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ABSTRACT

PHB, a bioplastic was explored as an alternative to conventional plastics because it has similar
physical properties to polypropylene. Additionally, its properties like complete biodegradability,
biocompatibility, barrier to water droplets & oxygen made it a useful biopolymer for various
societal applications. It was evidenced by various literature and present study that this bioplastic
could be produced from both gram-negative and gram-positive bacterial species.

The primary objective of the present investigation was to establish a successful scale-up protocol
for the transfer of our existing leads of various bacterial species (Azohydromonas australica,
Cupriavidus necator, Bacillus thuringiensis) at lab scale bioreactor (7 L) to the pilot-scale
bioreactor (300 L) in batch and fed-batch cultivation conditions. To establish a successful scale-up
protocol, initially, the geometrical similarities between small and big scale bioreactors were
examined wherein it was assessed if the physical boundaries of the two bioreactor cultivation
systems are similar and in geometrical proportion to each other. The dynamic similarity of the
bioreactor systems was, thereafter, ensured by comparing the relative value of flow affecting
intensive parameters (P/V, KLa, II, tn, NRe, Q/V) in the model (small) and prototype (big reactor),
by keeping one of the intensive parameters constant in both (small & big bioreactors) & evaluating
its effects on the rest of the scale-up parameters through the relative ratio (parametric index) of
scale-up parameters. Constant P/V scale-up criteria, invariably, emerged as the most suitable
criteria for the successful transfer of results of all the small scale bioreactor cultivations to 70 / 300
L bioreactor cultivation.

Batch cultivation of A. australica, C. necator and B. thuringiensis were performed in 7 L bioreactor
for 33 hours, 54 hours and 36 hours. At the end of batch cultivation, A. australica, C. necator and
B. thuringiensis in 7 L bioreactor featured maximum biomass of 8.66 g/L, 12.46 g/L, and 7.29 g/L
respectively whereas PHB accumulated were of 6.53 g/L, 8.61 g/L, 3.69 g/L respectively. The

maximum productivity of A. australica, C. necator and B. thuringiensis were of 0.197 g/L/h, 0.159
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g/L/h, and 0.102 g/L/h respectively whereas PHB vyields were of 0.285 g/g, 0.261 g/g, 0.548 g/g
respectively. It was possible to duplicate these results up to 300 L batch bioreactor cultivation using
P/V scale-up criteria. To further demonstrate the successful transfer of the results by selected scale-
up criteria to 15 & 70 L bioreactor cultivations, the model-based fed-batch bioreactor cultivation (7
L) of A. australica (Gahlawat & Srivastava, 2013) with constant feeding rate strategy, C. necator
(Sharma et al., 2015) & B. thuringiensis (Verma et al., 2019) with pseudosteadystate feeding rate
strategy were selected. For this purpose, the mathematical model was simulated again on a
computer with the changed volumes (for 15 & 70 L) to reidentify the respective changed feeding
rates during fed-batch cultivation. The fed-batch -cultivations were then experimentally
implemented in 15 &/or 70 L bioreactor wherein it was possible to duplicate the leads of 7 L fed-
batch cultivation in terms of concentrations, yield and productivity.

To extract the intracellular PHB produced, chemical digestion of biomass with Sodium Dodecyl
Sulphate and Sodium hypochlorite was followed by the solvent extraction method using chloroform
(Hahn et al., 1994) which featured a maximum recovery of PHB from the biomass of C. necator
and B. thuringiensis as 69.5 % and 40.57 % respectively.

GPC analysis of PHB recovered from the biomass of C. necator featured the weight average
molecular weight (My,), number average molecular weight (M,), and polydispersity index (My/ M)
of 115 kDa, 36 kDa, and 3.19 respectively, whereas incase of B. thuringiensis these findings were
of 124 kDa, 48.1 kDa, and 2.58 respectively. The TGA analysis of PHB recovered from C. necator
biomass featured the thermal degradation patteren of PHB which indicated that 5 %, 85 %, and 100
% of the total mass of PHB was degraded at 225 °C, 290 °C, and 500 °C respectively whereas
incase of B. thuringiensis, 5 %, and 95 % of PHB was theremally degraded at 239 °C and 276 °C
respectively. FTIR spectra of PHB recovered from the biomass of C. necator identified the
functional group carbonyl, methyl (stretching mode), methyl (bending mode) at 1720 cm™, 1380

cm?, 1450 cm™ respectively. Whereas, incase of B. thuringiensis these functional groups were
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identified at 1720 cm™, 1380 cm™, 1460 cm™ respectively. The 'NMR analysis detected the
chemical shifts at 1.196 ppm, 5.167 ppm, between 2.36 - 2.54 ppm which recognizes the methyl,
methylene, and methyne groups in the chemical structure of PHB respectively while incase of B.
thuringiensis, *NMR spectra of PHB identified -CHs, -CH, -CH, groups through chemical shifts
observed at 1.28 ppm, 5.25 ppm, between 2.44-2.63 ppm. The XRD analysis characterized the
crystal stracture of PHB. The peak observed at 26 = 13.42° and 16.96° in XRD analysis of PHB
accumulated by C. necator peaks characterizes PHB crystal as orthorhombic unit cell structure
whereas XRD peaks observed at 20 = 21.42° and 22.52°corresponds to the a-helical crystal
structure while remaining three peaks observed at 26 = 25.56°, 27.22°, and 30.48° corresponds to
the partial crystalline structure of PHB. Similarily, peaks observed at 26 = 13.48°, 26 = 16.98°, 20 =
21.68° and 20 = 22.50° in XRD analysis of PHB accumulated by B. thuringiensis characterizes
PHB crystal as similar as it was incase of C. necator. Although PHB produced by B. thuringiensis
has a high percentage of crystallinity and a low level of tensile strength yet it could be utilized for
various medical applications such as biodegradable sutures, stents, grafts, etc. after blending it with
plasticizers. The thermal characterization of PHB produced by C. necator indicated that T, and Ty
values have a wide-ranging temperature gap which features easier thermal processibility of PHB for

various applications such as packaging of fruits and vegetables, coating of fertilizers, etc.
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NI

PHB, URUR® W& & fddhed & €U H T TS & Ydl Ml T Fifd 390
gicviISeE & JEE Wifdd O §1 9P SHfdiked, SHP TUN o gUl SrifsIefaferd,
IAefefaferd, urt @t s 3R sifaiie & forw srariy = 39 faftra rfores vt & o
TS TN SR o4 fean fafie ifee iR adam sreqaql g1 a8 Wy foan mar o1 fos
3 Va-WRe® &I TH-AGRIAS 3R TME-Uioifcd gHl ThR & Iudal I Ided fbar o
BELIN

JIAH S o1 Ui 3529 YIRS UM dEiudeR (7 L) R fafte sediRad Iudel (¢
Sfictere] &l [APICR, & YR ) P AR HISGT dlS & SXIIaRUl & [ Th Hthel Whel-3(T
NeIpid RIIT BT UT| UTdele-Thd SRRTaR (300 L) S 3R BS-99 HecldvH of fufa o
TP Thd W -3 UeIhid R 334 & e, & & 81 3R 98 I & Jrluas) & a
ST FHAA &1 5id &1 5 2, S a8 gedic foar a1 o1 fos g araiuaey deciave
JoTfer 1 Hifde WA JAH § SR U g & SId 3urd | 81 39% 918, Sikuge
yunferal ot nfaehia THHGn disd (B10) iR Wielersy @s Ruaer) # = Auds! (ot /
HTAT, EITH, TISRS, T/ dT) DI GUIAd I aTel YaTg & Aruel Jod DI gaT HRcb Gisd ol
T off gFf B iR 98 IARueR) & T84 Aucs! # ¥ Ud &I fRR I@d U 3R Whad-3™
AES & TToer U (RTHCH S3a) & H1eOH T d1] THM & ATISS! WR 3P THIT BT
i &Rd ¢ | Hiee Ot / dt Whd-3f0 AFes, SHRN & forg, Tt 8 9uM & Jaikudex Jdt
&, 70/300 L TRNRTEFR PHec 1M H URUTHI & Jhd gediaR0l & (oY Jad SUgad AFGS & &4
T IR

T ffeerferent, . Aaex 3R &t yRMTR ot 99 Wl 7 dex srfiuger § Ha: 33 e, 54 ¢
3R 36 °9¢ dF P TS| 97 B! Wil & 3fd § 7 ¢iiex IrRuaex § U, sfierfersm!, . Ader siR ot
YR & IfIHTH TN B HUA: 8.66 UMM / AR, 12.46 TN / ©iex, 3R 7.29 UMW /
diieRr fafd fovar 7, Siafe did diugsl $Hsn: 6.53 U9 / iy, 8.61 UMM / i, 3.69 U /
e off | © i, W AdeR siR &t . YRR #t siffiday Iagedr A 0.197
U/ /efer/del, 0.159 AW/ /aeR/Eel, 3R 0.102 AW /diex/der &, safe ot wa o diee A
0.285 /U, 0.261 UTH/H, 3R 0.548 UTH/AM ot | Ot / ot Thd-30 AHES &1 SUTNT Hb
300 diex o9 FIRNTERR Wt 9@ 37 URUMH Bt Ao d HRAT THT AT 3T 15 TteR 3R 70 Tiex
TAINTER &1 Wl & T Iafd THa-30 AFCS gRT URUMH & Ihd XdiaRul &I Yarid
HA & AT 15 3R 70 dier IEINTTRR Bt Wt & T Wd-3U AFES gRT IR & Tha
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TR & UERid 1 & e, Aisd-snuia Bs-sa Wt (7 wex IraiRudeR), @R he-
I & 1Y U, ACATHT (Tearad R Marad, 2013), . Abex @ Te 31|, 2015) 3R &
YRFURRT @A Te 31d, 2019) & T YRS WIS & UM BT T8 o T o7 | 39
TS & oY, Bhe-ad &1 Wl & GRIH Jaeid dad §U BitaT a3l ! the ¥ Ugar- & fag

TiOTCHa AT ! dad U TRDBRUN (15 3R 70 TA & fo0) & A1y Hger WR R 9 Rigeie foa
AT 47| Bh8-ad &1 Wil a9 YIRS ¥4 ¥ 15 & / T 70 Wiex aiRgdex # ar &1 18 o, fors
g, YSTAR 3R SACHAT & AHA T 7 THer s o9 Tl F NS BT Thd HAT GHT T

Idfed STRIER Yitast Fadbrem & g, Sifsay SISRia Tehe SR Afead gRUTIRISE &
1Y MY & IJ9EHS U9 B FERIBH @F Te 31d, /%) &1 ST &Rd faadd
sy fafy g1 fosan a1 399 & FFev iR & YRRITd SEMN ¥ HHRT: 69.5% 3R
4057% SffIHan diegsr Reast Uls TR & Fdey aAAN ¥ Ropds diugsr & iU
fazamor & go SfId SMUIfad UR (Mw), ST 3d SATUIAe HR (Mn), 3R 3R ieifsauie
TSR DI HHERT: 115 kDa, 36 kDa, 3R 3.19 G-I T, Sfafds off | YRR & 37 Fewsi & 3
U 124 HAIY, 48.1 oMy, AR 2.58 | T FFHevaaEN 4 Rhas diugsl & ot fa=ewor
T Tohd firerar § i fiuael & $o G0H = BT 5 %, 85 % 3R 100 % HHT: 225 °C, 290 °C, 3R
500 °C W yHa fEuSeH forar mar u1l, 9iafes B. YRAURM F A fFpal §  diuast & Fa
S BT 5%, 3R 95% THHRT: 239 ° C 3R 276 ° C W yHd FSHSTA o mam 1| 3t Aaex &
TR ¥ SRS PHB & THCISTS SR Wael A HRES g deia |, fRa (&R ars),
RIS (P HIS) B UgdM HHR: 1720 JHT -1, 1380 JHT -1, 14.5 YH! -1 Y DI | Fip, .
YRATERN & 39 FRTHS JHG! DI UgdH HHR: 1720 JHT -1, 1380 JHT -1, 1460 FH -1 4
gs! 'NMR fa=eiwur =1 1.366 UidiuA, 5.167 GIHIEH, 2.36 - 2.54 THUH & &9 I9AAS dearal
1 Udl AT, S PHB P RIS TR & fursd, fHryreedi ofik At wig! &l ugaar g,
Safd B. YRMTARE, 'NMR el PHB & -CH3 -CH, -CH2 JHg! &1 I aTdll & H1ead I
1.28 TdiH, 5.25 WdiH, 2.44-2.63 YIfieH &1 UgaH @xaT g XRD dIfedl 20 = 13.42° 3R
16.96° TiTTe! fhted & 0 H TURITEE gwTs I & U H 9T O1dl g1 S&fh 20 = 21.42°
3R 22.52° W ! TS THISRS! A a-gfcrwa fored ok I T Wl &, Said A oA
el 20 = 25.5°, 27.22° 3R 30.48° Hiwget & 3HifIH fheda W1 I A Wl § 1 3 RE,
&t YRR gr1 fAffd PHB & TasRS! faxawor # 20 = 1348 °,2 16 = 16.98 °, 20 = 21.68
° 3R 28 = 22.50 ° TR W 7T ANt PHB forked fbed @1 a8 favivar 8, S for g . Adhex
H 7 | graife o YRMLR grr fffa duast & feecdad &1 3= ufawa ¢k 9 wfad &1
T g TR B, R o 38 wifRaser & aftiyur & are, fRfte Rifear s S8
SAISUSTd Tiop, We, Uiy 3fe & fo IudnT fowan o1 wehdl 81 & Faev gR1 fAffd PHB &
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S U1 JUH T Tobd 1 fb Tm 3R Td A & Th AP qUHM iR BT § off faftre
START S e SR Wferal ot TRt IRDI & Au, ofe & oy et @t smae ardig
UfhaT B ST B |
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LIST OF ABBREVIATIONS

3HB 3-hydroxybutyrate

3HV 3-hydroxyvalerate

4HB 4-hydroxybutyrate

ATCC American Type Culture Collection

ATR Attenuated total reflectance

CoA Coenzyme A

CMC Carboxy Methyl Cellulose

DCW Dry Cell Weight

DNS Dinitrosalicylic acid

DO Dissolved Oxygen

DSC Differential scanning calorimetry

DSM Deutsche Sammlung von Mikroorganismen
EDTA Ethylene diamine tetra acetic acid

FTIR Fourier Transform Infrared Spectroscopy
GPC Gel permeation chromatography

GPa Giga Pascal

Gr —NPs Graphene-nanoparticles

HPLC High Performance Liquid Chromatography
HDPE High-Density poly(ethylene)

LDPE Low-Density poly(ethylene)

MCL Medium Chain Length

MPa Mega Pascal

NADPH Nicotinamide adenine dinucleotide phosphate
NMR Nuclear Magnetic Resonance

NPCM Non-polymer cellular material

PHA Poly(3-hydroxyalkanoates)

P3HB/PHB Poly(3-hydroxybutyrate)

P4AHB Poly(4-hydroxybutyrate)

PHH Poly(3-hydroxyhexanoate)
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PHO
PHP
PHV
PHBHHx
PLA
PP
PSS
sCL
sDS
TEM
TES
TKN
TGA
uv
XRD

Poly(3-hydoxyoctanoate)
Poly(hydroxypropionate)
Poly(3-hydroxyvalerate)
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
Poly(lactic acid)

Poly(propylene)

Pseudosteady state

Short Chain Length

Sodium Dodecyl Sulfate
Transmission Electron Microscope
Trace Element Solution

Total Kjeldahl Nitrogen
Thermogravimetric analysis
Ultra-Violet

X-Ray Diffraction
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D+
Di
Fe

Hr

KLa

Qv

Te

SYMBOLS

Dilution rate (h™)
Diameter of Tank (cm)
Diameter of Impeller (cm)
Correction factor

Height of Tank (cm)

Volumetric Mass Transfer Coefficient (h™)

Liter

Viscosity of the medium (Kg/cm-s)

Maximum specific growth rate (h™)
Number average molecular weight (kDa)
Weight average molecular weight (kDa)
Z average molecular weight (kDa)
Polydispersity index

Impeller rotation speed (rpm)

Reynold’s Number

PHB concentration (g/L)

Un-gassed power (W)

Gassed power (W)

Power per unit VVolume (W/m?®)

Impeller Tip Velocity (m/s)

Airflow rate (Lpm)

Volumetric airflow rate (Lpm)

Medium density (kg/m®)

Crystalline Temperature (°C)
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Ty Glass transition Temperature (°C)

Tq Thermal degradation Temperature (°C)
Tm Melting Temperature (°C)

tm Mixing time

6 Blend Time

\Y Working volume of the bioreactor (L)
dv/dt Rate of change of volume (L/h)

Vs Superficial Gas Velocity (m/s)

v/v volume/volume

wiv weight by volume

Xe Degree of crystallinity
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