7, HePG2 and Caco-2 cells.

Cells cycle phase population (%)

Acronym MCF-7 HepG2 Caco-2

G0/G1 S phase G2/M G0/G1 S phase G2/M G0/G1 S phase G2/M
Crtl- 68.70+0.01 9.50+0.03 22.38+0.03 69.55+0.05 14.20+0.20 14.65+0.05 73.7£1.80  7.65+6.55 23.31+2.59
Cisplatin/H,0; 71.00+0.24 8.56+0.06 20.86+0.05 73.71+0.01 14.65+0.15 10.1540.05 70.52+0.01 8.61+0.01 19.62+1.19
m ITMR-AuNPs-25 °C 34.50+0.3 14.10+0.07 51.90+0.04 48.83+0.18 15.30+0.00 35.34+0.56 62.75+0.05 6.85+0.05 30.76+0.06
m TMSB-AuNPs-70 °C 65.40+0.01 10.20+0.05 24.80+0.10 46.60%0.10 17.55+0.15 35.15+0.55 60.95+0.05 6.25+0.05 33.25+0.05
n TMSB 56.00+0.05 14.45+0.05 28.45+0.04 70.10+£0.10 11.70+0.20 16.15+0.02 58.40+0.30 14.48+0.08 27.40+0.01
mTMR 58.70+0.22 14.40+0.03 27.40+0.21 73.5+0.05 11.70+0.20 16.15+0.05 81.45+0.05 2.95+0.05 16.05+0.02
aTML-AgNPs-25 °C 57.40+0.04 17.20+0.05 7.1£0.20 65.00+0.00 16.75+0.05 19.65+0.05 62.75+0.05 13.65+£0.02 22.60+0.10
2 TMSB-AgNPs-70 °C 54.10+0.01 18.00+0.02 11.4+0.05 68.45+0.05 12.35+0.05 19.15+0.05 84.05+4.05  9.25+0.05 3.35+0.03
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CHAPTER IV: CONCLUSION AND PERSPECTIVES
IV-1-CONCLUSION

This study investigated the synthesis and characterization of AuNPs and AgNPs, and to eval-

uate their effects on cancer cells and bacteria strains, the following conclusions were drawn.

#+ The SPR values were ranged from 535 to 560 nm, and 438 to 480 nm and thereby con-
firming the production of gold and silver nanoparticles with monodisperse and mostly
spherical in shapes (;TML-AgNPs-25 °C (9.3 nm), ,TMSB-AgNPs-70 °C (6.2 nm),
mTMR-AuNPs-25 °C (21 nm), and n TMSB-AuNPs-70 °C (28 nm)).

#+ The MIC values were ranged from 3.125 and 500 ug/mL. The ,TML-AgNPs-25 °C
and n TMSB-AuNPs-70 °C were more potent and the , TML-AgNPs-25 °C was bacte-
ricidal on all the six susceptible bacteria.

% The ICso values ranged from 0.006 to 93.730 ug/mL and nanoparticles were more ac-
tive than extracts. The MCF-7 cells, were highly susceptible to the effects of w"TMR
and " TMSB extracts. The ;.TML-AgNPs-25 °C and ; TMSB-AgNPs-70 °C were more
promising on the three tested cells line (ICso of 0.006 and 0.008 pg/mL), especially on
HepG2 cells. Similarly, mTMR-AuNPs-25°C displayed cytotoxicity on HepG2 and
MCF-7 cells with ICso values of 0.18 and 6.56 ug/mL. The bio-active extracts and
gold nanoparticles showed no significant effect on KMST-6 cells. The nTMSB exhib-
ited a more apoptotic effect (62.5, 70.23, and 78.01 %) and mostly induced cell arrest
in GO/G1. The nanoparticles (nTMSB-AuNPs-70 °C and ;TML-AgNPs-25 °C) eluci-
dated more apoptotic effect (70.00, 73.61 and 82.29 %), and (52.10, 68.86, 83.65 %),
also induced the cells arrest in G2/M phase (n TMSB-AuNPs-70 °C) mediated through
the induction of increased levels of oxidative stress especially on Caco-2 (63.36%)

and HepG2 (62.83) cells line.
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IV-2 PERSPECTIVES

In view of completing the above data and in the perspective to develop 10 years nanoprod-
ucts, moreover carrying out the following investigations in the near future;

+ Initiate the procedure to protect these nanoparticles: obtention of patent and IP;

+ Fabrication of target-specific gold and silver nanostructures using cisplatin, and ampi-
cillin;

+ Test the bioactive extracts, gold and silver nanoparticles against other cancer cells
lines and also improve the cell death mechanism of action (caspases 3, 9 and Bcl2
regulation) including the study of several signaling pathways and evaluate their /n vivo
anticancer studies.

+ Demonstrate the safety of synthetize nanoparticles on normal cells and also at chronic
stage on humans.

+ Evaluate the pharmaco-kinetics and dynamics proprieties of synthetized nanoparticles.

+ Functionalize the most active nanoparticles (AgNPs) with peptide (pegylated
poly(lactic-co-glycolic (PEG-PLGA) or aptamers following by the docking analysis;

+ Isolation of protein corona from cells enriched with nanoparticles and analyzed using

proteomics following by the gene expression as a new approach for cancer treatment.
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Appendix 1: Measurement of nanoparticles concentrations higher concentration of nanoparti-

cles.

Acronym Concentration Acronym Concentration
(ng/mL) (ng/mL)
m TML-AuNPs-25 °C 1040 m TML-AgNPs-25 °C 500
m TML- AuNPs-70 °C 1360 m TML-AgNPs-70 °C 500
aTML- AuNPs-25 °C 500 aTML-AgNPs-25 °C 560
aTML- AuNPs-70 °C 880 2 TML-AgNPs-70 °C 880
m TMSB-AuNPs-25 °C 720 m TMSB-AgNPs-25 °C 720
m TMSB- AuNPs-70 °C 400 m TMSB-AgNPs-70 °C 400
2aTMSB- AuNPs-25 °C 960 2 TMSB-AgNPs-25 °C 960
2 TMSB- AuNPs-70 °C 240 2 TMSB-AgNPs -70 °C 480
m TMR- AuNPs-25 °C 400 m TMR-AgNPs—25 °C 240
m TMR- AuNPs-70 °C 800 m TMR-AgNPs-70 °C 400
aTMR- AuNPs-25 °C 160 aTMR-AgNPs-25 °C 160
2aTMR- AuNPs-70 °C 480 aTMR-AgNPs -70 °C 160
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Appendix 2: Schematic representation of the AgNP synthesis from TM plant extracts

1. Plant collection 2. Maceration 3. Bioreduction 4. NP Synthesis

nTM extracts
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Appendix 3: One-step synthesis of TM-AuNPs by reduction of gold ions with TM phyto-
chemicals. Colour change denoted to the presence of AuNPs.

70°C
wIM-AuNPs

TM Phytochemicals
1mM HAuCl,

m I M-AuNPs
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Transmittance

Appendix 4: Fourier-transform infrared spectra of (A) extract from (;TMSB) of Terminalia
mantaly (B) AuNPs- ;TMSB prepared at 25 °C and (C) AuNPs-,TMSB synthetized at 70 °C.
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Appendix 5: HRTEM images of AuNPs synthesized at 25 °C and 70 °C. The arrows point at
different NP shapes. The scale bar at 10, 20 and 50 nm.
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Appendix 6: SAED patterns of TM-AuNPs showing single facets of NPs in TEM micro-
graphs
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Appendix 7: EDX spectra of TM-AuNPs synthesized at 25 °C and 70 °C.
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Appendix 8: Core sizes of TM-AuNPs were analyzed by HRTEM

TM-AuNP core size (nm)

TM Extracts
25°C 70 °C

2T MSB-AuNPs 35.5 43.0
m TMSB-AuNPs 25.5 28.3
aTML-AuNPs 26.5 21.5
mTML-AuNPs 23.5 25.0
2T MR-AuNPs 32.0 335
mTMR-AuNPs 21.0 29.5

Appendix 9: FTIR analysis of TM-AuNPs.

Extracts Peak posi-  Peak position Peak position Possible chemicals groups
tion in AuNPs in AuNPs
in extracts at 25 °C at 70 °C
(cm™) (cm) (cm)
1048 1108 1123 C-O carboxylic acids, esters,
. TMSB 1384 1347 ethers
1639 1627 1636 C-H methyl rock alkanes
2920 2939 2039 —C=C- stretch alkenes
2016 2106 2106 H—C=0: C—H stretch aldehydes
3717 3409 3452 —C=C- stretch alkynes
O-H, Alcohol, phenol
1044 1104 1032 C-O carboxylic acids, esters,
1330 1396 ethers
mTMSB 1692 1626 1638 C-H methyl rock alkanes
2958 2038 2927 —C=C- stretch alkenes
3645 3417 3474 H—C=0: C—H stretch aldehydes

O-H Alcohol, phenol

1044 1106 1101 C-O carboxylic acids, esters,
2TMR 1318 1338 1379 ethers

1597 1626 1635 C-H methyl rock alkanes

3114 3450 3473 —C=C- stretch alkenes

O-H Alcohol, phenol

1044 1109 1099 C-O carboxylic acids, esters,

1363 1334 1377 ethers
mnTMR 1597 1626 1637 C-H methyl rock alkanes

2075 2088 2095 —C=C- stretch alkenes

3156 3450 3473 H—C=0: C—H stretch aldehydes

O-H Alcohol, phenol

1129 1184 1132 C-O Aromatic esters, ethers
2aTML 1640 1626 1650 —C=C- stretch alkenes

2946 2828 - H—C=0: C—H stretch aldehydes

3647 3450 3466 OH, Alcohol, phenol

1066 1163 1066 -O Aromatic esters, ethers

1394 e 1394 C-H methyl rock alkanes
mTML 1635 1641 1635 —C=C- stretch alkenes

2991 2991 2989 H—C=0: C—H stretch aldehydes

3306 3250 3304 OH, Alcohol, phenol
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Appendix 10: FTIR spectra of selected TM-AgNPs compared to their respective TM extracts.
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Appendix 11: Apoptotic effect of more active crude extracts, gold, and the silver nanoparticle
from Terminalia mantaly on MCF-7 cells. Note: MCF-7 cells were treated with nTMSB,
mTMR, n”TMR-AuNPs-25 °C, "' TMSB-AuNPs-70 °C, ,TML-AgNPs-25 °C, ;TMSB-AgNPs-
70 °C at their specific ICso values, cisplatin 10 uM was used at positive control were stained
with 20 pL of Annexin V Cy3.18 Conjugate (100 mg/mL solution, Catalog Number A4963),
20 uL of 50 mM 6-CFDA in acetone solution, 200 puL of 10X Binding Buffer (Catalog Num-

ber B9796). The experiment was performed thrice, and the representative images of each
group are presented.
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Appendix12: Apoptotic effect of more active crude extracts, two active gold and silver nano-
particles from Terminalia mantaly on HepG2 cells for 24 hrs.

Note: HepG2 cells were treated with n,TMSB, nwTMR, nTMR-AuNPs-25 °C , ,TMSB-
AuNPs-70 °C, ;,TML-AgNPs-25 °C, ;,TMSB-AgNPs-70 °C at their specific ICso values, cis-
platin 10 pM was used at positive control were stained with 20uL of Annexin V Cy3.18 Con-
jugate (100 mg/mL solution, Catalog Number A4963), 20 uL of 50 mM 6-CFDA in acetone
solution, 200 uL of 10X Binding Buffer (Catalog Number B9796). The experiment was per-
formed thrice, and the representative images of each group are presented
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Appendix13: Apoptotic effect of more active crude extracts, two active gold and silver nano-
particles from Terminalia mantaly on Caco-2 cells for 24 hrs.

Note: Caco-2 cells were treated with ,TMSB, nTMR, nTMR-AuNPs-25 °C , ,TMSB-
AuNPs-70 °C, ;,TML-AgNPs-25 °C, ;,TMSB-AgNPs-70 °C at their specific ICso values, cis-
platin 10 uM was used at positive control were stained with 20uL of Annexin V Cy3.18 Con-
jugate (100 mg/mL solution, Catalog Number A4963), 20 uL of 50 mM 6-CFDA in acetone
solution, 200 uL of 10X Binding Buffer (Catalog Number B9796). The experiment was per-
formed thrice, and the representative images of each group are presented.
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Appendix14: ROS activity in response to various treatments. MCF-7 cells were treated with
mTMSB, mTMR, mTMR-AuNPs-25 °C, mTMSB-AuNPs-70 °C, aTML-AgNPs-25 °C, and
aTMSB-AgNPs-70 °C at their specific IC50 values, 0.1% H202 was used as positive control
values for 24 hrs.

Note: ROS levels were assessed by incubating the cells with 10 uM CM-H2DCFDA at 37 °C

for 30 min. The fluorescence staining was analyzed with the Attune flow cytometer. For each
sample, 10 000 events were recorded.
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Appendix15: ROS activity in response to various treatment. HepG2 cells were treated with
with mTMSB, mTMR, mTMR-AuNPs-25 °C, mTMSB-AuNPs-70 °C, aTML-AgNPs-25 °C,
and aTMSB-AgNPs-70 °C at their specific IC50 values, 0.1% H202 was used as positive
control for 24 hrs.

Note: ROS levels were assessed by incubating the cells with 10 uM CM-H2DCFDA at 37 °C
for 30 min. The fluorescence staining was analyzed with the Attune flow cytometer. For each
sample, 10 000 events were recorded.
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Appendix16: ROS activity in response to various treatments. Caco-2 cells were treated with
with mTMSB, mTMR, mTMR-AuNPs-25 °C, mTMSB-AuNPs-70 °C, aTML-AgNPs-25 °C,
and aTMSB-AgNPs-70 °C at their specific IC50 values, 0.1% H202 was used as positive
control for 24 hrs.

Note: ROS levels were assessed by incubating the cells with 10 uM of CM-H2DCFDA at 37
°C for 30 min. The fluorescence staining was analyzed with the Attune flow cytometer. For
each sample, 10 000 events were recorded.
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Appendix17: Cell cycle analysis after treatment with active mTMR-AuNPs-25 °C, mTMSB-
AuNPs-70 °C, aTML-AgNPs-25 °C, aTMSB-AgNPs-70 °C, mTMSB and mTMR in MCF-7
cells at their specific IC50 values, cisplatin 10 uM was used at positive control after 24 hrs.
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Appendix18: Cell cycle analysis after treatment with active mTMR-AuNPs-25 °C, mTMSB-
AuNPs-70 °C, aTML-AgNPs-25 °C, aTMSB-AgNPs-70 °C, mTMSB and mTMR in HepG2
cells at their specific IC50 values, cisplatin 10 uM was used as positive control after 24 hrs.
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Appendix19: Cell cycle analysis after treatment with active mTMR-AuNPs-25 °C, mTMSB-
AuNPs-70 °C, aTML-AgNPs-25 °C, aTMSB-AgNPs-70 °C, mTMSB and mTMR in Caco-2
cells after 24 hrs.
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Appendix 20: Preparation of solutions and reagents.

+ Ampicillin antibiotic

1 mg/mL Ampicillin was prepared in dH20, filter sterilized. Aliquots of 2mL were stored at -

20 -C.

% Preparation of MHA

38 g of the powder medium was suspended in one liter of dH20. The medium was heated
with frequent agitation and boil for one minute to completely dissolve the medium and
was autoclave at 121°C for 15 minutes.

+ Preparation of MHB

21 g of the powder medium was suspended in one liter of dH20. The medium was well and
was dissolved by heating with frequent agitation. Finally the medium was boiled for one mi-
nute until complete dissolution and was dispense into appropriate containers and sterilize in

an autoclave at 121°C for 15 minutes.
+ Preparation of complete DMEM

For 500 mL of incomplete DMEM, 100 mL serum (FBS in —80 freezer) and 1mL of penicil-
lin/Streptomycin 1% were added. Then the medium was gently mixed to avoid the formation

of the bubble with the serological pipette of 10 mL.
+ Preparation of MTT solution.

12 mM MTT of stock solution was prepared by adding 1 mL of sterile PBS to one 5 mg vial
of MTT (Component A). Mix by vortexing or sonication until dissolved and was stored for
four weeks at 4°C protected from light. After that, 10 mL of 0.01 M HCI was added to one
tube containing 1g of SDS. The solution was gently mixed by inversion or sonication until the
SDS dissolves. For the cell viability assay, ImL of MTT dye solution was diluted with 10 mL
of complete DMEM. After the incubation time, 100 pL of DMSO100% was added to each
well and mix thoroughly with the pipette, incubate at 37°C for 10 minutes.

+ 10 X Phosphate Buffered Saline (PBS):
80 g NaCl

2.0 g KCI (Merck)

14.4 g Na2HPO4 (Merck)

2.4 g KH2PO4 (Merck)

The ingredients were dissolved in ~800mL distilled H,O, adjusted pH to 7.4. Then the final
volume was adjusted to 1L with dH20. The buffer was sterilized by autoclaving and stored at

RT.
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1X PBS (makes 1 liter): 100 mL 10X PBS used to make up 1L with dH20, pH 7.2.

+ Preparation of Annexin V-Cy3 Apoptosis Detection Kit

1x Binding Buffer (10mM HEPES, pH 7.5, containing 140 mM NaCl and 2.5 mM CaCl2) -
Dilute 10x Binding Buffer (Catalog Number B9796) 10-fold with deionized water.

50 mM 6-CFDA in acetone solution —

Dissolve 2.32 mg of 6-Carboxyfluorescein diacetate (6-CFDA, Catalog Number C5041) in
0.1 mL acetone. Store the solution in an amber vial and protect it from light. After opening,
store the remaining 6-CFDA at —20 °C.

+ Double Label Staining Solution

(1 pg/mL AnnCy3 and 500 uM 6-CFDA in 1x Binding Buffer) —

To prepare 2 mL of Double Label Staining Solution mix the following:

20 pl Annexin V Cy3.18 Conjugate (100 pg/mL solution, Catalog Number A4963)

20 ul 50 mM 6-CFDA in acetone solution

200 pl 10x Binding Buffer (Catalog Number B9796) 1.76 mL Deionized water

Store the Double Label Staining Solution in an amber vial and protect it from light.

+ Preparation of the cellular ROS measurement Kit

50 pg dye were centrifuged quickly and were diluted with 5001 of DMSO. Then 434 pul were
diluted up to 10 mL of DPBS (1X)

+ Cell cycle kit preparation

Preparation of Propidium iodide

400 ul of PI (50 ng/mL stock solution prepared in 9.6 mL of 1x PBS)

Preparation of RNA

ImL of RNA (100 pg/mL stock of RNase) prepared in 9 mL of 1XPBS
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Background: The global increase in outbreaks and mortality rates associated with multi-
drug-resistant (MDR) bacteria is a major health concern and calls for alternative treatments.
Natural-derived products have shown potential in combating the most dreadful diseases, and
therefore serve as an effective source of bioactive compounds that can be used as anti-
bacterial agents. These compounds are able to reduce metal ions and cap nanoparticles to
form biogenic nanoparticles (NPs) with remarkable anti-bacterial activities. This study
explores the use of Terminalia mantaly (TM) extracts for the synthesis of biogenic silver
NPs (TM-AgNPs) and the evaluation of their antibacterial activity.

Methods: TM-AgNPs were synthetized by the reduction of AgNO3 with aqueous and methanolic
TM extracts. UV-visible (UV-vis) spectrophotometry, Dynamic Light Scattering (DLS),
Transmission Electron Microscopy, and Fourier Transform Infrared (FTIR) analyses were used
to characterise the TM-AgNPs. Anti-bacterial activity of the TM extracts and TM-AgNPs was
evaluated against eight bacterial strains using the broth microdilution assay. The growth inhibitory
kinetics of the bio-active TM-AgNPs was assessed on susceptible strains for a period of 8 hrs.
Results: Polycrystalline biogenic AgNPs with anisotropic shapes and diameter range of 11
to 83 nm were synthesized from the TM extracts. The biogenic TM-AgNPs showed sign-
ificant antibacterial activity compared to their respective extracts. The MIC values for TM-
AgNPs and extracts were 3 and 125 pg/mL, respectively. Biogenic AgNPs synthesised from
the aqueous TM leaf extract at 25°C (,TML-AgNPs-25°C) showed significant antibacterial
activity against all the bacterial strains tested in this study. Their bactericidal effect was
particularly higher against the Streptococcus pneumoniae and Haemophilus influenzae.
Conclusion: This study demonstrated the ability of TM extracts to synthesize biogenic AgNPs.
The NPs synthesized from the aqueous TM extracts demonstrated higher antibacterial activity
against the tested microorganisms compared to the methanolic extracts. Studies are underway to
identify the phytochemicals involved in NP synthesis and their mechanism of action.
Keywords: antimicrobial resistance, green synthesis, nanotechnology, Terminalia mantaly,

antibacterial activity

Introduction

Antimicrobial resistance (AMR) is increasingly recognized as a growing global
health problem and accounts for over 700,000 deaths annually.> AMR following
bacterial infections in particular, is a major concern due to their high prevalence and
mortality rates in both developed and developing countries.! Europe and the United
States of America (USA) have been reported to have high rates of AM-resistant
bacterial infections and associated mortality rates. More than 20,000 people in
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Europe and the USA succumb to antibiotic-resistant bac-
terial infections per annum.” Thus, the problems associated
with the rise of multi-drug-resistant (MDR) bacterial
infections have prompted a need for novel and cost-effec-
tive antimicrobial agents.> Recent advancements in
nanotechnology-based medicines have opened new hori-
zons for developing strategies that can combat AMR.
Silver nanoparticles (AgNPs) have shown excellent bac-
tericidal properties against a range of microorganisms,
including the most problematic antibiotic-resistant strains
such as Bacillus subtilis, Escherichia coli, Neisseria
gonorrhoeae, Pseudomonas aeruginosa, Staphylococcus
aureus and Streptococcus faecalis.®’

NPs compared to their bulk counterparts have unique prop-
erties attributed to their small size, which can increase the
efficacy and bioavailability of antimicrobial agents.® A vari-
ety of protocols for the synthesis of different geometric shapes
and sizes of AgNPs have been reported.'®!! However, most of
the protocols involve the use of toxic chemicals as reducing
and capping agents which are likely to produce toxic by-
products. The by-products might have adverse effects on
human health and the environment.'®'" Conversely, green
biosynthetic methods that use natural products as both redu-
cing and capping agents have emerged as alternative synthesis
routes. The green synthesis of nanomaterials has generated a
great interest as it provides a simple, cost-effective, readily
scalable, and eco-friendly products with minimal toxicity
towards human beings.'*™'> Natural products are used exten-
sively as reducing as well as capping agents to prevent the
agglomeration and increase the stability of the synthesized
NPs.'*"® The synthesis of AgNPs of different shapes and
sizes using various plants extracts has been reported.'® '
Such biogenic AgNPs demonstrated enhanced antibacterial
activity on a wide spectrum of multi drug-resistant gram-
positive and -negative bacterial pathogens.>* > The precise
mechanism of antibacterial activity of AgNPs is not fully
understood.”® It is speculated that their small size could
increase oxidative stress in the cells by generating reactive
oxygen species or attacking the fatty acids in the cell mem-
branes resulting in increased lipid peroxidation.”® AgNPs once
inside the bacterial cells, destabilizes the intracellular struc-
tures and biomolecules, consequently inducing death.?”*®

The current study reports on the synthesis of AgNPs
using aqueous and methanolic extracts of the Terminalia
mantaly (TM) plant. The study also investigates the anti-
bacterial activity of TM extracts and AgNPs. Extracts
from Terminalia such as

species (Combretaceae)

Terminalia catappa, Terminalia bellerica, Terminalia

bentazoe, Terminalia mellueri, Terminalia arjuna and
Terminalia cheduba have been widely used by traditional
healers to treat diseases such as cancer, dysentery, dia-
betes, mycosis and bacterial infections.'”?° Terminalia
extracts are commonly rich in phenolics, flavonoids, alka-
loids, triterpenoids, and tannins.>®*' These phytochem-
icals can potentially be used as reducing agents in the
synthesis of colloidal gold and silver metallic NPs.
Previous studies have shown that TM extracts can inhibit
the growth of a wide range of pathogenic bacteria.’*~>
and gold NPs

species

Moreover, silver synthesized from

cheduba,**

Terminalia catappa, Terminalia mellueri, Terminalia ben-

Terminalia namely Terminalia
tazoe and Terminalia bellerica'® have demonstrated a wide
range of biological activities such as antibacterial, antiox-
idant and anti-inflammatory proprieties.'*>* To the best of
our knowledge, this will be the first study to demonstrate
the biosynthesis and antibacterial activity of AgNPs pro-
duced from TM extracts.

Materials And Methods
TM Sample Collection And ldentification

The TM plant materials were collected from Yaoundé
(Cameroon, West Africa). Fresh leaves (TML), stem bark
(TMSB) and roots (TMR) were harvested from mature TM
plants. The identity of the plant was confirmed at the
National Herbarium (Yaoundé, Cameroon), the reference
number of the herbarium sample is 64,212/HNC.

TM Samples Preparation And Extraction
The plant material was washed with distilled water, cut into
small pieces and dried at room temperature (25°C) in the
dark. The dried samples were ground into powder using
industrial food grinders. The samples were stored in a desic-
cator at room temperature until further processing.

The aqueous and methanolic TM extracts denoted by ,TM
and ,,TM, respectively, were obtained by maceration proce-
dure. Briefly, 100 g fine powder of TML, TMSB and TMR
samples were soaked in 1 L of either methanol (for 48 hrs) or
sterile distilled water (for 72 hrs) at room temperature. The
extraction procedure was repeated three times and filtered
using Whatman No 1 filter paper. The methanolic filtrates
were evaporated to dryness using a rotary evaporator (Biichi
011, Flawil, Switzerland). The aqueous filtrates were lyophi-
lized using a Martin Christ Beta 2-8 lyophilizer (Germany).

The extracts were stored at 4°C.
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Extracts

The optimal conditions for the synthesis of the AgNPs were
obtained using a previously reported method.?> Stock con-
centrations (50 mg/mL) of the aqueous and methanolic
extracts were prepared in distilled water. Small-scale synth-
esis was carried out in a 96 well plate to obtain the optimal
concentration of TM extracts and temperature. Briefly, 50 pL
of ,TM or ,,TM extracts (at concentrations ranging from 0.78
to 50 mg/mL) were placed in a 96 well plate and 250 pL of 3
mM AgNO; was added to the plant extracts. The samples
were prepared in duplicate plates. One plate was incubated at
25°C and a second plate at 70°C, while shaking at 40 rpm for
24 hrs. The optimum concentration of extracts was used to
scale up the AgNP synthesis from 300 pL to 2 mL. The
AgNPs were recovered by centrifuged at 14,000 rpm for 10
min. The AgNPs were washed with sterile distilled water to
remove excess AgNOj; and plant extract. The TM-AgNPs
were re-suspended in sterile distilled water and stored at 4°C.

Characterization Of TM-AgNPs

UV-Vis Spectrophotometry And DLS Analysis
UV-vis analysis (350-700 nm) of the TM-AgNPs was per-
formed using a POLAR star Omega microplate reader (BMG
Labtech, Germany). The hydrodynamic diameter, polydisper-
sity index (Pdi) and zeta potential of the synthesized TM-
AgNPs were analysed by DLS using a Malvern Nano ZS90
Zetasizer (Malvern, UK).

HRTEM Characterization Of TM-AgNPs

The morphology, core size, and the crystallinity of the TM-
AgNPs were characterized by High-Resolution Transmission
Election Microscopy (HRTEM) using a FEI Tecnai G2 20
field-emission HRTEM (Oregon, OR, USA). HRTEM was

also used for Energy Dispersive X-ray (EDX) and Selected
Area Electron Diffraction (SAED) analysis. The samples were
prepared by drop-coating one drop of each sample onto a
carbon-coated copper grid. The samples were dried under a
Xenon lamp for 10 min and analysed by HRTEM.
Transmission electron micrographs were captured in bright
field mode at an accelerating voltage of 200 KeV. EDX spectra
were collected using an EDX liquid nitrogen cooled Lithium
doped Silicon detector. The TEM micrographs were analysed
using Image J Software (50b version 1.8.0_60, http://image;.

nih.gov/ii).

FTIR Analysis Of TM-AgNPs

FTIR analysis of the TM-AgNPs and extracts was performed
using a JASCO 460 plus spectrophotometer (Perkin Elmer,
Massachusetts, MA, USA) with a frequency ranging from
4,000 to 400 cm '. The TM-AgNPs were dried in an oven at
70°C. The TM extracts and AgNPs powders were mixed
with potassium bromide (KBr) powder and pressed into a
pellet prior to FTIR analysis. Background correction was
made using a reference blank KBr pellet. The baseline cor-
rections were performed for all spectra.

Screening Of Antibacterial Activity Of TM
Extracts And AgNPs

The antibacterial activity of the TM extracts and AgNPs was
assessed on eight bacterial strains according to the guidelines
set by Clinical Laboratory Standards Institute (M07A9,
2012)*° with slight modifications. Some of the bacterial
strains that are listed in Table 1 were a kind gift from
Biodefense and Emerging Infections Research Resources
Repository (BEI resources, Rockville, MD 20,852) and
some were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA).

Table | List Of Bacterial Strains Used For Anti-Bacterial Activity

Bacterial Strains Acronym Reference No. Supplier
Streptococcus pneumoniae S. pneumoniae ATCC 49619 ATCC
Klebsiella pneumoniae K. pneumoniae ATCC 13883 ATCC
Haemophilus influenzae H. influenzae ATCC 49247 ATCC
Shigella flexneri S. flexneri NR-518 BEI resources
Salmonella enterica S. enterica® NR-13555 BEI resources
Salmonella enterica S. enterica® NR-4294 BEI resources
Salmonella enterica enterica S. enterica enterica NR-4311 BEI resources
Staphylococcus aureus S. aureus NR-45003 BEI resources

Notes: S. enterica® (Salmonella enterica subsp. enterica A36 (Serovar Typhimurium) vs S. enterica® (Salmonella enterica
subsp. enterica 2004 Pennsylvania Tomato Outbreak, Serovar Anatum, Isolate 4).
Abbreviations: ATCC, American Type Culture Collection; BEI resources, biodefense and emerging infections

research resources repository.
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Mueller—Hinton broth (Sigma, MO, USA) was inoculated
with single bacterial colonies and the cultures were incubated
at 37°C with shaking at 400 rpm for 18-24 hrs. The bacterial
suspensions were subsequently standardized to 0.5 McFarland
(~1.5x10 ® cells/mL) at 450 nm. Each inoculum was diluted to
a final concentration of 5x10° cells/mL and further dispensed
in a 96 well plate at 100 puL per well. Single point inhibitory
effect of TM extracts and TM-AgNPs was determined against
the eight bacterial strains. To this end, 100 pL of ,TM (500
pg/mL), , TM extracts (500 pg/mL) or TM-AgNPs (12.5
pg/mL) were individually added to wells containing 100 puL
bacteria and the plates were incubated for 24 hrs. Ampicillin
was used as the positive control at 128 pg/mL. The turbidity of
the bacterial culture, which was visually examined, was used
as an indication of bacterial growth. Growth inhibition was
defined by reduction in the turbidity of the bacterial culture.
The susceptibility of the bacterial strains to the TM extracts and
TM-AgNPs was expressed as the number of the strains that
showed growth inhibition. The percentage of bacterial growth
inhibition was calculated according to the following formula:

% Growth in hibition =
(Number of strains in hibited by the test sample/ ) X100
Total number of tested strains
Dose—Response Studies And Evaluation Of The MIC
For Active Extracts And TM-AgNPs
MICs were determined for TM-AgNPs that inhibited bac-
terial growth by more than 75% (i.e. the ,TMSB-70°C and
2IML AgNPs-25°C) using the microdilution assay as
described above. The bacteria (S. pneumoniae, K. pneu-
moniae, H. influenzae, S. flexneri, S. enterica®, S. enterica
enterica and S. aureus) were treated with increasing con-
centrations of the crude extracts (0-500 pg/mL) and TM-
AgNPs (0-12.5 pg/mL). The negative (untreated) and
positive (treatment with ampicillin at 0-128 pg/mL) con-
trols were also included. After 24 hrs of treatment, the
turbidity of the bacterial suspension was visually assessed
as an indication of bacterial growth. The lowest concen-
tration that inhibited the visible growth of bacteria was
recorded as the MIC. All the experiments were performed
in triplicate.

Bacterial Growth Inhibition Kinetics Of Active TM-
AgNPs

The bacterial growth kinetics following treatment with
2IMSB and ,TML AgNPs was studied using a protocol
that was previously published.’’® Briefly, the susceptible
strains treated with the following

bacterial were

concentrations: 1 x MIC, 1/2 x MIC and 1/4 x MIC of
each AgNPs. Ampicillin was used as a positive control at
its MIC value. The assays were performed in triplicate in a 96
well plates. The OD of bacterial cultures was measured at
630 nm at different time points (2, 3, 4, 6, 7 and 8 hr) to
monitor bacterial growth rate, and the growth curves were
plotted as absorbance (OD 630 nm) versus time (hrs).

Statistical Analysis

The results were analysed using Graph pad prism 6.0. The data
are presented as means + SD according to one-way ANOVA
test followed by a post hoc multiple comparisons (Tukey’s
test). A p value of <0.05 was considered statistical significance
and represented by an asterisk (*). *p <0.05, **p <0.01, ***p
<0.001.

Results And Discussion
Physical And UV Vis Analysis Of TM-
AgNPs

The colour of colloidal solutions of AgNPs can vary from
yellow-green to blue, depending on the size and morphol-
ogy of synthesized NPs as demonstrated by Raza et al*°.
For biogenic AgNPs, the variation in colours is also
dependent on the concentration of the extracts and the
temperature applied in the synthesis of the AgNPs.38
These colour changes have been reported in several
studies.*™*! Figure 1 shows that the colour of AgNOs/
TM extract mixtures changed to yellow, brown or green.
These colour changes observed during the synthesis of
AgNPs is one of the first indications that AgNP synthesis
was successful. Figure 1 shows that ,TMR-AgNP, , TML-
AgNP, ,,TMSB-AgNP, and ,,TMR-AgNP produced a yel-
low colour, while ,TML-AgNP produced a green colour
and ,TMSB-AgNP produced a brown colour.

Due to surface plasmon resonance (SPR), UV-vis spec-
trophotometric analysis of AgNP that are between 10 and
100 nm in size typically produces absorbance peaks (A max)
from 400 to 500 nm. As shown in Figure 2 and Table 2, the
absorbance peaks of the TM-AgNPs ranged from 438 to
480 nm. This also confirms the presence of AgNPs follow-
ing the reactions using TM extracts. Flavonoids and phe-
nolic compounds are the major components in the TM
extracts.>® These phenolic and hydroxylated constituents
are most likely responsible for the reduction of AgNOj3 to
form the AgNP.*? The peak intensity of AgNP synthesised
at 70°C was significantly higher, which suggests that the
concentration of the NPs was higher at 70°C than at 25°C.
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Notes: Aqueous and methanolic TM extracts were used to reduce AgNOj; into AgNPs, color change indicates NP formation.
Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; TML, TM leaf extract; TMSB, TM stem bark extract; TMR, TM root extract; TML-AgNPs, AgNPs from

TM leaf extract; TMSB-AgNPs, AgNPs from TM stem bark extract; TMR-AgNPs, AgNPs from TM root extract;

In fact, based on UV-vis spectrophotometric analysis,
synthesis of ,TMSB-AgNP and ,,TML-AgNP at 25°C
was not very successful as the peak intensities for these
AgNPs were very low. The absorbance peaks for ,,TMR-
AgNP, ,TMSB-AgNP and ,TML-AgNP (produced at 70°C)
were much sharper compared to the absorbance peaks for
. TMR-AgNP, , TMSB-AgNP and ,,TML-AgNP (also pro-
duced at 70°C). This suggests that ,,TMR-AgNP, ,TMSB-
AgNP and ,TML-AgNP are smaller and more uniform than
. TMR-AgNP, . TMSB-AgNP and ,,TML-AgNP.

DLS And FTIR Analyses Of TM-AgNPs

The hydrodynamic diameter, zeta potential and polydispersity
index (Pdi) of the TM-AgNPs were measured by the DLS. As
shown in Table 2, the sizes of the TM-AgNPs varied depend-
ing on the extract used for the synthesis and temperature (25°C
versus 70°C) at which synthesis was done. The hydrodynamic
diameter of the TM-AgNPs ranged from 11 to 83 nm. The
. ITML extract produced smaller AgNPs compared to the other
extracts. The zeta potential of the synthesized TM-AgNPs
ranged from —12 to —37 mV. Zeta potential is an important
parameter used to assess the charge of the NP surface and

2 aqueous; ., methanolic.

predicts the long-term stability of the NPs. NPs with negative
zeta potential values suggest there are strong repulsion forces
between the NPs, which will prevent the agglomeration of the
NPs in solution.'"** NPs with a zeta potential within the +30
mV to —30 mV range are considered to be stable, while those
outside this range will likely aggregate due to inter-particle
van der Waal’s attractions. The ,TMSB-AgNPs were the only
NPs with zeta potential values outside this range (—34 and —37
mV for TM-AgNPs synthesized at 25°C and 70°C, respec-
tively) (Table 2). This suggests that all the TM-AgNPs except
for ,TMSB-AgNPs are stable. The Pdi, which is an indication
of uniformity, is an important parameter of NPs to
consider when assessing the application of NPs, since Pdi
can affect the surface conjugation chemistry and NP
aggregation.** According to the International Organization
for Standardization (ISO),* Pdi values >0.7 indicate that the
samples have a very broad size distribution, while Pdi values
<0.5 are more monodispersed.*” Based on the Pdi values
obtained for ,TML-AgNPs, ,TMSB-AgNPs, ,TMR-AgNPs
and ,, TMR-AgNPs synthesised at 25°C, these TM-AgNPs
are monodispersed. Similarly, ,TML-AgNPs and ,TMSB-
AgNPs synthesised at 70°C are also monodispersed.
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Figure 2 UV-vis spectral profiles of TM-AgNPs synthesised at 25°C and 70°C.
Notes: AgNPs were synthesized by reducing AgNO3 with aqueous (A) and methanolic (B) TM extracts. The optical properties of the NPs were measured by UV-vis

spectophotometry.

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; TML-AgNPs, AgNPs from TM leaf extract; TMSB-AgNPs, AgNPs from TM stem bark extract; TMR-
AgNPs, AgNPs from TM root extract.

Various phytochemicals that are present in the plant

reduction of AgNO; and stabilization of the AgNPs.

extracts are expected to play a role in the synthesis of Different chemical classes influence the production of

AgNPs.*® These phytochemicals are involved in the

Table 2 SPR And DLS Analysis Of TM-AgNPs Synthesized At 25°C And 70°C

AgNPs, as well as their shape, size and bio-activity.*” As

TM-AgNPs NP Parameters
25°C 70°C

[Extract] | Aimax (nm) | PD (nm) | Pdi | ZP (mV) | [Extract] Amax (nm) | PD (nm) | Pdi | ZP (mV)

(mg/mL) (mg/mL)
aTML-AgNPs 0.78 438 I 0.50 | —24 1.56 460 18 040 | —26
mTML-AgNPs 1.56 474 44 0.60 | —22 1.56 458 22 0.80 | —29
aTMSB-AgNPs | 0.78 464 28 022 | —34 1.56 460 56 0.46 | —37
mTMSB-AgNPs | 1.56 480 60 0.62 | —I12 1.56 458 58 0.53 | -2
aTMR-AgNPs 3.12 472 39 040 | —23 3.125 478 30 0.88 | —24
mTMR-AgNPs | 0.78 450 83 048 | —22 0.78 438 67 0.51 | —28

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ,, aqueous extracts; .,,, methanolic extracts; TML-AgNPs, AgNPs from TM leaf extracts;

TMSB-AgNPs,

AgNPs from of TM stem bark extracts; TMR-AgNPs, AgNPs from TM root extracts;SPR, surface plasmon resonance; UV, ultraviolet; PD, particle diameter; ZP, Zeta
potential; Pdi, Polydispersity index; DLS, dynamic light scattering.
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Figure 3 FTIR spectra of selected TM-AgNPs compared to their respective TM extracts.
Notes: FTIR spectra of (A) ,TML extract, (B) ,TML-AgNPs synthesized at 25°C, (C) ,TMSB extract and (D) ,TMSB-AgNPs synthesized at 70°C.
Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ,TML, aqueous TM leaf extract; ,TMSB, aqueous TM stem bark; FTIR, Fourier-transform infrared.

such, it is expected that some of the phytochemicals that
are present in the extract will be present on the TM-
AgNPs. Comparative FTIR spectroscopy analysis between
the TM extracts and the accompanying AgNPs was used to
demonstrate this (Figure 3). In Figure 3, the FTIR spec-
trum of ,TML-AgNPs synthesized at 25°C is compared to
the spectrum of the TML extract, while the ,TMSB-
AgNPs synthesised at 70°C is compared to the ,TMSB
extract. Several commonalities between the spectra of the
extracts and their respective TM-AgNPs could be identi-
fied. This suggests that the extracts and their respective
TM-AgNPs share similar functional groups, which origi-
nate from phytochemicals that were involved in the synth-
esis of the TM-AgNPs. Shifts in the peak in the FTIR
spectra of ,TMSB and ,TML extracts and their respective
AgNPs are summarized in Table 3. In particular, the spec-
tra of ,TML extract and AgNPs produced at 25°C were
characterized by methyl (C-H) rock alkanes vibration band
at 1338.32 and 1384.39 cm ', and the C-H stretching
observed between 2946.61 and 2830.64 cm . Moreover,
there was a C=C double-bond stretching at 1640.29 and
1638.56 cm'. Additionally, strong OH group vibrations
assigned to phenol bands at 3647.29 and 3712.96 cm™'
were detected in both samples (Figure 4A and B).

The FTIR spectra of ,TMSB extract and AgNPs pro-
duced at 70° C showed fewer similarities between the two
samples (Figure 3C and D). The spectra of ,TMSB extract

revealed intense bands at 1048.80 cm ™! attributed to car-

bonyls (C=0) vibrations that were absent on ,TMSB-
AgNPs produced. Some similarities in the two samples
were observed; the spectra of ,TMSB extract and AgNPs
revealed bands at 1384.03 and 1384.96 corresponding to
methyl (C-H) rock alkanes deformation, 1639.21 and
1638.68 bands attributed to stretch alkenes (C=C),
2930.41 and 2789.28 bands corresponding to C-H stretch-
ing, 3717.06 and 3731.61 intense bands attributed to O-H
from alcohols and phenols vibrations. The shift in the
different functional groups might be caused by the poly-
phenolics, flavonoids, and terpenoids present in the TM
extracts. The same phytochemicals might be responsible
for reducing, capping and stabilization of the biogenic
AgNPs. 3214830 Several studies reported that the active
components in the plant extracts such as terpenoids and
flavonoids act as reducing agent of the silver precursor to
form AgNPs.”!

HRTEM And EDX Analyses Of Bio-Active
TM-AgNPs

The morphology and size of ,TML-AgNPs and ,TMSB-
AgNPs varied as demonstrated by the HRTEM micro-
graphs in Figure 4A. The AgNPs displayed heterogeneous
and polydispersed characteristics. The ,TML produced
mostly spherical AgNPs at 25°C whereas the same sample
produced various geometric shapes such as triangular,
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Table 3 Comparison FTIR Spectra Of TM Extracts And Their Respective AgNPs

aTML .TMSB
Peak Position Peak Position In Shift In Type Of Peak Peak Position In Shift In Type Of
In Extracts AgNPs At 25 °C Position Chemical Position AgNPs at 70°C Position Chemical
(cm™) (em™) (cm™) Bond In (em™) (em™) Bond
Extracts
(em™)
1338.32 1384.39 +46.07 C-H methyl 104880 | -------- | s C-O Stretch
rock alkanes
1640.29 1638.56 -1.73 —C=C-stretch | 1131.16 [ -==e=eeeee | s
alkenes
1876.99 1884.90 +791 C=0 1384.03 1384.96 +0.93 C-H methyl
Anhydrides rock alkanes
2946.61 2830.64 —115.97 H-C=0:C-H 1639.21 1638.68 —0.53 —C=C-
stretch stretch
aldehydes alkenes
3530.47 3417.07 —112.48 OH Alcohol, 2016.03 2034.58 +18.55 —-C=C-
phenols stretch
alkynes
3545.10 3417.99 —127.11 2930.41 2789.28 —141.13 H-C=0:C-H
stretch
aldehydes
3647.29 3712.96 +65.67 3530.72 3530.35 +0.37 OH Alcohol,
3544.94 3544.99 +0.05 phenols
3717.06 3731.61 +14.55

Note: Shift values were calculated by subtracting the peak position in TM-AgNPs from the peak position in TM-extracts.
Abbreviations: FTIR, Fourier-transform infrared; AgNPs, silver nanoparticles; TM, Terminalia mantaly; ,TML, aqueous TM leaf extracts; ,TMSB, aqueous TM stem bark.

tetrahedral and hexagonal shapes at 70°C. Similar shapes
as those of ,TML-AgNPs were observed in AgNPs synthe-
sized by the ,TMSB extract. These anisotropic shapes
were likely due to the reducing and capping phytochem-
icals which not only provided thermodynamic stability but
also defined the NP bio-activities.>* The crystalline nature
of the biogenic AgNPs was confirmed by their SAED
patterns highlighted in Figure 4B. The Bragg reflection
planes on the face-centered cubic (fcc) patterns of TM-
AgNPs, ie. (111), (200), (220), (311), and (331) matched
those in the database of the Joint Committee on Powder
Diffraction Standards (JCPDS no. 00-004-0784,
USA)’"*?and confirmed that the synthesized AgNPs are
composed of pure crystalline silver. These findings are
further supported by similar fcc patterns reported for the
AgNPs synthesized from Cannabis sativa.”'=>

Further characterization of the elemental composition
of the TM-AgNPs by EDX confirmed the presence of a

signal characteristic of elemental silver. The Energy

Dispersive Absorption photographs of the selected TM-
AgNPs in Figure 5 displays the Ag" peaks at 3 keV.
Metallic AgNPs typically show a strong signal peak at
this position due to their SPR.>* Peaks of other elements
such as Cu and C were also detected, where C corresponds
to the organic matrix and lacey carbon on the TEM grid,
Cu is observed since the grid is made up of Cu, and the S,
Si, Cl and N peaks correspond to the molecules capping
the TM-AgNPs.

Antibacterial Activity Of TM Extracts
And AgNPs

The antibacterial effects of TM extracts and AgNPs
were evaluated against eight bacterial strains, of which
two were Gram positive (S. pneumoniae and S. aureus)
and the other six were Gram negative. The bacterial
cultures were treated with a single dose of 500 pg/mL
of TM extracts and 12.5 pg/mL of TM-AgNPs. This
was done as a quick and easy test of the antimicrobial
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Figure 4 HRTEM micrographs and SAED patterns of selected TM-AgNPs.
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Notes: The size, shapeand SAED patterns of ,TML-25°C and ,,TML-70°CAgNPs were analyzed by HRTEM. Scale bar from 20 to 50 nm.
Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; aTML, aqueous TM leaf extract; aTMSB, aqueous TM stem bark; HRTEM, high resolution transmission

election microscope; SAED, selected area electron diffraction.

activity of the TM extracts and TM-AgNPs. Figure 6
and Table 4 show that four of the treatments (,TML-
AgNPs-25°C  (,TML-AgNPs synthesised at 25°C),
2 ITML-AgNPs-70°C  (,TML-AgNPs synthesised at
70°C), ,TMSB-AgNPs-25°C (,TMSB-AgNPs synthe-
sised at 25°C) and ,,TMSB) inhibited the growth in a
significant number of the eight bacterial strains tested in
this study. ,TML-AgNPs-25°C and ,TML-AgNPs-70°C
inhibited the growth in all eight strains, while ,TMSB-
AgNPs-25°C and ,,TMSB inhibited the growth in 80%
and 50% of the strains, respectively. ,TMSB was the

most active extract and inhibited growth in a significant
number (four) of the strains. Generally, three of the
strains (K. pneumoniae, H. influenzae and S. flexneri)
were more susceptible to the effects of the treatments,
while S. enterica enterica was more resistant (Table 4).

The lowest concentration of the treatments required to
inhibit visible growth of the bacteria (i.e. the MIC) was deter-
mined after 24 hr treatment with the TM extracts and AgNPs.
The MIC values for the treatments are summarized in Table 5.
The lowest MIC value (3.12 pg/mL) was obtained for aTMSB-
AgNPs-25°C and aTML-AgNPs-25°C against H. influenzae.

International Journal of Nanomedicine 2019:14

submit your manuscript

9039

Dove


http://www.dovepress.com
http://www.dovepress.com

Majoumouo et al Dove
aTML-AgNPs aTMSB-AgNPs
1200 4 1200 o *
* Cu A
1000 - 1000
Ag
200 - 300 Ag
£
A 3 600 600
(&) Ag Cu
400 - 400 Ag &
u
200 - 200
(0] Ag Cu
Ag
0= - 1 0 - Y ' Y )
15 20 0 5 10 15 20
1200 ‘L
1200 A
c ¥t 1 9
1000 Ag
1000 Ag
Cu
o Ag 800 -
‘g g
B 3 600 209 i@ g
(8] Ag Cu
400 9 400
Ag Cu
Al
200 - 200 o g
P s Ao al n
1 Cu
0 - y ' A t ¥ N 0 - y ' v T v y
0 s 10 15 20 0 5 10 15 20
Energy (Kev) Energy (Kev)

Figure 5 (A,B) EDX spectra of AgNPs synthesized from ,TML and ,,TML AgNPs.

Notes: Silver nanocrystallites display an optical absorption band peak at approximately 3 keV (red arrow), which is typical of the absorption of metallic silver nanocrystallites due to their SPR.
Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; aTML, aqueous TM leaf extract; aTMSB, aqueous TM stem bark; EDX, Energy Dispersive X-ray.
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Figure 6 Screening of the antibacterial effects of TM extracts and AgNPs against a
panel of bacterial strains.

Notes: Eight bacterial strains were treated with TM extracts and AgNPs for 24 hrs.
Inhibitory effects of TM samples are expressed based on the number of strains that
showed growth inhibition. ***P < 0.001.

Abbreviations: AgNPs, silver nanoparticles; TM, Terminalia mantaly; ,, represents
aqueous extracts; n,, represents methanolic extracts; TML, TM leaf extracts; TMR,
TM root extracts; TMSB, TM stem bark extracts.

aTML-AgNPs-25°C and aTMSB-AgNPs-70°C appears to
have more significant antimicrobial activity than the other
TM-AgNPs. This is based on the findings that these two TM-
AgNPs have the lowest MIC values against the largest number
of bacterial strains. MIC values for aTML-AgNPs-25°C varied
between 6.24 and 12.50 pg/mL in six of the eight strains, while
the MIC values for aTMSB-AgNPs-70°C varied between 3.12
and 6.24 ng/mL in five of the eight strains.

The absence of antibacterial activity observed in some
of the AgNPs may be due to various factors, either the
phytochemicals responsible for capping the NPs had
adsorbed to the NPs through its active site,” or the phyto-
chemicals simply have no antibacterial activity as demon-
strated by the crude extracts. Size of the NPs also plays a
role in NP activity. NPs with smaller sizes are usually more
efficient as they can easily pass through cellular barriers and
disrupt the physiological functions of the bacteria once
internalized."" As such, the efficacy of ,TML-AgNPs
could be attributed to their smaller diameter. Their small
size could allow for efficient binding and uptake by bacteria
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Table 4 Comparison Of The Bacterial Susceptibility To TM Extracts And AgNPs

Treatment Bacterial Strains
S. enterica® | S. pneumoniae S. aureus K. pneumoniae S. enterica S. enterica® | S. flexneri H. influenzae
enterica

.TMSB - - - - - - - v
2TMSB-AgNPs-25°C - - - v - - v v
2TMSB-AgNPs-70°C - v v v v v v -
mTMSB - v - - v - v v
m TMSB-AgNPs-25°C - - - - - - - v
2TML - v - - - - - -
2TML-AgNPs-25°C v v v v v v v v
2TML-AgNP-70°C v v v v v v v v
.TMR - v - - - - - v
mTMR - v - - - - - v
mTMR-AgNPs-25°C - v - - - - - -

Notes: Eight bacterial strains were treated with TM extracts and AgNPs for 24 hrs. Inhibitory effects of TM samples were visually assessed to identify the strains that were
susceptibility to TM extracts and AgNPs. The ,TM-AgNPs were the most active and inhibited growth of all bacterial strains, compared to the crude extracts and other
AgNPs. S. enterica® (Salmonella enterica subsp. enterica A36 (Serovar Typhimurium) vs S. enterica® (Salmonella enterica subsp. enterica 2004 Pennsylvania Tomato Outbreak,
Serovar Anatum, Isolate 4).

Abbreviations: AgNPs, Silver nanoparticles; TM, Terminalia mantaly; ,, represents aqueous extracts; ,,, represents methanolic extracts; TML, TM leaf extracts; TMR, TM
root extracts; TMSB, TM stem bark extracts; S. pneumoniae, Streptococcus pneumoniae; S. enterica enterica, Salmonella enterica enterica; H. influenzae, Haemphilus influenzae, S.
flexineri, Shigella flexineri; K. pneumoniae, Kbesiella pneumoniae; S. aureus, Staphylococcus aureus, S. enterica- Salmonella enterica; -, no bacterial activity; v/, bacterial activity.

Table 5 MIC For Crude TM Extracts And Its Derivate AgNPs On Selected Bacterial Strains

Treatment MIC (ug/mL)

S. enterica® | S. pneumoniae S. aureus K. pneumoniae S. enterica S. enterica® | S. flexneri H. influenzae

enterica

.TMSB >500 >500 >500 >500 >500 >500 >500 125
2TMSB-AgNPs-25 °C >12.50 >12.50 >12.50 6.24 >12.50 6.24 >12.50 3.2
2TMSB-AgNPs-70 °C >12.50 6.24 12.50 6.24 12.50 12.50 >12.50 >12.50
mTMSB >500 >500 >500 >500 >500 >500 125 >500
m TMSB-AgNPs-25 °C >12.50 >12.50 >12.50 >12.50 >12.50 >12.50 >12.50 6.24
2TML >500 >500 >500 >500 >500 >500 >500 >500
2TML-AgNPs-25 °C 6.24 6.24 6.24 6.24 >12.50 6.24 >12.50 3.12
2TML-AgNP-70 °C >12.50 6.24 12.50 6.24 >12.50 6.24 >12.50 >12.50
.TMR >500 >500 >500 >500 >500 >500 >500 500
mTMR >500 >500 >500 >500 125 >500 >500 >500
m TMR-AgNPs25 °C >12.50 >12.50 >12.50 >12.50 >12.50 >12.50 >12.50 >12.50
Ampicillin 32 4 8 16 32 13 32 16

Notes: S. enterica® (Salmonella enterica subsp. enterica A36 (Serovar Typhimurium) vs S. enterica® (Salmonella enterica subsp. enterica 2004 Pennsylvania Tomato Outbreak,
Serovar Anatum, Isolate 4).

Abbreviations: AgNPs, Silver nanoparticles; TM, Terminalia mantaly; ,, represents aqueous extracts; ,,, represents methanolic extracts; TML, TM leaf extracts; TMR, TM
root extracts; TMSB, TM stem bark extracts; S.pneumoniae, Streptococcus pneumoniae; S. enterica enterica, Salmonella enterica enterica; H.influenzae, Haemphilus influenzae, S.
flexineri, Shigella flexineri; K. pneumoniae, Kbesiella pneumoniae; S. aureus, Staphylococcus aureus; S. enterica, Salmonella enterica.

resulting in their death.’® Furthermore, the active phyto-
chemicals at specific temperatures might be responsible for
the biological activities of the AgNPs.'® Only S. enterica
enterica, S. flexineri and H. influenzae were susceptible to
the ,,TMR, ,TMSB and ,,TMSB extracts. The MIC for
these extracts was 125 pg/mL. The other strains were not
susceptible to the effect of the TM extracts at concentrations

up to 500 pg/mL, the MIC values for these extracts could
not be established in this study. Previous studies have
demonstrated the antifungal activity of the aqueous and
ethanolic TML and TMSB extracts against Candida species
(C. albicans, C. albicans, C. glabrata C, parapsilosis) and
Cryptococcus neoformans with MIC values ranging from
0.04 to 0.16 mg/mL.*? Although the extracts did not show
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Figure 7 Growth inhibitory activities of ,TML-AgNPs-25°C against selected bacterial strains.

Notes: Growth curves of (A) S. pneumoniae, (B) S. enterica enterica, (C) H. influenza, (D) S. flexneri, (E) K. pneumoniae, and (F) S. enterica® (Salmonella
enterica subsp. enterica A36 Serovar Typhimurium) after 24 hr treatment. **P < 0.01, ***P < 0.001.

Abbreviations: AgNPs, Silver nanoparticles; TM, Terminalia mantaly; ,TML-AgNPs, AgNPs synthesized from aqueous leaf extracts from TM; S. pneumoniae, Streptococcus
pneumoniae; S. enterica enterica, Salmonella enterica enterica; H. influenzae, Haemphilus influenzae, S. flexineri, Shigella fLexineri; K. Pneumoniae, Klebsiella pneumoniae; S. aureus,
Staphylococcus aureus; S. enterica, Salmonela enterica.

9042 submit your manuscript International Journal of Nanomedicine 2019:14
Dove


http://www.dovepress.com
http://www.dovepress.com

Dove Majoumouo et al

1.2 - 1.2 4

0.8 4

0.6 4

0.4 4

Absorbance 630nm

0.2 4

0.8 1

0.6 1

0.4 1

Absorbance 630 nm

0.2 1

Absorbance 630nm
o o
(=] -]

o
-~
M

o
N
"

Time (hour)

Time (hour)

== Untreated =& 1.56 ng/mL

== Ampicillin —— 3.125pg/mL ~&— 6.24 ug/mL

Figure 8 Growth inhibitory activities of ,TMSB-AgNPs-70°C against selected bacterial strains.

Notes: Growth curves of (A) S. pneumoniae, (B) S. enterica enterica, (C) H. influenzae, (D) S. flexneri, (E) K. pneumoniae, and (F) S. aureus after 24 hr treatment. ***P < 0.001.
Abbreviations: AgNPs, Silver nanoparticles; TM, Terminalia mantaly; ,TMSB-AgNPs, AgNPs synthesized from aqueous Stem Bark extracts from TM; S. pneumoniae,
Streptococcus pneumoniae; S. enterica enterica, Salmonella enterica enterica; H. influenzae, Haemphilus influenzae, S. flexineri, Shigella flexineri; K. pneumoniae, Klebsiella pneumoniae;
S. aureus, Staphylococcus aureus; S. enterica, Salmonella enterica.
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the same response in bacteria, their respective AgNPs pos-
sess enhanced anti-bacterial activities against both Gram-
negative and Gram-positive strains.

Growth Inhibitory Kinetics Of TM-AgNPs
Based on the results for the antibacterial screening (Figure 6),
2 TML-AgNPs synthesised at 25°C (,TML-AgNPs-25°C) and
2TMSB-AgNPs synthesised at 70°C (,TMSB-AgNPs-70°C)
showed the highest antibacterial activities. The bacterial
growth kinetics of several bacterial strains was evaluated in
response to treatment with these two TM-AgNPs. Figures 7
and 8 show the effects of ,TML-AgNPs-25°C and ,TMSB-
AgNPs-70°C, respectively.

Changes in optical density (OD) were used to assess
bacterial growth. This provides an easy and efficient way to
quantify bacterial growth over time. A decrease in the absor-
bance indicates the inhibition of bacterial growth, an effect
that can be attributed to the death of cells that is blocked in
the stationary phase.”’ As shown in Figures 7 and 8, both
TM-AgNPs caused a time- and dose-dependent growth inhi-
bition in the selected strains. Of the two TM-AgNPs, ,TML-
AgNPs-25°C (Figure 7) was more effective and had the
highest bactericidal effect against the microorganisms.
2 TML-AgNPs-25°C suppressed the growth of all six bacter-
ial strains tested. Interestingly, the growth curve for S. enter-
ica shows that the inhibitory effects of ampicillin diminish
after 4 hrs, while inhibitory effects of ,TML-AgNPs-25°C
are maintained for the duration of the experiment at all the
concentrations tested. The bacteriostatic effects of ,TMSB-
AgNPs-70 °C were observed against all strains except for H.
influenzae and S. aureus (Figure 8). The growth curves of S.
enterica enterica and S. flexneri show that ,TMSB-AgNPs-
70°C is able to effectively inhibit the growth of these two
organisms from 2 to 8 hrs at all the concentrations tested.
Only higher concentrations (6.24 png/mL) of ,TMSB-AgNPs-
70°C were effective on S. pneumoniae and S. aureus at all
time points. In general, the Gram-negative bacteria were
more susceptible to the effects of the TM-AgNPs than
Gram-positive bacteria (S. pneumoniae and S. aureus). This
might be due to the structural differences between the two
bacterial types, a key component being the cell membrane of
the Gram-positive bacteria, where the thick peptidoglycan
layer acts as a barrier against penetration of foreign
materials.”>*® The thick and negatively charged peptidogly-
can layer in Gram-positive bacteria has been shown to entrap
Ag" ions onto the cell wall and block their activity.”® The
exact mechanism of antibacterial action of AgNPs is not yet
known.®®®! Nonetheless, several studies have demonstrated

that bactericidal effects of the AgNPs are strongly influenced

by their size, shape, concentration, and colloidal state. 6293

Conclusion

This study reports on a plant-mediated approach to synthesize
AgNPs using TM leaf, stem bark and root extracts as both
reducing and capping agents. The biogenic TML and TMSB
AgNPs remained stable for more than 2 weeks, while those
within a diameter ranging from 11 to 60 nm exhibited remark-
able antibacterial activity against the tested pathogenic micro-
organisms. The ,TM AgNPs demonstrated the highest
bactericidal effect, and compared to the crude extracts, their
activity was >20-fold higher. The rise in the number of anti-
microbial-resistant bacterial strains underpins the need for
The biogenic AgNPs
described in this study can potentially be used as an alternative

alternative antimicrobial agents.

to conventional antimicrobial agents. Further studies are
underway to study the anti-microbial mechanism of TM-
AgNPs and identify the phytochemicals involved in the synth-
esis of the NPs.
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Abstract: Scientists have demonstrated the potential of plant materials as ‘green’ reducing and
stabilizing agents for the synthesis of gold nanoparticles (AuNPs) and opened new ecofriendly
horizons to develop effective and less harmful treatment strategies. The current study demonstrated
the use of Terminalia mantaly (TM) extracts to synthesize AuNPs with enhanced cytotoxic effects.
The TM-AuNPs were synthesized at 25 and 70 °C using water (wITM) and methanolic (,yTM)
extracts of the leaf, root and stem/bark parts of the plant. The TM-AulNPs were characterized using
UV-visible spectrophotometry, dynamic light scattering (DLS), transmission electron microscopy,
energy dispersive X-ray (EDX), selection area electron diffraction (SAED) and Fourier transform
infrared (FTIR) spectroscopy. Majority of the TM-AuNPs were spherical with a mean diameter
between 22.5 and 43 nm and were also crystalline in nature. The cytotoxic effects of TM-AuNPs were
investigated in cancer (Caco-2, MCF-7 and HepG2) and non-cancer (KMST-6) cell lines using the
MTT assay. While the plant extracts showed some cytotoxicity towards the cancer cells, some of the
TM-AuNPs were even more toxic to the cells. The ICs, values (concentrations of the AulNPs that
inhibited 50% cell growth) as low as 0.18 ng/mL were found for TM-AuNPs synthesized using the
root extract of the plant. Moreover, some of the TM-AuNPs demonstrated selective toxicity towards
specific cancer cell types. The study demonstrates the potential of TM extracts to produce AuNPs and
describe the optimal conditions for AuNPs using TM extracts. The toxicity of some the TM-AuNPs
can possibly be explored in the future as an antitumor treatment.

Keywords: antitumor; gold nanoparticles; green synthesis; nanotechnology; Terminalia mantaly

1. Introduction

Traditional medicine has always used and relied on the medicinal properties of plants for the
treatment of numerous diseases such as bacterial infections, headaches, hypertension, jaundice, leprosy
and cancer, among others [1]. Among various plant species used in Cameroonian traditional medicine,
Terminalia mantaly (TM) has gained scientific recognition due to its reported antitumor, antidiabetic
and antihypertensive medicinal properties. TM is a deciduous tree belonging to the flowering plant
family, Combretaceae. The genus Terminalia comprises of more than 100 species. Numerous scientific
studies have explored the antimicrobial, antiprotozoal, antidiarrheal, anti-inflammatory, antitumor and
wound healing activities; which can be attributed to phytochemicals present in the plant [1]. A survey
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of the literature has revealed that the Terminalia genus, TM included; possesses a variety of bioactive
phytochemical constituents, such as tannins, pentacyclic triterpenes, glycoside derivatives, flavonoids
and phenolic compounds [2].

Green nanotechnology has been applied to synthesize metallic nanoparticles (NPs) from medicinal
plants extracts. It has been shown that the phytochemical constituents present in plants can act as
reducing and capping agents during the synthesis biogenic metallic NPs, including gold nanoparticles
(AuNPs) [3,4]. Several studies have demonstrated the synthesis of biogenic AuNPs using various
species of the genus Terminalia, which include T. catappa, T. chebula, T. arjuna and T. bellirica [5-8].
While TM has been used to produce biogenic silver nanoparticles [3], this species has not been used to
produce AuNPs. The conventional physical and chemical methods used for AuNP synthesis involve
the use of toxic chemicals, high energy processes and are expensive [9-11]. Studies have highlighted
concerns regarding chemically synthesized NPs for biomedical applications due to the use of toxic
reducing agents such as sodium citrate, sodium borohydride and byproducts formed during the
synthesis process [11,12]. These chemicals are not only corrosive but also generate flammable by
products during chemical synthesis. Considering the threats these nanomaterials and the processes
used to synthesize these materials pose to the environment and humans, there is a need for the
development of more biofriendly nanomaterials using processes that are also more environmentally
safe [11].

Scientists have turned to green nanotechnology to produce metallic NPs using biological systems
(e.g., microbes and plant extracts) [11-13]. Since biologicals are used in the synthesis process,
the expectation is that the nanomaterials will be more biofriendly and the synthesis processes would be
more environmentally friendly. This eliminates the use of toxic reducing, stabilizing and capping agents
and produces nanoparticles that will have shape and size-dependent biological activities [11,14,15].
Moreover, utilizing plant extracts as reducing agents for the synthesis of AuNPs is advantageous owing
to the availability of the plants and simplicity of the approach. Plant-mediated synthesis of AuNPs will
not only allow large-scale production but will also reduce cost and time involved in the synthesis [16].

The use of nanotechnology to produce metallic nanostructures has gained interest, especially in
medicine [17-19]. The fascinating and insightful use of optical, chemical and catalytic properties of
noble metal NPs depends on the metal source, nanoparticle sizes and shapes and surface chemistry.
Furthermore, these properties allow NPs to gain impetus in the present century and make them an
excellent resource for diverse applications [20-23]. Metallic NPs especially AuNPs have attracted a
great deal of attention, owing to their tunable optical and electronic properties [24]. AuNPs have
been reported as safe for use in drug delivery system in in vitro and in vivo studies [25]. While the
antibacterial activities of some of the biogenic AuNPs produced from Terminalia species have been
studied, not much is known about the in vitro and in vivo cytotoxicity of these AuNPs. The toxicity
of AuNPs synthesized using a water extract of fruit pericarp of T. bellirica was tested using the brine
shrimp assay and did not show any toxicity [26].

Nanotechnology can play an important role in medicine, specifically in the early disease
detection, improved diagnosis, and development of personalized treatments for chronic and infectious
diseases [27]. Biocompatible AuNPs have been widely studied and applied in the diagnosis and
treatment of cancer [28]. In addition, several studies indicated the intrinsic antitumor property of
AuNPs that were able to selectively kill cancer cells [29]. Previous reports described AuNPs that
have strong antitumor effects through the induction of apoptosis in colorectal, breast and liver cancer
cells [30]. Owing to their small size, AuNPs are well suited for delivering antitumor drugs due to their
preferential accumulation at tumor sites through the enhanced permeability retention effect [31].

Herein we describe for the first time the synthesis of biogenic AuNPs from the leaf, root and
stem/bark parts of the TM. We evaluated cytotoxic effects of biogenic AuNPs synthesized from six
different TM extracts in three human cancer (Caco-2, HepG2 and MCF-7) and one non-cancer (KMST-6)
cell lines and found that the AuNPs display selective toxicity towards certain cancer cell lines.
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2. Results and Discussion

AuNPs have been applied in the development of biosensors, pharmaceuticals, nanoscience and
nanotechnology, hence, the term nanomedicine was coined. In nanomedicine, AuNPs can be used
as contrast and drug delivery agents for diagnostics and therapeutics, respectively. Traditionally,
AuNP are synthesized through physical and chemical methods, these methods are usually limited
by their use of toxic chemicals as reducing agents. To overcome the drawbacks of these methods,
many studies have opted to use a green approach to synthesize AuNPs [5,32,33]. Among the green
sources used, plant extracts are readily available, providing an easy and simple method that involves
just one step synthesis. Moreover, utilizing plant extracts as reducing agents in synthesizing AuNPs
reduces production time and cost, and offers an opportunity for large-scale production [34]. Biogenic
AuNPs have been reported to elicit potent toxic effects and antiproliferative activity against various
tumors [35]. The inhibitory mechanism of nanoparticles against cancer cell lines is not well known.
However, it was suggested that nanoparticles can block the activity of abnormal signaling proteins or
interact with functional groups of intracellular proteins and enzymes, as well as with the nitrogen bases
in the DNA molecules, which results in cell death [36]. The current study explored and demonstrated
the synthesis of biogenic AuNPs using wTM and pTM extracts as both reducing and stabilizing agents,
and tested their in vitro cytotoxicity.

2.1. Qualitative Analysis of TM Phytochemicals

The phytochemical composition of TM extracts in Table 1, revealed an unequal distribution of
different secondary metabolites in wTM and pTM extracts. The alkaloids, flavonoids, glucosides
and total phenols were present in all the extracts, and no anthocyanins were found in any of the TM
extracts. The wTM extracts contained majority of the phytochemicals. All the \4TM extracts lacked
steroids. Tannins and triterpenes were not present in TMSB and TMR, and TMR and TML lacked
anthraquinones. Metabolites that contain active functional groups, such as hydroxyl, aldehyde and
carboxyl units, may play pivotal roles in chemical reduction processes of the gold precursor to produce
AuNPs [5].

Table 1. Analysis of phytochemical composition in Terminalia mantaly (TM) extracts.

- 7]
g g g s @
0 - 2] o~
[ el =] v ] %)
2 § 3 £ § £ % § 3T £
TM Extracts i ] g E g o e g S 1)
4 ) > < = S 3 b = =)
< & = B2 g » T = &3
Fq:) =3 é e = O
[ <
wTMSB + + + + - + + + + +
mTMSB + + + - - + + +
wIMR + + + + - + - - + +
MTIMR + + + - - - - - + +
wIML + + + + - + + + + +
mTIML + + + + - - - + + -

(+) Presence; (-) Absence.

2.2. Green Synthesis of AuNPs

Small scale AuNP synthesis was carried out in a 96 well microplate by incubating a fixed
concentration (1 mM) of NaAuCly-2H,O with increasing concentrations (0.39-12.5 mg/mL) of the 6 TM
extracts (WwTMSB, wTMR, wTML, \,TMSB, \i\TMR and yfTML). The formation of TM-AuNPs was
indicated by a color change in the reaction mixture as is shown in Figure 1. The appearance of a red
wine/ruby red color after the addition of TM extracts to the NaAuCly-2H,O solution is an indication of
AuNP synthesis. Synthesis was performed for 5 h at 25 °C and 70 °C. These temperatures are often
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used for the synthesis of AuNPs [18]. The red wine color, which AuNP solutions typically exhibit,
is due to the excitation of surface plasmon vibrations in the AuNP solution, and indicates the formation
of AuNPs [5,35,37]. TM-AuNPs were successfully synthesized with all six extracts at both 25 °C and
70 °C. In the one step reaction, the phytochemicals in the TM extracts acted as the reducing, stabilizing
and capping agents. The bioreduction of the gold precursor could be ascribed to phytochemicals such
as alkaloids, flavonoids, tannins, steroids and triterpenes that have been shown to be present in the
plant extracts (Table 1) as was suggested in previous studies [32,33]. In particular, it is phytochemicals
that contain hydroxyl, aldehyde and carboxyl functional groups that can partake in the bioreduction
process [38]. Due to the scavenging capabilities of their -OH groups in phenols, these phytochemicals
have been reported to be involved in the bioreduction and stabilization of NPs [33]. The phenolic
compounds along with the water domains can synergistically interact with the existing nuclei and lay
the foundation to create highly structured sheets of zerovalent gold [23].

AT A

1 mM NaAuCl;2H,0

TM-AuNPs

! !-’-‘i g
Terminalia mantaly (TM)

wIML

Figure 1. One step synthesis of TM-gold nanoparticles (AuNPs) by the reduction of chloroaurate
ions by TM extracts. The wTM and \jTM extracts of leaf, root and stem/bark parts of the plant were
prepared and mixed with NaAuCly-2H,O. The appearance of a red wine/ruby red color indicated the
formation of the AuNPs.

2.2.1. Optimization of TM-AuNP Synthesis and UV-Vis Spectroscopy

The synthesis of TM-AulNPs was further confirmed by UV-visible spectrophotometry analysis
and this data was used to determine the optimum plant concentration to produce the TM-AuNPs from
each of the six TM extracts. The Surface Plasmon Resonance (SPR) of AuNPs results in an absorption
maxima (or Amax) in the region of 500-600 nm [10,39] as is illustrated in Figure 2, which shows the
UV-visible spectra for TM-AuNPs produced with the six different TM extracts at 25 °C and 70 °C.
These spectra also represent the AuNPs synthesized with the optimal plant extract concentrations.
Table 2 indicates the optimal concentration (OC) of the plant extract and the corresponding Amax
for the respective TM-AuNPs (wTMSB-AuNPs, wTMR-AuNPs, wTML-AuNPs, i TMSB-AulNPs,
MTMR-AuNPs and \TML-AuNPs) at both 25 °C and 70 °C. Based on the UV-visible spectrophotometry
analysis, the TMR produced AuNPs with a lower peak height or optical density, which is an indication
that either the nanoparticle concentration is lower or larger in size [40,41]. Figure 2 also shows that the
temperature at which the synthesis was carried out significantly influenced the UV—visible spectra
and characteristics of the AuNPs. The same TM extract produced a very different spectrum at the
two different temperatures. For example, the optical density of TM-AuNP produced with the wTML
extract produced at 25 °C was significantly higher than the optical density produced for the same
extract at 70 °C. The shape of the spectra, which is an indication of the size, shape and uniformity of
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the TM-AuNPs were also different. While the Ayax for wTML-AuNP produced at 25 and 70 °C was the
same (544 nm), the Amax values from the other five extracts were very different at the two temperatures.
This all suggests that the concentration of the extract, the phytochemicals and the temperature at which
the synthesis was performed all play a role in the synthesis of the AuNPs.

Table 2. The OC of TM extracts for AuNP synthesis and the SPR of TM-AuNPs.

AuNPs at 25 °C AuNPs at 70 °C
AuNPs ocC Amax oC Amax
(mg/mL) (nm) (mg/mL) (nm)
wTMSB-AuNPs 1.56 545 1.56 540
MTIMSB-AuNPs 1.56 550 1.56 535
wTMR-AuNPs 6.25 560 6.25 550
MTMR-AuNPs 1.56 540 1.56 550
wTIML-AuNPs 1.56 540 1.56 545
MIML-AuNPs 3.12 544 1.56 544

2.2.2. DLS Analysis of TM-AuNPs

The size distribution, charge and surface chemistry of the AuNDPs are particularly important since
these physicochemical properties strongly influence the mobility and bioavailability of nanoparticles
when applied in biological conditions [10,11]. These characteristics can be used to predict the behavior
of AuNPs in various biological environments, which is important when designing nanomaterials for
biomedical applications. The TM-AuNDPs synthesized at 25 and 70 °C had a hydrodynamic diameter
ranging from 39 to 79 nm as shown in Table 3. Except for the \yTML, the other five extracts produced
larger AuNPs at 70 °C than at 25 °C. The size of the TM-AuNPs increased on average by 9 nm when
the synthesis was done at 70 °C. It is possible that the reducing and capping agents are modified at
higher temperatures and that the phytochemicals that are involved in the synthesis process at 70 °C
differ from the phytochemicals present at 25 °C [42]. An independent study also reported that the sizes
of AuNPs produced from plant extracts were significantly smaller at low temperatures [43].

Table 3. Dynamic light scattering (DLS) analysis of TM-AuNPs synthesized at 25 and 70 °C.

AuNPs at 25 °C AuNPs at 70 °C
TM-AuNP
ulNrs PD Pdi P PD Pdi 7P

(nm) (mv) (nm) (mv)
w TMSB-AuNPs 39 0.5 -27 57 0.3 -28
MIMSB-AuNPs 44 0.5 -36 52 0.5 -29
w ITMR-AuNPs 66 0.7 -32 79 0.8 -29
MTMR-AuNPs 44 0.4 -30 48 0.5 -32
w IML-AuNPs 43 0.6 -37 44 0.7 -35
MTML-AuNPs 55 0.4 -29 51 0.5 -10

Note: PD—particle diameter, Pdi—polydispersity index and ZP—zeta potential.

The polydispersity index (Pdi) gives an indication of the degree of uniformity of the size
distribution of a nanoparticle in solution. Pdi values above 0.7 indicate that the sample has a very broad
particle size distribution [44], and that the nanoparticles may possibly also be aggregated. Except for
wITMR-AuNPs produced at 70 °C, which had a Pdi of 0.8, the Pdi values for all the other TM-AuNPs
were less or equal to 0.7 (Table 3), suggesting that these samples have an acceptable level of uniformity.
TM-AuNPs with Pdi values less or equal to 0.7 were likely to be monodispersed, uniform in size and
shape and stable in colloidal form.
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Figure 2. The UV-visible spectra of TM-AuNPs. The AuNPs were synthesized at the optimal concentration (OC) of TM-extracts at 25 and 70 °C using wTM and

MTIM extracts.
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Nanoparticles are known to agglomerate in the presence of salts due to a reduction in the
electronic double layer around each particle, allowing for adhesion through van der Waals forces [45,46].
Aggregation can happen because phytochemicals present in the reaction solution are absorbed on the
surface of the AuNPs, resulting in the formation of crosslinks in between the AuNPs.

Zeta potential provides pivotal information on the dispersion of nanoparticles as the magnitude
of the charge and indicates the mutual repulsion between particles [47]. Nanoparticles with a zeta
potential between 30 and —30 mV are more stable in solution [48] and will repel each other and they
tend not to form aggregates in solution [47,49,50]. The zeta potential values for 7 of the 12 TM-AuNPs
samples were within this range (Table 3). This included wTMSB-AuNPs synthesized at both 25 °C
and 70 °C, \yTMSB-AuNPs synthesized at 70 °C, wTMR-AuNPs synthesized at 70 °C, p\yTMR-AuNPs
synthesized at 25 °C, and ,TML-AulNPs synthesized at both 25 °C and 70 °C. Based on the results,
these TM-AuNPs were expected to be very stable in solution, while the other five samples that had zeta
potentials less than —30 mV might be prone to aggregation. These samples include yTMSB-AuNPs
synthesized at 25 °C, wTMR-AuNPs synthesized at 25 °C, \yTMR-AuNPs synthesized at 70 °C and
wIML-AuNPs synthesized at both 25 °C and 70 °C.

The study shows that temperature greatly influenced the hydrodynamic size, charge and size
distribution of the AuNPs. Using the same extract at two different temperatures produced AuNPs
with very different physicochemical properties. This is further proof that the phytochemicals involved
in the synthesis process vary between the different TM-AuNPs. The wTMR-AuNPs had a Pdi of 0.8,
indicating that these nanoparticles might aggregate over time. However, an increase in the temperature
at which synthesis was done for ,;TMR-AuNPs not only change size but resulted in polydispersed
nanoparticles as reflected by a change in Pdi from 0.4 at 25 °C to 0.5 at 70 °C. Nanoparticles with low
Pdi value are likely to be monodispersed [46], thus, TM-AuNPs that gave the lowest Pdi values may
be of uniform size, shape and stable in its colloidal form.

2.2.3. HRTEM, SAED and EDX Analyses

HRTEM analysis showed that the TM-AuNPs display a variety of geometrical shapes, as shown
in Figure S1. Most of the TM-AuNPs were spherical in shape with some triangular, hexagonal and
pentagonal shapes. Obtaining AuNPs with a variety of geometrical shapes is very common for NPs
produced through plant-mediated synthesis [46]. This is speculated to be due to the presence of
different phytochemicals in the extracts that might act in synergy to reduce the gold ions and form
AuNPs [51]. Polyphenols have been reported to produce NPs with different shapes [5]. Biomolecules
that contains highly polar groups (e.g., —OH) on their surface may increase the rate of nucleation
and induce AuNP formation. The TM-AuNPs had well-defined edges and most of them were well
dispersed. Based on the HRTEM analysis, the ,yTML-AuNPs, wTML-AuNPs and wTMR-AuNPs
appears to be agglomerated. However, HRTEM analysis is not the best test to use to determine NP
aggregation. Further analysis of the stability of the TM-AulNPs over time is needed.

The size distribution of TM-AuNPs was calculated from the HRTEM micrographs,
the representative histograms (Figure 3) demonstrate that \jTMSB-AuNPs synthesized at 25 °C
and 70 °C had a core size of 25.5 nm and 28.3 nm, respectively. The TM-AulNPs had a core size ranging
from 21.5 to 43 nm as shown in Table 4. The wTML-AuNPs produced at 70 °C had a smaller core size
(21.5 nm) when compared to others. This might suggest that TML might be richer in reducing and
capping agents. These results were comparable to those reported by Ankamwar on AuNPs synthesized
from leaf extract obtained from T. Catappa. The NPs were also spherical in morphology, with an
average core size of 21.9 nm [5]. The core sizes of wTMSB and wTMR-AuNPs were bigger when
compared to the sizes of the other TM-AuNPs.

To highlight the crystalline nature of nanoparticles, SAED analysis was performed. The fringe
lattice values ranged from 0.167 to 0.257 nm and the SAED pattern (Figure S2, Supplementary data),
which confirmed the crystalline nature of the TM-AuNPs varied between AuNPs synthesized at
25 °C and 70 °C. \yTMSB-AuNPs synthesized at 70 °C for example had a typical HRTEM image with
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clear lattice fringes. Furthermore, a d-spacing or interplanar distance of 0.233 nm was obtained for
TM-AuNPs, which was comparable with 0.2355 nm, corresponding to the (111) planes of face-centered
cubic (fcc) gold single crystals. The clear lattice fringes in HRTEM images and the typical SAED pattern
with bright circular rings corresponding to the (111), (200), (220) and (311) planes were obtained in
most TM-AuNPs. This was an indication that the nanoparticles obtained were highly crystalline,
confirming the fcc crystalline geometry of AuNPs (JCPDS file no. 4-0783) [52]. The diffraction patterns
of TM-AuNPs were also comparable to the AuNPs synthesized from T. catappa leaf extracts, which
showed the Bragg reflections corresponding to the (111), (200), (220), (311) and (222) sets of lattice
planes [5,18]. This may be indexed based on the fcc structure of gold. However, the lattice plane was
predominantly (111)-oriented. The amorphous effect (diffuse rings) was observed with wTMSB and
MTMR AuNPs at 70 °C, and the Bragg reflections were weak and considerably broadened relative
to the intense (111) and (200) reflections. Finally, the crystallinity was more pronounced for AuNPs
synthesized at 25 °C compared to the ones produced at 70 °C.
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Figure 3. HRTEM analysis of shape and size distribution of ,fTMSB-AuNPs synthesized (A) at 25 °C
and (B) 70 °C.

Table 4. Core sizes of TM-AuNPs were analyzed by HRTEM.

AuNP Core Size (nm)

AuNPs

25°C 70°C
wTMSB-AuNPs 355 43.0
MTMSB-AuNPs 25.5 283
wTML-AuNPs 265 215
MTML-AuNPs 235 25.0
wTMR-AuNPs 32.0 335
MTMR-AuNPs 26.0 295

The EDX spectra of TM-AulNPs confirmed the presence of gold ions in all the AuNPs (Figure S2,
Supplementary data). The Au peaks were acquired around 2.3 keV, 9.7 keV and 11.3 keV. In some
AuNPs, the EDX spectrum showed the presence of silicone (Si), which might be due to a high degree
of crystallinity. These results further confirmed the SAED patterns in Figure S3 (Supplementary data).
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Moreover, the presence of elements such as calcium and potassium can be due to the micronutrients in
the TM extracts used in the synthesis. The weak signals for oxygen in the spectra may have originated
from the biomolecules bound to the surface of the NPs [52], Cu from the support HRTEM grid and
film and Co from the lenses of the microscope [16].

2.2.4. FTIR Analysis of TM-AuNPs

FTIR analysis was carried out to identify the possible functional chemical bonds from the
phytochemicals in the TM extracts that are responsible for reduction, capping and stabilization of
AuNPs [53]. The representative FTIR spectra of TMR and TMR-AuNPs are shown in Figure 54
(Supplementary data), highlighting some of the chemical bonds involved in NP synthesis. Generally,
the chemical bonds identified in the TM extracts and AuNPs included C-O, C-H, -C=C-, H-C=0,
—C=C-and O-H (Table S1). Some of the peaks were absent in the AuNPs depending on the temperature
(25 °C and 70 °C). For example, the FTIR spectra of wTMSB, wTMSB-AuNPs synthesized at 25 °C
and at 70 °C showed prominent absorption bands at (1108 cm™!, 1347 em™1, 1627 em™1, 2106 em™1,
2939 cm™! and 3409 cm™1), (1048 cm ™!, 1384 cm™!, 1639 cm™!, 2016 cm ™1, 2920 cm ™! and 3717 cm™!) and
(1123 cm™1, 1636 em™1, 2106 ecm™1, 2939 cm~! and 3452 Cm_l), respectively. The shoulder at 1048 cm L
1108 cm~! and 1123 cm™~! was characteristic of C=0 vibrations, while the stretch at 1347 cm™! and
1384 cm™! arose from the C-H methyl rock alkanes stretching but was absent on wTMSB-AuNPs at
70 °C. The recorded peaks at 1639 cm™!, 1627 cm ™! and 1638 cm™! were due to the vibration of -C=C~
stretch alkenes. In addition, the band at 2016 cm™! could be attributed to the -C=C- stretch alkynes.
The broad stretching at 2920 cm~! and 2939 cm™! arose from the vibrations of H-C=0: C-H stretch
aldehydes. Moreover, the presence of the shifted band at 3717 em™!, 3409 em™! and 3452 ecm™!, in the
FTIR spectrum of wTMSB and wTMSB-AuNPs at 25 °C and wTMSB-AuNPs at 70 °C respectively,
could be attributed to the OH groups in the alcohol or phenols groups. Moreover, the FTIR analysis
showed the presence of OH and COOH chemical bonds in the TM extracts and AuNPs, which could be
the most dominant in the synthesis of AuNPs [53]. These are the most commonly used groups (-OH,
—COOH and long alkyl chains) for the functionalization of metal NPs, especially gold. This is due to
the fact that they can ensure compatibility and stability within the environment of the NPs and can be
used as a base for further chemical reactions once attached to the particle surface. The recorded FTIR
spectra confirms that the chemical functional groups in the TM active metabolites acted as reducing
and stabilizing agents in the synthesis of TM-AuNPs [23,54].

2.3. Effects of TM Extracts and AuNPs on Cancer Cells

The cytotoxicity of the TM extracts and AuNPs was evaluated on Caco-2 (human colon cancer
cell line), MCF-7 (human breast cancer cell line), HepG2 (human liver cancer cell line) and KMST-6
(human skin fibroblasts) cells using the MTT assay. The results revealed that most of the TM extracts,
and TM-AuNPs exerted significant cytotoxicity on the cancer cells in a dose-dependent manner.
The ICs5g values, summarized in Table 5, ranged from 0.18 to 93.73 pug/mL. This study found for the
first time that methanol extracts of TM root and stem/bark were particularly toxic to the human breast
cancer (MCEF-7) cell line.

In general, the IC5( values of the TM-AuNPs were lower than that of the TM extracts, suggesting
that the TM-AuNPs were more cytotoxic than the TM extracts (Table 5). The \jTMR and )y TMSB extracts
were more toxic than the other four extracts. However, MCF-7 cells in particular were highly susceptible
to the effects of \jyTMR and yTMSB extracts, with ICsg values 2.73 and 19.73 ug/mL, respectively.
The cytotoxic profile of the TM extracts and TM-AuNPs did not display any particular pattern that
could be related to the type of extract, the method of NP synthesis (i.e., synthesis at 25 or 70 °C) or the
cell type. For example, while the ICsy values for wTML-AuNPs-25 °C and wTML-AuNPs-70 °C was
only 5.71 pg/mL in the Caco-2 cell line, the cytotoxicity of these NPs was very different in the MCF-7 and
HepG2 cell lines. The ICs; value for wTML-AuNPs-25 °C in the MCE-7 cell line was 6.56 pg/mL, while
the ICs5¢ value for wTML-AuNPs-70 °C at 32.59 pg/mL was much higher. Similarly, \yTMR-AuNPs-25
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°C and »TMR-AuNPs-70 °C displayed very different cytotoxicity in HepG2 cells. With an ICsg value
of 0.18 ng/mL, \yTMR-AuNPs-25 °C was highly toxic to HepG2 cells, but ;TMR-AuNPs-70 °C was
less toxic to these cells with an ICsy value of 90.85 ug/mL. The cytotoxicity of the TM-AuNPs was
thus highly selective. This selectivity may be as a result of the cell type and the characteristics of
the AuNDPs. These characteristics were greatly influenced by the type of extract and the method of
synthesis. This selective cytotoxicity is a highly desirable characteristic that can be explored for the
selective destruction of specific cancer cells. Interestingly, the ICsq values of some of the AuNPs were
significantly lower than the dose used for the positive controls. Dimethyl sulfoxide (DMSO) at 10%
reduced the cell viability to 17-55%, while cisplatin reduced viability to 2-39%. DMSO was selected as
a positive control as it is well known to induce cell death at high doses [55]. The proven toxicity of the
solvent has led to its use as a positive control [56], while cisplatin is a clinically used chemotherapeutic
antitumor drug [57].

Table 5. ICs( values of TM extracts and AuNPs against Caco-2, MCF-7 and HepG2 cells.

ICsp Values (ug/mL)

Treatments
HepG2 Caco-2 MCEF-7

wTML 61.19 + 0.00 90.19 £ 0.12 66.84 + 0.01

MTML 75.07 + 0.01 87.34 + 0.00 72.44 +0.00
wTMSB 93.73 + 0.00 62.66 + 0.01 49.23 +0.00
MmTMSB 41.28 +0.02 76.37 = 0.01 19.73 + 0.02

wIMR 90.47 + 0.01 73.03 + 0.00 43.30 + 0.00

MTMR 43.24 +0.13 89.02 + 0.00 2.73 £0.01
wTIML-AuNPs (25 °C) 63.09 + 0.00 5.71 + 0.03 6.56 + 0.01
wTML-AuNPs (70 °C) 41.74 + 0.06 5.71 £ 0.31 32.59 +£0.10
MTML-AuNPs (25 °C) 38.75 + 0.01 41.20 +£0.03 15.37 + 0.06
MTML-AuNPs (70 °C) 85.07 + 0.05 18.37 + 0.41 54.56 + 0.02
wTMSB-AuNPs (25 °C) 66.29 + 0.01 20.34 + 0.05 65.15 = 0.02
wTMSB-AuNPs (70 °C) 63.09 £ 0.21 7.04 £ 0.01 1.77 £ 0.01
MTIMSB-AuNPs (25 °C) 30.56 + 0.10 75.83 + 0.01 54.46 + 0.01
MTMSB-AuNPs (70 °C) 36.26 + 0.07 6.56 + 0.05 1.24 +0.00
MTMR-AuNPs (25 °C) 0.18 = 0.01 23.58 +£ 0.02 3.36 = 0.20
MTMR-AuNPs (70 °C) 90.85 + 0.08 31.51 +£0.03 6.23 + 0.01
wIMR —AulNPs (25 °C) 88.59 + 0.11 474 + 0.01 1.24 +0.01
wTMR-AuNPs (70 °C) 58.03 + 0.41 40.42 + 0.04 6.29 = 0.01

% Cell Viability
10% DMSO 17.04 + 0.06 3424 +0.22 55.23 +£0.14
100 pg/mL Cisplatin 20.6 +0.34 39.2 +1.67 1.9+0.04

Note: The ICsy values were determined using GraphPad Prism. The temperatures in brackets indicate the
temperature at which synthesis was carried out. Samples were compared using a one-way ANOVA and Turkey
post-hoc test.

The antitumor activity of Terminalia species is well known [58]. T. ferdinandiana fruit and leaf
extracts exhibited cytotoxicity against human carcinoma cell lines including Caco-2 cells (IC5¢ = 102
ng/mL). Nandagopal et al. [58] demonstrated the cytotoxicity of T. cheduba seed extracts against HepG2
cells (IC5p = 40 ug/mL). Likewise, acetone extracts of T. belerica and T. chebula exhibited differential
cytotoxic activities in several cancer cell lines, with the breast cancer cell line, MCF-7 being highly
susceptible to the effects of this extract [59]. Saleem et al. [60] reported that methanol extracts of
the T. chebula fruit reduced cell viability and inhibited cell proliferation in several malignant cell
lines including MCF-7 cells. Phytochemical analysis of TM has revealed the presence of alkaloids,
flavonoids, glucosides and total phenols (Table 1), these secondary metabolites were reported to have
antitumor activities.

It has been demonstrated before that AuNPs exert in vitro cytotoxicity on several human cancer
cellsincluding HepG2 and triple negative breast cancer cells (MDA-MB-231) [61-63]. Green-synthesized
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AuNPs from Cassia tora leaf extracts demonstrated the cytotoxic efficacy against colon cancer (Col320)
cell lines and not in the normal (Vero) cell lines [64]. AuNPs from Gymnema sylvestre leaf extracts
were also investigated for their antitumor effects against HT-29 cells. The study revealed that these
AuNPs exerted significant cytotoxic effects against HT-29 cancer cells at a maximal concentration of
95 ug/mL [65].

It has been reported that spherical and rod-shaped AuNPs are more efficient in reducing cell
proliferation of cancer cells than AuNPs with other shapes [66]. TM-AuNPs studied here were mostly
spherical, which possibly contributes to the high cytotoxicity of these AuNPs. The capping agents
(phytochemicals) that play a role in the synthesis of biogenic AuNPs can also affect the cytotoxicity of
AuNPs [3,5,20]. Phytochemical analysis showed that chemical composition of the various extracts was
very different. This may account for the differences in the physical characteristics of the TM-AuNP as
well as the differences in cytotoxicity.

The AuNPs that demonstrated higher cytotoxicity (\yTMR-AuNPs at 25 °C and ,yTMSB-AuNPs at
70 °C) with ICsp < 40 pg/mL on at least two cancer cell lines were selected for evaluating the cytotoxicity
with non-cancerous fibroblast KMST-6 cells. The CCsj values (cytotoxic concentration of the AuNPs
that inhibited 50% cell viability in normal cells) and the selectivity index of the selected TM-AuNPs are
summarized in Table 6. The CCsg values of ,yTMR-AuNPs at 25 °C and ;TMSB-AuNPs at 70 °C were
275.7 and 334.5 ug/mL, respectively. The selectivity of \fTMR-AuNPs (25 °C) and TMSB-AuNPs
(70 °C) on the three cancer (MCF, HepG2 and Caco-2) cells was within the selectivity index range
from 6.5 to 82.2. The results corroborate with the finding of [53] that showed that biogenic AuNPs
synthesized from the South African Galenia africana and Hypoxis hemerocallidea plants extracts showed
that there was no significant reduction in viability of KMST-6 cell after 24 h treatment with AuNPs
with concentrations up to 32 nM [16]. The same finding has been demonstrated by Patra [67], showing
that AuNPs were non-toxic towards Hek293T cells. These findings suggested that AuNPs-assisted
thermotherapy could cause targeted cancer cell ablation while avoiding damage to surrounding
noncancerous cells [11,67] and used in humans for drug delivery and bioimaging applications.

Table 6. Cytotoxicity of selected TM-AuNPs on KMST-6 cells and their selectivity index.

CCsp (ug/mL) Selectivity Index (CCs0/ICsp)
AuNPs
KMST-6 MCEF-7 HepG2 Caco-2
MTMR-AuNPs (25 °C) 275.7 + 0.010 82.05 + 0.010 1531.66 + 0.100 11.69 + 0.500
MTMSB-AulNPs (70 °C) 334.5 + 0.020 269.75 + 0.100 9.23 +0.110 50.99 + 0.100

Note: The CCsj values were determined using GraphPad Prism. Samples were compared using a one-way ANOVA
and Turkey post-hoc test.

3. Materials and Methods

3.1. Collection and Processing of Plant Material

Mature TM leaves (TML), root (TMR) and the stem/bark (TMSB) were collected from Yaoundé
(Cameroon, East Africa). The plant species was identified at the National Herbarium of Cameroon in
Yaoundé, Reference number 64212/HNC. The TML, TMR and TMSB samples were washed using sterile
distilled water and air dried at room temperature (25 + 2 °C) for 3 weeks. The dried plant materials
were ground into fine powders using a high-speed electrical blender and stored in a desiccator at room
temperature until further analysis.

3.2. Plant Extraction and Phytochemical Analysis

3.2.1. Preparation of Crude Extracts

The plant material was extracted using water (denoted as ) and methanol (denoted as ).
Six different extracts, denoted as wTMSB, wTMR, wTML, \fTMSB, \fTMR and i TML, were prepared.
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The samples were prepared according to the following protocol: 100 g of pant material was added into
500 mL of either methanol or distilled water and incubated at room temperature (25 °C) for 48-72 h.
The samples were filtered using Whatman N°1 filter paper, the residues were re-extracted under the
same conditions and added to the first filtrates. The methanolic extracts were evaporated using a
rotary evaporator (Biichi 011, Flawil, Switzerland) at 40 °C, the water extracts were lyophilized using a
Martin Christ Beta 2-8 lyopholizer (Osterode am Harz, Germany). The dried residues were kept at
4 °C until further experiments.

3.2.2. Qualitative Phytochemical Analysis

The presence of the following classes of compounds, i.e., alkaloids, flavonoids, glycosides,
saponins, tannins and terpenoids, in the TM extracts was performed according to previously described
standard procedures [68,69]. Briefly, 50 mg/mL of wTM and \;TM were subjected to various chemicals
to determine the presence of various phytochemicals. The assays or chemicals used include Mayer’s
reagent (alkaloids), Shinoda test (flavonoids), Ferhling solution (glycosides), froth test (saponins),
tannins (ferric chloride test), phenolic content (ferric chloride test), anthraquinones (Borntrager’s
reaction test), sterols and terpenoids (Liebermann—Burchard test). The assays are qualitative and
based on color change, frothing or precipitation between the active groups in the extracts and specific
chemical reagents.

3.3. Biosynthesis of AuNPs and Characterization

3.3.1. Green Synthesis of AuNPs

AuNPs were synthesized following a protocol described by Elbagory et al. [70] with slight
modifications. In a 96 well polystyrene microplates, 250 uL of 1 mM of sodium tetrachloroaurate(III)
dihydrate (Sigma-Aldrich, St Louis, USA) was added to 50 uL of plant extract stock solutions at varying
concentrations (0.78-50 mg/mL) to a final volume of 300 uL. The solutions were incubated at 25 °C
and 70 °C with orbital shaking at 40 rpm for 5 h. AuNP formation was assessed by measuring the
SPR within the UV-Vis range (450-700 nm) using a POLARstar Omega microtitre plate reader (BMG
Labtech, Germany). AuNP synthesis was scaled up to 2 mL following the optimum conditions.

3.3.2. Characterization of TM-AulNPs

The TM-AuNPs were characterized by UV-visible spectroscopy, dynamic light scattering (DLS),
high-resolution transmission electron microscopy (HRTEM), energy-dispersive X-ray spectroscopy
(EDX) and the selected area electron diffraction (SAED) analyses.

UV-Visible Spectroscopy

Formation of TM-AuNPs was preliminarily confirmed by visual observation for color change to
red wine, further by UV-visible spectra after 5 h synthesis. Sharp peak obtained from the UV-visible
spectrum confirmed the presence of AuNP at the absorption range between 450 and 700 nm using a
POLAR star Omega microplate reader (BMG labtech, Offenburg, Germany).

DLS Analysis

The TM-AuNPs were washed 3 times with distilled H,O and centrifuged at 10,000 rpm for 10 min,
the NPs were resuspended in double distilled H,O. The AuNPs were analyzed by DLS to measure their
hydrodynamic size, zeta potential and Pdi using a Zetasizer (Malvern Instruments Ltd., Malvern, UK).

TM-AuNPs HRTEM, EDX and SAED Pattern Analysis

The structure, size distribution, composition, presence of reducing Au>* ions and crystallinity form
of TM-AulNPs were analyzed by the HRTEM using a FEI Tecnai G2 20 field-emission HRTEM (Oregon,
OR, USA). Additionally, the HRTEM was also used for EDX and SAED analyses. The samples were
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prepared by drop-coating one drop of each sample onto a carbon-coated copper grid. The AuNPs were
dried under a Xenon lamp for 10 min and analyzed by HRTEM. Transmission electron micrographs
were captured in the bright field mode at an accelerating voltage of 200 KeV. EDX spectra were collected
using an EDX liquid nitrogen cooled lithium doped silicon detector. The TEM micrographs were
analyzed using origin 8.5 and Image ] Software (50b version 1.8.0_60, http://imagej.175nih.gov/ij).

FTIR Spectroscopy Measurements

The FTIR spectra were obtained from JASCO 460 plus spectrophotometer (Perkin Elmer,
Massachusetts, MA, USA) with KBr at a frequency ranging from 4000 to 400 cm~1 in a KBr matrix.
The TM-AuNPs were centrifuged at 10,000 rpm for 10 min and dried at 70 °C using an oven for
2 min. The TM extracts and AuNPs powders were individually mixed with KBr powder and pressed
into a pellet for measurement. Background correction was made using a reference blank KBr pellet.
The baseline corrections were performed for all spectra.

3.4. Cell Viability Using MTT Assay

The viability of the MCF 7, Caco-2, HePG2 and KMST-6 cells treated with TM crude extracts and
AuNPs was evaluated using the MTT assay as described previously with some modifications [71].
The cells were maintained in DMEM containing 10% fetal bovine serum and 1% penicillin-streptomycin
cocktail in a 37 °C humidified incubator with 5% CO, saturation. The cells were seeded in 96-well
microtitre plates at a density of 5 X 10° cells/100 pL/well. After 24 h, the culture medium was replaced
with fresh medium containing the TM extracts and AuNPs at increasing concentrations. The stock
solutions of TM-AuNPs were prepared in ddH,O at 1 mg/mL, and for the TM-extracts (10 mg/mL) were
prepared in 10% DMSO. Two-fold dilutions of the samples from 7.8125-1000 ug/mL were added to the
96-well plate containing various cell lines. Untreated cells were used as a negative control, and cells
were treated with 10% DMSO and 100 pg/mL of cisplatin (Sigma-Aldrich) as positive controls. For the
AuNP interference test, cells treated with increasing concentrations of TM-AuNPs were left without
the MTT dye. All treatments were done in triplicate. After 24 h, the media were removed in all wells.
Thereafter, 100 puL of the MTT reagent (prepared from 5.0 mg/mL stock solution) was added to each
well. The cells were incubated at 37 °C for 4 h then the MTT reagent was replaced with 100 uL. of DMSO
to dissolve the purple formazan crystals and incubated for a further 30 min. The absorbance of the
formazan product formed was measured at a 570 nm wavelength (A), with background subtracted at
the A of 700 nm using a PolarSTAR Omega plate reader. The percentage of cell viability was calculated
by comparing the absorbance of the test samples with the absorbance of the control (untreated)
samples, multiplied by 100%. The data represent the average means of triplicate measurement from
three independent experiments. The ICsj for cancer cells and CCsg for non-cancer cells values were
determined using GraphPad Prism version 8.0.0, GraphPad Software, San Diego, California USA.
The degree of selective toxicity of the active TM-AulNPs towards cancer cell lines relative to the
non-cancer cell line (KMST-6) was expressed as the selectivity index (SI) and calculated as follows:

CC50 in non — cancer cells (KMST — 6 cells)

Selectivity Index (SI) = IC50 in cancer cells

3.5. Statistical Analysis

The data were from at least three independent experiments and analyzed using a one-way ANOVA
and Turkey post-hoc test using Graph Pad Prism. Data are expressed as mean + SD of experiments
performed in triplicate.

4. Conclusions

The reported synthesis is not only cost-effective but also ecofriendly and has the ability to produce
stable and monodispersed AuNPs. The metabolites in the TM extracts played a key biochemical role
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in the synthesis, size and morphology of the AuNPs. To the best of our knowledge, this is the first
report describing the potential of biomolecules from TM extracts to produce highly stable AuNPs with
a small diameter range from 22.5 to 43 nm. The study also demonstrated the enhanced and selective
cytotoxic properties of TM-AuNPs. The study clearly shows the potential of TM-AuNPs as antitumor
agents. Further studies will be performed to isolate and characterize the phytochemicals responsible
for AuNP synthesis in order to produce uniform shapes, to evaluate the possible cell death mechanism
and to further explore the selective cytotoxic effects in other cancer cells.

Supplementary Materials: The following are available online, Figure S1: HRTEM images of TM-AuNPs
synthetized at 25 °C (A) and 70 °C (B). The arrows points at different NP shapes. Scale bar at 10and 20 nm,
Figure S2: EDX spectra of TM-AuNPs synthetized at 25 and 75 °C. The green arrows show Au ions peaks,
Figure S3: SAED patterns of TM-AuNPs showing single facets of NPs in TEM micrographs. The HRTEM images
shows a fringe spacing of TM-AuNPs synthesized at 25 °C and 70 °C, Figure S4: FTIR spectra of TMR extracts and
AuNPs synthesized at 25 °C and 70 °C, Table S1: FTIR analysis of chemicals groups in the TM extracts and AuNPs
synthesized at 25 °C and 70 °C
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