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ABSTRACT

The growing global need for advanced therapeutic systems to combat oxygen deprivation
such as hypoxia and acute respiratory distress syndrome (ARDS) has accelerated the search for
lightweight, efficient, and controllable oxygen carriers. This thesis investigates metal-organic
frameworks (MOFs) as multifunctional materials for controlled drug release and oxygen
storage/delivery, combining experimental, computational, and sustainability analyses to

establish a unified framework for biomedical application and industrial translation.

The first part of the thesis focuses on Zeolitic Imidazolate Framework (ZIF-8) as a
biocompatible nanocarrier for the anti-cancer drug Cytarabine. Owing to its high porosity, pH-
responsiveness, and structural stability, ZIF-8 enabled efficient drug loading in its native form
and demonstrated a controlled, diffusion-driven release under physiological conditions, as
confirmed through Higuchi and Korsmeyer-Peppas kinetic modeling. This study established a
proof-of-concept for MOF-mediated targeted drug delivery systems.

Subsequent chapters explored the oxygen storage and release capabilities of ZIF-8, ZIF-67,
and Cu-BTC, synthesized via room-temperature and solvothermal routes optimized using the
Box-Behnken design of experiments (DoE). Specific surface area analysis and dynamic gas
adsorption studies revealed oxygen uptake capacities of 0.9 mmol/g (ZIF-8), 2.8 mmol/g (ZIF-
67), and 4.6 mmol/g (Cu-BTC). Molecular-level insights from Grand Canonical Monte Carlo
(GCMC) and Molecular Dynamics (MD) simulations identified adsorption energetics and
diffusion pathways, with oxygen molecules preferentially interacting near open metal sites and

pore channels, reinforcing their potential as reversible oxygen carriers.

To evaluate scalability and sustainability, Life Cycle Assessment (LCA) and Techno-
Economic Analysis (TEA) were performed using laboratory-scale inventory data normalized
to 1 kg MOF production with 2025 market prices for all inputs. Two production scales were
assessed- pilot (1 kg/yr) and demo ( 1000 kg/yr). At pilot scale, Levelized Cost of
Manufacturing (LCOM) exceeded 50 000 $ kg™' due to capital recovery penalties, but fell by
two orders of magnitude at demo scale to 566 $ kg™' (ZIF-8), 1508 $ kg™ (Cu-BTC), and 1484

$ kg! (ZIF-67). At this scale, raw materials and solvents accounted for > 70 % of the total cost,
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while CAPEX contributed < 15 %. Sensitivity and Monte Carlo analyses highlighted ligand

and metal-salt prices, as well as solvent recovery efficiency, as dominant cost levers.

When normalized to functional performance, the cost per mole of O, stored was 627 § mol™!
(ZIF-8), 326 $ mol! (Cu-BTC), and 527 $ mol! (ZIF-67), establishing Cu-BTC as the most
cost-effective oxygen carrier among the investigated MOFs. To complement adsorption and
biological performance, a cradle-to-gate sustainability assessment was performed using
openLCA (Ecoinvent v3.8, TRACI 2.1). ZIF-8 exhibited the lowest environmental burden
owing to its aqueous room-temperature synthesis with a global warming potential (GWP) of
2.1 kg CO2 eq kg'!, compared with 5.3and 8.7 kg CO2 eq kg for ZIF-67 and Cu-BTC,
respectively. Economic hotspots were dominated by metal precursors and organic linkers,
whereas environmental hotspots originated primarily from solvent consumption and precursor
production. To address industrial scalability concerns associated with DMF, an additional
green-solvent Cu-BTC scenario employing an ethanol/water system was evaluated. The DMF-
free route reduced the manufacturing cost from 1508 to 1286 USD kg™ and decreased the GWP
from 8.7 to 3.86 kg CO: eq kg™' while maintaining structurally acceptable Cu-BTC with a BET
surface area of approximately 1138 m? g'. These results demonstrate that solvent engineering
can significantly improve sustainability without compromising the functional advantages of

Cu-BTC.

Overall, the comparative assessment revealed distinct performance—sustainability trade-offs
among the investigated MOFs. ZIF-8 provided excellent biocompatibility and the lowest
environmental burden but exhibited limited oxygen storage capacity. ZIF-67 delivered
intermediate oxygen uptake together with favourable biological performance and
environmental metrics. Cu-BTC achieved the highest oxygen uptake (4.6 mmol g'), the lowest
oxygen-normalized cost, and, when synthesized through the green ethanol/water route,
substantially improved sustainability indicators. Collectively, these findings establish that
MOF selection for therapeutic oxygen delivery should be guided not only by adsorption
capacity but also by biological compatibility, economic feasibility, and environmental
sustainability. The developed framework provides a rational basis for the future design, scale-
up, and translation of MOF-based oxygen therapeutics. This thesis delivers an integrated
experimental-computational-economic framework for MOF-based biomedical materials. The
outcomes form the quantitative baseline for scaling MOF synthesis toward clinically viable,
environmentally responsible oxygen-delivery technologies.
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ARTA
3TRATST T BHT F 39~ LTl S gl 31k garpe IRet e fAg| (ARDS) &
3UAR B 314 fafdaita gunfadl B dfeded smaededr 7 gokb, Hore 3R [FAfEd sitadtorT
qTgepl Y TSl Bl T & 81 T8 M- Hed-3iMiAe raRf (MOFs) &Y fAifad situfo
AR 3R 37TeRIISH WSRUI/fGaroT & feiv agfhareite ATHit & ®U # 37603 o &, o
AN, TTOATHS 3R fERAT faeaiwor & vdhigpd a Sta-fefdaiia 3uai 31k sitenfies
faaR 2q UPIPa g IR fobar T B

NG & g v H [Safdifed sfemileiec Hadb (ZIF-8) Bl SaR-IHT 3iufe grserral7d
SIg-GTTd A198® & ®U H 3G BT TATI S9! 3 Edl, pH-Tdeeiterdr 3R IRaATHS
EBRAT o BRUT, ZIF-8 7 316l Bl 3Hb HoT U H PeAcAdded @IS fobaT 3iR 2MRIRe uRfzefaar
¥ fif3a, faeRor-oRd famrem vefefd faar, o g /8737 31R #iedev-guamiada Aled
GRT T TS| $H 37eaT 7 MOF TR cif&id 3itefe faaror sorret bt seaeRom @1 b fbar

3T & 31T H ZIF-8, ZIF-67 3R Cu-BTC 1 3{TaRIIST HeRUT UG faHIe &f7dT &1 Jeid
fosar T, foe FMR & dTYHT doT Iicaredd fafoay I Jeafsa fsar mam 3R sirg—a=6
feSTe 31T URTURHSH (DoE) gRT 3pfeid fbar | faferse Jagt & faeawor ik i
3[GRMYOT 3TIAT H BHE: 0.9 mmol/g (ZIF-8), 2.8 mmol/g (ZIF-67) 31R 4.6 mmol/g (Cu-BTC)
DI 3RS 3FAUT &HdT U1 gE1 Ug Al Hi Bl (GCMC) 3R AifeiReR
ST (MD) (g2 & g 9 73T o 3RSt 319] G d: Fol HTg Riell 37R 37 el
& THIT 37geNfed 81

Theifefeicl 31 RRRAT & Heiehd 8 WIIeh HIgfbel IMHHC (LCA) 3R CHI-gpIHITHB
AT ERT (TEA) &1 33T oot 7T, foiRa TRanTo TR & §dedt seT i 1 fdiT MOF 3cmed
& AT 2025 & ISR T & IR0 ARG BT TRIT| AT 3cTe TR) 3B 3T s 1T -
qrIee IR (1 fasum/ash 31k AT TR (1000 fhu1/ay) | urgere ¥} W AT0T S IHdw R danrd
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(LCOM) 50 000 $/fduT I 31feies T&T, STafds SHI TR W I UeaR 566 $/fBUT (ZIF-8), 1508
$/fBUT (Cu-BTC) 3R 1484 $/{BUT (ZIF-67) B TS| TH ER W el HIA 3R Hicde Pel AlTd
P 70 % I 31fd & [y [SHeR &1, STafds CAPEX &1 A& 15 % J 6H 8T

PrATHD T2 P TR W ATHRITAIT B3 W, Gfd Al 3RS HeRT oTd 627 $/HTeT
(ZIF-8), 326 $/8Id (Cu-BTC) 3R 527 $/41d (ZIF-67) Ut§ TE, S Cu-BTC &I Jad
fompradt siferilsr aTes g fdhar Tl g, yafaRoit faeasor ¥ Agayef 3R geifyl
openLCA (Ecoinvent v3.8, TRACI 2.1) TR 3THTRA sheal-g-e 1 H e mam LCA gerfar & fb
ZIF-8 BT YT Jad BH T, STdids ZIF-67 3R Cu-BTC (ST 3fedigd 31k DMF 3THTRA
FredrHe faft ¥ R fby 70) # vafareia YR 31fde ar@r mar — S dfedds S99 JHTaqr
(2.1, 5.3, 8.7 kg CO: eq), BIEASIAG W@ (1.2x1077, 4.5x1077, 7.8x107 CTUh) 3IR
STFATRROT (0.18, 0.42, 0.47 kg SO. eq)l Tt yonfaal # 3nfefe (urg @avr + faie) 3R
gafaRoie (Aiede + fiedR) glewie 3rmd urg Ty, forady gRd Aiede fdawemd, s fied
Sd qUT Fdd IT Fifzeh IFTAADB AT BT 3TaBdl TR ol fHeT|

37T 8 § TEA 3R LCA & i URUITHT T AMTed e Sa-RIfbig 3fTaRiIeT drgepi &
AT ANTd-—3MTa ThieaR R feba T, STelfc 37eamd 9 4 §AY by f bl Hebfoid fbaT: ZIF-8
M 3l faHr & foiv Faifee Sig-H1d 3R GRI& §; Cu-BTC I JTeRIIST 3Td2TouT
3R PBIHS WA G&dT & HRdl &, Jafd SHBT YIiaRoig yMTa 31fd 8; AR ZIF-67
qa-Tebt, 3Tfefes 37k Tafarviar g & Haffe dgferd fdeed fbg g3

Ig M U bl YANTcHD-TTTUHTHD-3ATelds STalT TRgd PraT &, ST MOF-3THTRd Sia-
ferfereita qrafial o felq gafdr 3R ReeRdr 21 @l Fafoid Bdl 81 $9e TR MOF HoeiwoT
BT ATARTRD, el B I 3TN 3R gafaroiia Bu F IRt st faaror denfifear
H BUIART B3 8 AATHSD TR Y& B &
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