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ABSTRACT

Zn is an essential element for all life forms. In the current scenario, the entire world is at high
risk of Zn deficiency, for which declining pristine Zn deposits in the soil are one of the major
causes. Also, studies mentioned that the major Zn fraction in the soil is present in unavailable
forms that can consequently lead to decreasing Zn levels in plants. A reduction in soil-Zn
levels has detrimental effects on plant growth, microbial community structure, and soil
fertility. Therefore, it is imperative to understand this issue in the "soil-plant-animal-human
continuum" context as, like other essential nutrients, most of the Zn requirement derives from
dietary food intake. The consumption of Zn-deficient food crops can also cause Zn deficiency
in humans, as a majority of the population relies on staple crops to meet the Zn requirements,
like other nutrients. Biofortification of Zn in food crops is one of the preferred approaches to
increase dietary Zn intakes, for which the optimal levels of Zn in agricultural soils are
desired. The gap between Zn demands for humans and its supply through the food chain is

big enough to necessitate revolutionizing the agriculture industry with innovative solutions.

The present research aims to develop a nano-ZnO-based biofertilizer formulation through a
green chemistry route for Zn-biofortification and improve overall growth and development in
crop plants. The green synthesis of ZnO NPs can offer an eco-friendly approach as it
minimizes toxic solvents. Recent years have witnessed significant research exploring low-
cost biotemplates, such as agricultural residues, industrial wastes, weed biomass, etc., for
synthesizing metal-based NPs (like ZnO NPs). The current work entails biogas slurry (BGS)
in ZnO NPs synthesis (B-ZnO NPs), coupled with utilization as a low-cost substrate for mass
multiplication of beneficial microbes and further development of nano-ZnO-based

biofertilizer formulation.

The study began with the green synthesis of ZnO NPs at different pH (8 to 13) utilizing an
aqueous extract of BGS (aq. BGS). In FTIR analysis, major peak assignments indicate the
presence of phenols and other bioactive compounds bearing functional groups like alcohols,
carboxylic acids, aromatics, etc., in an aq. BGS. The quantitative analysis of BGS extract
revealed significant levels of phenols and flavonoids. The GC-MS chromatogram of BGS
extract indicated 57 peaks, and the identified compounds belong to fatty acids, esters,
alcohols, aldehydes, terpenoids, ketones, and sterols. Overall, the FTIR and GC-MS results
corroborated the existence of bioactive compounds in BGS extract that could act as a source

of capping and stabilizing agents in ZnO NP synthesis. Further, the FTIR investigations
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indicated the presence of organic molecules on the surface of the B-ZnO NPs and suggested

the capping potential of bioactive compounds present in aqueous BGS extract.

UV-Vis spectra displayed Amax at 360-380 nm, possibly due to the strong SPR effect of B-
ZnO NPs. XRD crystallite size of B-ZnO NPs showed a decreasing trend with an increase in
the reaction medium's pH (up to 11). The PDI for B-ZnO NP-11 was lower than B-ZnO NP-
8, indicating less agglomeration of NPs at higher pH. ZnO NPs obtained at greater pH
displayed higher band gap values than those obtained at lower pH, which could be due to the
decrease in NPs size with increased pH. The peak positions in XRD diffractograms for
synthesized ZnO NPs were in close agreement with the JCPDS standard (JCPDS file no. 01-
079-0206). The strong and sharp peaks were attributed to the high degree of crystallinity, and
recorded "Bragg reflections" further confirmed the hexagonal wurtzite symmetry of ZnO
NPs. FE-SEM analysis showed mixed morphologies of ZnO NPs, predominantly spheroid,
oval, and hexagonal. TEM studies also favored higher pH for synthesizing small-sized ZnO
NPs. At pH=8 and 11, B-ZnO NPs were comparatively smaller than C-ZnO NPs. These
observations supported the potential role of aq. BGS in synthesizing stabilized ZnO NPs.
Surface roughness was studied through AFM, and the average height distribution followed
the trend B-ZnO NP-8 > CMC-ZnO NP-11 > C-ZnO NP-11 > B-ZnO NP-11. EDX mapping
exhibited strong signals for elemental Zinc and Oxygen with wt% of Zn varied from ~73 to
80% in synthesized ZnO NPs. B-ZnO NPs synthesized at pH=11 were screened for further

experimental studies based on synthesis conditions, structural attributes, and recovery.

Furthermore, the study implicates tripartite interaction between synthesized ZnO NPs,
beneficial microbes, and plants to develop nano-ZnO-based biofertilizer formulation. Firstly,
the BGS and Neem DOC combination (60:40, w/w) was optimized for cultivation and mass
multiplication of 7. harzianum (MTCC 801) (TH), A. vinelandii (MTCC 124) (AV), and P.
fluorescens (MTCC 9768) (PF). The combination (v/v) of BGS (60%) and Neem DOC (40%)
aqueous extracts promoted seedling growth in R. sativus. Next, interaction studies of B-ZnO
NP-11 with TH, AV, and PF were performed, and no inhibitory activity was recorded against
any tested microbial culture up to 50 ppm concentrations. The results were comparable with
other tested ZnO NPs (B-ZnO NP-8, C-ZnO NP-8, and C-ZnONP-11) up to 50 ppm
treatments. The bacterial kinetics studies demonstrated the growth-promoting effects of B-

7ZnO NPs at lower concentrations.



The bipartite interaction of ZnO NPs and R. sativus seeds showed increased seedling growth
at lower doses. The B-ZnO NPs up to 50 ppm treatment significantly improved germination
indices. Overall, observing seedling length, phytobiomass content, and vigour indices, the
growth-promoting effects of B-ZnO NP-11 were more pronounced than those of B-ZnO NP-
8. The RL/PL and tolerance index (TI) indicated inhibitory effects of nano/bulk ZnO on
seedling growth at higher doses, more evident at 500-1000 ppm. TI greater than one was
obtained for germination indices at 50 ppm ZnO NPs and 200 ppm bulk ZnO treatments. The
results suggested that the R. sativus seedling significantly tolerates higher doses of bulk-ZnO
than nano-ZnO. However, the growth-promoting effects on R. sativus seedlings (SL, FWB,
VI-1, and VI-2) were observed at lower doses (up to 50 ppm) and comparatively higher in the
case of nano-ZnO (more prominent in B-ZnO NP-11) than its bulk form. Seed germination
studies are imperative to establish the effective concentration of ZnO NPs that can vary with
the plant type, NPs' treatment mode, and their structural properties (like size, morphology,
etc.). Such investigations could further limit the NP's exposure and reduce the nanotoxicity

risks.

Finally, the microbial cultures cultivated on an optimized combination of BGS and Neem
DOCs (organic/bio-fertilizer mix, abbreviated as OBM) and different doses of ZnO NPs were
combined to develop the nano-biofertilizer formulations and tested on wheat and spinach.
The pot and micro-plot studies on wheat showed the highest biomass production, grain yield,
and Zn contents in grains and straw in the case of T3 formulation (B-ZnO NP-11 @50 mg/kg
of soil + OBM). The mass balance studies on pre- and post-harvest soil showed higher Zn
uptakes in nanoform. An analysis of the Ts; wheat harvest further confirmed the higher
bioavailability of nano-Zn. Comparing the T; harvest with the positive control (T7)
demonstrated synergistic effects of B-ZnO NPs and microbial consortia on wheat growth.
The pot experiments on spinach showed growth-prompting effects of B-ZnO NPs at lower
doses (10-25 mg/kg of soil). The treatment formulation comprised of B-ZnO NP-11 (25
mg/kg of soil) exhibited significant improvement in the FWB of spinach, and higher MSI
values indicated the potential role of B-ZnO NPs in drought resistance. However, further
studies are required to get mechanistic insights into the role of ZnO NPs in alleviating abiotic
stress. Overall, the present study's findings exhibited encouraging results, and the tripartite
interaction of beneficial microbes/B-ZnO NPs/plants has been effectively materialized into
nano-ZnO-based biofertilizer formulations to ameliorate soil health and plant productivity via

sustainable routes.
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LIRS

S Wit sfte wul & fiy U smaeds da 81 adu uRged ¥, dyuf faea foe & wt
& 3o S A Tor W@ B, fous fay 981 # 3RfAie G WeR # fiRrae wi@ SRl § 9
T g1 SHS AT, ST $I 30341 § Ieoiw fosar 1 8 1o 7a1 & 7 S 3ier srgucter
HUl § Alopg ¢ foias aRvmRasy dhl # 57 &1 TR &1 8 FdhdT 81 JaT-fod TR § HHt
q diul B gfg, Yeuold THER™ WREAT 3R Ja1 B 3RaT W GRS TG usdr 21
ey, 39 JHRAT BI "fAZ-UI9-ug[-AHd Aaa” & Wi A YHSAT SRl 8, dRilfds 31T
AP UINF dcdl DY a¥g, foids B Afemier raIwar MER FaH Wie & A9 A gt
21 fSim-wit arell @re wudl @ JaT A it A7 ¥ G B B S Iwdt &, ®ife
3tfaeier TSl 3 N9 dcdl ol a¥g fSid 3maaadrit o 1 o3 & Ay 430 waal
W i Fdt &1 T el ¥ o1 o1 arreiffsder 3meR foie Y97 geM & sifemfaa
TPl ¥ I 1 2, s fay ¥ 9a1 A fSis &1 gwean W giféa &1 w3l @ fag foie &t
HiT 3R @Ter SjET B AAH A SHD! 3MYfd B i BT 3R gaT a7 | fh BN 3T A
T FATUTHI & A1 Hifd AW BT STaTBAT 2

A M FT 322 o 3iTTTss-amIfhdem & fow gRa A Anf & Anaw
F-foi 3ifeTge-3mRd Ja3dies BierM fdbffd wer 3R waa dl § 997 g9fg
3N fabr g T 81 foies 3ifarargs AATboN &1 gRA H2dwoT TafarvT-31J6 fLeHIvT HeH
B FhdT & R I8 fauTam facrres! 13U B Har &1 g & asf § uig-3mnia
AEo (G S 3iTaTss) ®1 Weafid & @ fay B 3@y, sikifie smfere,
TRYAIR IRITARN, SATE S BH ANTG a1l dRiICRee Bl @iel § Agcdyqut AT <& Tr
21 gduH Pt ¥ S 3ifaaTgs ANHoN & Heawor (-5 sifearss Fwon) ¥ g
i (disiies)enfae €, T € AMBRIPT geaeial & 98 Y9 IR dgeliaeor & fag &H
AT ITel 3N:FR & U A 3R AN-f6F 3iTass-3mnia sasdie wraA & fAmfor
SHPT 3UANT M 21
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3N JISHTH B STl 37 (AT dISew) HT 39N ¥ fafi= digg (31m6 F aE) W
S sifaaTes HIFHUN & gRA WA B A1 URY fHar TaT1 STy deiivy & BiRR
BUIARUT 3R WINPT (THEIMEIR) faeivor # yqE oy sgtie fiala dam
&I 3ufRAfa BT Hbd UTe g3T1 Aisiivd 318 & AATHP fGeeyor & fisaleT dar waiiss
P HEAYUT IR BT UaT IAT| FoNqd 376 & I PIHAUTG-AT Tagrigt (ST-vaga)
P 3 FaTaq Afea) 1 Fod &, 3tk ugam v difie B tfis, T, ehigd,
UfcSEIss, SUAEY , B 3R VI & Haftid 1 G AT, THEIMENR 2 Shiwl-
THCH ROTHT 3 dislied 316 & Staufea aifiiel & i &I g &I & foie sifavrss
Aipur dewwor § Bff 3R IR @ Hia & BU A 4= Yfaer i a@d &1 g9
37T, THEITSIR Sid 4 §i-fS 3ifadrgs Aol &t 9dg W e it &
Jufefd a1 Sieftar JISieH 37@ ¥ Ais[g araefacd Afiiel B BT &mdar o1 dad

RIST-geaWH WagT 7 oweel Ha B diF |t d16 § diF It 3/t ey W uefeia
fiar, Svaa: A-fS sifaaTge BN & ASld Tag WA E 3TATE YT B BRUTI -
oI 3iTaRaTgE AMEUI & THIRE! foheedia PR A Uivg gfg (IRE d6) @ 91 fiRkae
@ T -G siaes AMEv-aRg @ fav agladunr gaeie d-Fe siwamss
ANPBUT-31T6 T B AT, S 3= NI R AAVBUN P B T PT Hebd T &1 31fs Tivg W)
T fSip 3ifqaTgs A9IBUN A BH diva W A foie 3ifaargs AUl & goqT 3 3= ds
u 717 wefeia foar, it & 92 gu diva & Wi AN & 3MHER § HH B HRT & Fhar
&1 HefSd fSiep 3iiaTss A1l & iy veraaiRSt fewbercium o ot feifd sfidisiva
AHAE (GRSt WIsd AT 01-079-0206) & 31%HU | Aolqd dam W i
fepeeeitadr @1 g2far 8, 3R Repré fby g "o wfig " 7 o siieaTss bl &
WEHI0] GESITSE HABYUAT BT Y BT & 3T THAT Sl AISHIRPpIUl faeayor 3
fSi sifqargs Aqieu & fAfsa sngfd & <M, & BU & MAPR, 3iEER 2T
RN | HTRUT Seidgi AISHIDIY 3eadH] A Wi BIE 3R & foies 3ifavrgs Aawoi
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® WAl H¥ @ foag 397 divg &1 gudq fFan diga 3116 3R IRE W, @-fGe
3TeRATSS AAIPBUT JeTHe ®U F Hi-fSep 3ifeargs 160l & Bl Uit gU1 $9 Haon 4
fE2R S 3iTaTss ABUie HeRfoa B W STeltd oL.SH.0H &Y FHIfad YfFwT &1 awel
fepar| WRHATfUaE e HIGPIBIUT & ATegH F g & JIRUA BT 34y far ma, qar
3t Harg faavor 4 A-f5i 3iaaTss ANHU1-318 > fAd 3iTwITgs ANFGU-ARE > Ii-
fSip sifaaTss AIPBU-IRE > -5 3iTaNITSs AGU-IRE  $eH BI &Ml SEvay
AT A difcre G 3R sifadter & fag Aorqa daba wefia ey, foad devfva G
3iTTge ANHUN § ol &1 ao ufderd @ fageR @ 3t a6 a1 divg —[RE W)
Heefsa -G siferarss AN B Heetwor feafaal, dRemTares fagdrearsit ik gauifea
B AR W 310H IR 3naaq & foig safqa fasar

D AT, NI A91-SASTA3N-3MTRA Sz BigmM fasfaa & & foig Heafua
S 3ifaaTgs AiwuT, ARt e sital 3R diul & e e sia-fisar ot gerfar 21
Id wem, disicd iR T da WEa de (AW Shei) doE (WS U e,
IoF/aeH) B 21 grfciarT (TR 801) (E1.u=h), U fa7eisT (THERi 124) (Ta), dam
g TR (THERT 9768) (R.UB)®! a8 A W UH & foiv srgafeia fosar mar am)
dieiie (16 ufdera) aar g St (arel ufderd) Sl 316 & Haied (AET/aET) 9
YBTAd Wicaw W 3igR gfg o gerar fean sqd uea, &, vt 3k d.uw & e -
S 3ifaITss AIBUT-IRE & URTIRS YHTT 6T 31aa fosam T, qoT gamd ¥t ufd 9
o (didiew) Higdr ae fat +t ufiaror féy 17 Ygaeila Jadq & favg s fFRurare
wfafafer gof 48 &t 11 aRom Ter diied 3uaR a9 31 udierT {6y MY fSie sifarss
Hpu (@-fSie sifearss AMeur-3me, W-fGe sifarss AMeur-3ms, doar H-fGe
37TqNITES AIPBU-TIRE) & A1 go-1d | W DA 3readAl A Wt HH Figar § daifRan
@ fdprg W -G 3ifaaTgs B0 S THRIHAS THTA! BT T&2H fHar|

S 3ifavaTgs AAipuT det vprw dficaa il & fgueita sia:fisar 3 &0 ae w1 sige A
gfg 25t v Wdivd 3ueR a6 @-fSd sifarss G A R0 FABIP § HBIH!
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QUR | Gt e, 3igY Bt wiaTs, Breeiam@m qmdl qeim 2iferd (fmi) Jeebie!
& fadr @1 gerar &4 a1l WTEY @B Ad gV, §i-fS 3iiass Aeu-RE, §i-fGe
3iTTgE AIBUT-31T8 Y gt A 31fdd PRIR 1 IR.TA/N.0 3R Feaeiierar Yaoie
(E1.318) 7 3 GUF W 3igY gfg A AMN/aep G 3ifaTss & RIS 1T FT Hbd
e, s v 9t A v goIR Wiy W e 71 vy didiey {8 3ifeargs AMeor 3k Q)
| didten 2 S 3ifITgs 3UTR W 3HEI0T Yadbie & fav te & 3ifte &.3n g
fsar mar 2m1 aRomaY 7 Effia foar fo e dfcaw sigr AA-Ga sifawrss & gar A
(TH.Td, Th.Secg,dl, d1.31M5-Up, a7 d1.3M$-al) W AP $I 9gar 4 a1l TH1a &H
GUH (T NITH 96) R <@ MY 3R A9-f5e sifaargs (f-Ssuasit tdl-are #
31fad yE) S Hei A 39S TG oA wU A Al foe sifadrgs 4 ifte 3 @i
30T 3 foicp 3iTaaTS S AMNBUI Bt T Figal AU H & g 3maeas g, S
U B YBR, ANB0N B IUGR AT AT 39 TIATD oI (S 31THR, 31T, 3nfe) B
1 fi=1 31 Uehd §1 39 a¥8 P STid ANBUN 3R ANSHRIRAET b @) b1 HfAd Ha 3
AMBN 8 Fhdl 21

3id ¥, diciew iR A9 et Gifds/sta-3de fAsor, @8 7 siadt.gn) & safa
A W geAsiar Bt Wgfg far mar 3k S sifearss e i fafisr gust w
T fRaeR fasfad IN-Stazdie wiaAT &1 1 3R uTes W wdteor faar i 1§ w®
gie 3R ATgpI-wile 3raRH ® E-dF BieA (-5 sifrargs Heu-7aRg & )
T fReitum /BT 9e1 @ 3N.d.un) § a9 31fte IrRHRT 3dTe, 3M[TST B 3ue 3R
Y@ H S P14 9T g$1 Hers A ugel 3R q1e Bl T W GHH Hgerd 3reaaql I udl
ToadT 8 b A7 ®u 7 il g1 fSies 7ot H1 7 s1fdas 81 & 11 &) e & faemsor
A M-S 3ifaTss B 3= SIa3uaerdar B g &I | FbeRIAs =0T (&-9ma) & ard
A-d BIA B AT BT W A B Ifg W A-AN-fG siiaargs ik geasia d9 @
HefhaTcHes THT T He2f g31Tl UTeids W die wam # @-foie sifargs AAson & &4



TF (30 ¥ v faeium/fem fidl) = fiem-afa we et & #-Ge
3HieNITES ANBUI-IRE (Tt fHeitam/fhar 7er) J g TR BIeeH 7 UTeles & drell
oI IR W WEaqut GuR @, iR 3o et feerar Yasie qeal 7 g@r ufa’
¥ -G siiaargs ANBON H FIfda it BT Add a1 grifes, 3 faw ard I B
FA ¥ 51 3ifeargs AHoN B yfiier ¥ daaq iadfe urd w3 @ fAg 3mY & sreaaa
&Y 3MTgeupar &1 Bl AT, aduH g @ fAspuf I IcTgeHe uiomy vefeia fy &,
S sifeTss-3maRa Sa3dies BIHeRM & BU § JaT WA 3R BAal &I Scdrghdl A
QR o1 & fefq ufdsa & Fdd gd st faepea Fifed g g g1
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