ANTIMICROBIAL EFFICACY OF COLD ATMOSPHERIC

PRESSURE PLASMA JET AGAINST CLINICAL BACTERIAL

ISOLATES

SARTHAK DAS

SCHOOL OF INTERDISCIPLINARY RESEARCH

INDIAN INSTITUTE OF TECHNOLOGY DELHI

FEBRUARY 2025



©Indian Institute of Technology Delhi (IITD), New Delhi, India, 2025



ANTIMICROBIAL EFFICACY OF COLD ATMOSPHERIC
PRESSURE PLASMA JET AGAINST CLINICAL BACTERIAL

ISOLATES

by
Sarthak Das

School of Interdisciplinary Research
Submitted

in fulfilment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

FEBRUARY 2025



Dedicated Lo

Budha Bapa.



Undertaking

I hereby declare that the work presented here in the thesis has been carried out by me towards
the partial fulfilment of the requirement for the award of the degree of Doctor of Philosophy
at the Indian Institute of Technology Delhi. The content of this report, in full or in parts, have

not been submitted to any other institute or university for the award of any degree.

San%vcu/\ Doz
Sarthak Das



Certificate

This is to certify that the thesis entitled, “Antimicrobial efficacy of cold atmospheric

pressure plasma jet against clinical bacterial isolates”, submitted by Mr. Sarthak Das, to
the Indian Institute of Technology Delhi for the award of the degree of Doctor of Philosophy,
is a bonafide record of the research work done by him under our supervision.

In our opinion, the thesis has reached the standard of fulfilling the requirement of all the
regulations regarding the degree. The results contained in this thesis have not been submitted,

in part or in full, to any other university or institute to award any degree or diploma.

W/
Satananrda kauy

Prof. Satyananda Kar Prof. Sarita Mohapatra
Department of Energy Science Department of Microbiology
and Engineering AIIMS New Delhi,

IIT Delhi, New Delhi, India New Delhi, India

i|Page



iijPage



Acknowledgements

I am indebted to the Almighty for providing me with the necessary fortitude to finish my

thesis. I truly appreciate everyone who helped me make my dream a reality.

Firstly, I express my deep admiration to my research supervisors, Prof. Satyananda Kar
and Prof. Sarita Mohapatra, for providing me the opportunity to perform research under their
guidance. Their humbleness, dynamism, vision, motivation, and patience have facilitated the
completion of my thesis. Their unwavering faith in me is something I will be forever grateful

for. It is an honour to be guided by them.

I would like to express my heartfelt thanks to Mr. Satyendra Bhatt, who has been
paramount throughout my Ph.D. journey. By consistently being available for experiments,
engaging in off-topic discussions, and supporting me during challenging circumstances, I was
able to surmount high tides. The impact he had on my Ph.D. research is difficult to put into

words.

My sincerest appreciation to Dr. G. Veda Prakash for his help during the early stages of
my Ph.D. journey. He was a standalone support for the setting of experiments and research
methodologies. He was consistently available to address my queries, and his wealth of research

experience enabled me to overcome difficulties.

I am deeply grateful to Mr. Narendra Nath Mohanta, whose encouragement and passion
inspired me to pursue Ph.D. His dynamic, visionary, and tireless personality motivates me
greatly. The on- and off-topic conversations with him taught me how to make important

decisions. He has been an inspirational figure in my life.

I am grateful to my research committee members: Prof. Hitendra Kumar Malik, Prof.
Ramesh Narayanan, and Prof. Shilpi Sharma, for their continuous support and
encouragement. A special thanks to Prof. Bijay P. Tripathi and Prof. Shaikh Ziauddin
Ahammad for providing different facilities for my experiments. I would like to thank the
Central Research Facility, IIT Delhi, for giving access to the numerous equipment required
for thesis work. I am very thankful to the University Grant Commission, Government of

India, for providing me Ph.D. fellowship.

I would like to extend my sincere thanks to Mr. Aishik Basu Mallick, Ms. Radhika T P,
Mr. Tejashwi Rana, and Mr. Suryasunil Rath, for help during different experiments and

fruitful discussions related to various subjects. Special thanks to seniors: Dr. Mahreen and Dr.

iiijPage



Shweta Sharma for their guidance and sharing their experiences in subject areas. A special
acknowledgement goes out to Ms. Bipasa De and Dr. Biswajit Mishra for helping with one
of the major parts of the thesis work. I am thankful to Ms. Swati Pundir and Mr. Deepak

Kocher for addressing my queries in their field of expertise.

Special thanks to my fellow lab mates and friends: Mr. Bibekananda Naik, Ms. Pragya
Joshi, Ms. Anuravi Sharma, Mr. Gaurav, Ms. Neethu Balachandran, Mr. Pratyay
Chattopadhyay, Mr. Shridhar Kanta Mohanty, Mr. Risabh Verma, and Mr. Priyanshu of
Plasma Physics Lab for being part of my Ph.D. journey. A special thanks to Ms. Anjali Rawat,
Mr. Sanjay Kumar, and all other members of the Bacteriology lab, AIIMS New Delhi. I thank
Ms. Surabhi Mishra, Dr. Deepchandra Joshi, Mr. Partha Mondal, and all other members
of Waste Treatment Lab, IITD. A special thanks to my friends: Mr. Binayak Mohanty, Mr.
Kaibalya Prasad Rath, Mr. Sumit Sahoo, Mr. Dhananjay Sahoo, Mr. Suvam Choudhury,
Mr. Ranjan Kumar Mohanty, and many more for their constant support and encouragement

during my Ph.D. work.

Last but not least, I am grateful to my family for their love, prayers, care, and sacrifices in
educating and preparing me for the future. Words cannot express my profound thanks to my
father, Mr. Gyana Ranjan Das, my mother, Mrs. Rajashree Das, my sister Mrs. Jasmine

Das, and my brother-in-law Mr. Soumya Ranjan Mohanty. Lots of love to my niece: Cookie.

Sarthak Das

iv|Page



Abstract

The alarming rise of antimicrobial resistance (AMR) necessitates the development of novel
antimicrobial strategies. In this aspect, cold atmospheric pressure plasma jet (CAPJ) has
sparked research interest for its novel antimicrobial properties and has found its applicability
in sterilization, disinfection, and decontamination. The CAPJ discharges are composed of
reactive species such as reactive oxygen and nitrogen species (RONS), electrons, ions, and
excited atoms and molecules, which incorporate an antimicrobial nature. Although CAPJ has
proven highly efficient in bacterial load reduction, certain unresolved problems must be
addressed systematically to establish CAPJ as a prominent antimicrobial technique. Firstly,
CAPJ's efficacy against clinically isolated multidrug-resistant (MDR) bacteria has not been
adequately studied. Secondly, to achieve optimal productivity, it is imperative to systematically
characterize the developed CAPJ device based on operational parameters concerning
antimicrobial activity against MDR isolates. Thirdly, it is important to assess the time-
dependent bacterial inactivation process that CAPJ reactive species follow. Fourthly, there has
been limited studies on CAPJ's efficacy in eliminating bacterial load from inanimate surfaces,
along with any alteration in surface property. Lastly, there is a dearth of research comparing
the antimicrobial activity of various CAPJ activated liquids (CAPJALs) and comprehending
the specific parameters required for enhanced efficacy. The goals of the current study were to

address the aforementioned problems.

In the thesis, CAPJ powered by a low-frequency AC source was designed and developed
for antimicrobial applications. A thorough investigation of the CAPJ’s operational parameters
(intrinsic and extrinsic) and their influence on discharge characteristics, reactive species
composition, and antimicrobial activity was carried out. Various reactive species such as
excited atoms (Ar I, He I, O I, etc.), ions (Ar', N2*, N7, etc.), radical RONS (OHe), and non-
radical RONS (OH', NO", N»Os3", NOs, etc.) were observed to vary in the discharge depending
on the intrinsic settings (voltage, frequency, gas flow rate, and operating gas). This variance in
reactive species in relation to intrinsic settings was associated with varying bacterial
inactivation area. Extrinsic parameters such as exposure distance, exposure time, bacterial

concentration, and type of target bacteria also influenced the antimicrobial activity of CAPJ.

The study also examined the induced probable bacterial inactivation path by Ar CAPJ. A
greater than 6 logio reduction of E. coli and S. aureus within 60 and 120 s CAPJ exposure was

noticed, respectively, along with low D- values. The correlation between the inactivation curve
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and the time-dependent damage to bacterial cells revealed varying inactivation processes
among isolates. The alteration of Fourier transform infrared spectra (FTIR) and Raman micro-
spectra signals of post-CAPJ exposed bacteria demonstrated the degree of destruction at the
molecular level, such as lipid peroxidation, protein oxidation, bond breakages, etc. Further, the
transmission electron microscopy (TEM) images of exposed bacteria indicated incurred

damages on cell morphology by CAPIJ reactive species.

A greater than 5 logio reduction of E. coli and ~ 3.4 — 4.6 logio reduction of S. aureus along
with D- value in the range 27 — 63 s was observed over the material test surfaces on Ar CAPJ
exposure. In addition, the study examined the effect of repeated CAPJ exposure on surface
property by replicating hospital surface decontamination. A non-linear variation in the surface
properties, such as wettability, roughness, and elemental composition was noticed. Specifically,
the CAPJ reactive species would play a significant role in bacterial load reduction and any

surface property alteration occurring.

The Ar CAPJ was used to activate liquids such as deionized water (DI-W), drinking water
(DW), tap water (TW), and normal saline (NS), and its antimicrobial property was evaluated
against E. coli and S. aureus. The computed D- value followed the trend — DI-W = NS > DW
> TW. An optimal setting for liquid activation by CAPJ and CAPJAL — bacterial interaction
time was noticed to achieve higher bactericidal efficacy. Further, the pace at which the
physicochemical parameters (electrical conductivity (EC), total dissolved solids (TDS), pH,
and reactive species concentration (H>O2, NO3", and NO»")) changed within the liquid differed.
The interaction of CAPJ reactive species with the liquid would lead to the generation of liquid
phase reactive species (NOs”, NOy", H', H,0,, etc.), contributing to physicochemical properties

variation and incorporation of antimicrobial nature.

An in-depth grasp of controlling CAPJ parameters involving antimicrobial activity and the
emergence of unique pathways for bacterial inactivation could be advanced by this research.
The study on CAPJ's efficiency in decontaminating inanimate surfaces and CAPJALs insights
CAPJ to be used as a point-of-care antimicrobial technique. The findings of this thesis would

be a great asset to multidisciplinary researchers.
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BIN

MIRIER UfeRIY (AMR) & fidreies gfg & SRor A AmuRYe zoeifaat & faer
&I MAHT 5| U U H, s agHSHUIT Gald WISHT O (CAPJ) 7 30 ITAT
RRTURIER 0T o T ST e Sfel ST & TR SHaTy]-ATRM, BicTuRie 3R I Hor §
S TSl UTs 8| CAPJ et ufaforarefia genfaat o ufaferarsiie sifafiem 3R
TZAIS TSI} (RONS), e, 3MaT 3R Safeid ATt 3R 3rupeh § €9 g1 ©,
oo TR gt 2Nt Sielt 1 8Tl CAPY SERAT & UR &l HH d3A | D
HS T §31T €, CAPI B! Udh UHa INMURIER Ufafeyr & =g & wiftg &1 & fow o
YA TS &l FafYd U I Faferd fan o1 =1y | 9ad uga, Rifrasia =y
T g Ao IST-UfRIdT (MDR) SaCHRAT & RIATH CAPI B THIGHTRT BT UATd SHeqa-
el forar T g1 G, VAW SdCHAl W 1 & A, MDR TSy & Raa®
RITURIE TTfafafey @ de&fda uare Auds! & SuR W [dHRid cApl fSargy ot
HafRyd ¥ u 3 fafgd &A1 sifard 8 | Ry, ge- ek Sttar) ffseaar ufesan &1 sireeq
FRAT HedUl § forIadhT CAPI Ufafshareiia yefaat ures &t g | 3T, ide &1 9y d
ot off geaa & -y fAifa I8l ¥ 9 INaT YR &I GH HRA H CAPJ &I
JUTaSHTRGAT IR Hiffa sremaq gu g1 ofd o, faf¥a cAps afa @Ra uerdf (cApIAL) &
AR Tfafafer Bt JorT B 3R Tt g3 UHTIHTRdT & fore siawges fafRy arucs) &
U a1 MY DT HH 8 | T AT BT A&T SURIGd JHTSN BT FHIUT BT T |

QR T, HT g arel T Fid gRT I1ferd CAPI &1 IFMURILT 3w o forg
fEomga SR fAefyd fear mar Ut capy & uREme AEe! (3ialke iR a8d) 8k
ezt fagwarett, ufafsrarsiie yenfaat @) Txamr iR R Mfafafy R 37 v
&1 T8 offd Bt 715 | faftd ufaforam=iie sronfaar ot S7fold TRHTY (Ar I, He I, O I, 3TfS),
3T (Ar', Na*, N, 371fe), B RONS (OH), 3MR ARfSHA RONS (OH', NO*, N20y,,
NOs-, 371f%) & 3fiaRe AT @eew, 3afe, 9 vaTe R iR uRarad i) & SUR R
&St & e <ar T | SiaRe A & dey | Ufcforan=ia yefadl & g i fafta
SitaTo] fAfsroar asf & et ot | aest Riier S TauioR g3, TaRuioR 903, i
THIIAT 3R A& SaINAT & YHR = U CAPI Bt ATMuRIeft fafafdr &1 g fan
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I | Ar CAPJ gRT URa Iutiad Sttary] fAfshaar oy &1 ot g &1 7151 HHR: 60
3R 120 FHS CAPJ THUIGR & HR E. coli 3R S, aureus T 6 logio A 31D Pt HHT <7t
TS, T 8 BH D- value Y| AfSHadr 9 3R Sitam] Hiferst & grg-fk afa & s
TeddY I MUY & oid SferT-3a [AfShadr ufeharsii &1 udi =ell Uke- CAPI
TRIUIOR SRl & BRAX-CIHBIH SIPRS W (FTIR) 3R I HIgehI-Ta Hebdll
ORad 7 HUfa® WR WR fG1=1 &t aRam &1 uexi fean, s fas fafie RiRiezm,
WA HTRfiR, seF e, 3| 3TF AaTdl, YR IR aaINGT &1 gaae
RSB (TEM) Bfaai capy ufafsrarefia venfadt grT iR sefa fag@ w ge
IHH BT Habd St ] |

Ar CAP] THIUIGR WR AUl UL&(01 Hadgl WR 27 - 63 s &1 AT H D- value b IU-HIY
E. coli B 5 logio T 3B BH 3R S, aureus Bt ~ 3.4 - 4.6 logio HH ST T3 | $H&H (AT,
YT A SRUATT Dl Jdg & URRMYT P Abd HIPb Jdg ! YUl W IR-IR CAPJ
TRIUIGR & THIG &1 e Bt | Gdg P 01 oi e, WReRTA 3R Hifers TRa-1 § T
RIFG® firgar <& T3 | o=y U ¥, cAPpy Ufafsram=ita wefaat siam] 4R § &4t 3R
foreit ot wefg Aty ufvad= & Hea@yul YHeT g

Ar CAPJ &1 I9aNT f33mafigd Ut (DI-W), T & Tt (DW), a0 &1 UMY (TW), 3R
TR WRT (NS) S dRA U4 B Aichd 3l o forg fovdm 7T ofT, 3R SHab! INTORTeR
HURY &1 Geid E. coli AR S. aureus & RIATH {01 T 4TI URSBAT D- value TGRI &1
3{IXRUT FRT § - DI-W = NS > DW > TW| CAPJ 3fR CAPJAL §RT a¥ Ffshgur & oy
UH IyaH AT - I SHATIFTRIG THIGHTRAT UK HR- & fore Siary] JUeh 90T Gl
T 39 3raTdT, o i § Ra & Hiar Hiifds Tamas WRteR (faggd A (B0),
$ gATRId 319 (TDS), pH, 3R Ufaferam=iia vefadl &t THRIT (H20,, NOs-, 3R NO,®
) H SGaTd 37T, 98 Se1-3{e UT| TRe o H1Y CAPJ Uldfohar=ite el ot URER foban
Y R TR UfAfpar=id siiadt (NOy, NOy, HY, Ha0,, 3fe) o1 Iafy gitft, Sl Wifasw
T ToT H T R IR Uehfa & THIEGR § GRTGH S|

<9 TNy I AMURIE AT T IS cAPI ATUEST BT FAHT = 3R Sitary] Afswadr
¥ forg sifgedta Al & Iagd & TexTs ° WY fAHRId &1 o Tabdt ¢ | Aol gds! $iR
CAPJALs B! BICTUREA I & CAPJ BT G&dl TR I 9§ UdT Il § 19 CAPJ Bl UH
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fg-@UTE AMURIE dh-1h & &9 & IuAnT ol o Aol 7 1 39 iR & fhy ag-
faware Tnemaret & fore T St Gufi g
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