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Abstract

Thedevelopment of contrabledrug delivery systems is crucial for reducing
toxicity and minimizng off-targetdrug effectsor patientsundergoingchenotheray.
Metali organic framewrks (MOFs) are a class hybrid materials that have become of
interest in the &ld of drug delivery. MOFs are composddetal nodes and organic
bridging ligandsMOFshavea wide range of desirable properties imithg chemical
stablity , highporosity, andstructuraltunability which havepositionedthemas
successfutlrug carriersThrough judcious choice of linkerstimuli-responsiveMOFs
can be sgthesizedo achieve precise controver cargo release.

Previousy, our labdeveloped a novdight-responsivelrug delivery system using
a framework kown asUiO-AZB (UiO= Universityof Odo, AZB=4 ,-4 q
azobenzenedicarboxylic acid). iSIMOF containsa photoswitchabl@zobenzenbénker.
Uponirradiation with ultraviolet lignt, the compound undgoes a structat change
knownas photoisomerization, resulting in degradation of the MOF structure and
simultaneous riease of encapsulated cargo.improve the clirgal relevance obur
framework we focus ordeveloping synthetimethods forproduction of visibldight-
responsiveazobenzeaphotoswitchesA greenlight-responsiveMOF (UiO-AZB-F)
containing a,4a(diazenel,2- diyl)bis(3,5difluorobenzoic acid)inker was developed as

a druy delivery system fothe treatment of colectal caner.



Ourwork also focuses onptimizing various aspes of MOF design to exmize
and dversify cargo loading angrecsely control cargo release rates. A combined
computational and experimental’egigation d drug adsorpion processeveas thatthe
presencef solventcan significarly impact theadsorptiorof drug mdecules within
MOF pores.To address these concerasjariety of drug loding procedures were
screened to determimenditions formaximizing the loding of diverse drug caogs
Conditions for the loading of single agents as well as chemotheoagtails were
explored to expand the applicationadr delvery platform to othecancertypes
including lung, pancreatic,lbdder and cervicallo modulatethe release of carga
seies ofMOFscontaining precise ratios of grekght-responsivdinker were
synthesized to create a platform for sustained rele@senarkablyseveralMOF
derivatives showednhancemenh drugadsorptionhighlighting the importanrole of
host guestinteractiors in nanocarier developmentHolistically, this work highlighs the

promise ofstimuli-responsivéMOFs as drug deliveryl@tforms.



A Green Light at the Intersection of MetalOrganic
Frameworks and Drug Delivery

Hannah DCornell
General AudienceAbstract

Cance is one of the leading causes of death worldwid@021, nearly 2 million
people in the U.Snverediagnosedvith cance. For patients undgoing chemotherapy
treatment, the de effectf potent chemotherapeutiase dten debilitating Drug-
delivery systems serve as @mising platfam for localizng thedelivery of
chemotherapeutic dggwithin adiseasd area. Whenchemotherapeuticaredelivered
preciselyto tumor regionwia drug delivery gstems systenic side efectsare
significanty diminished

In this work,a series of materials knows aetal organic framewrks (MOFs)
are developed as carriers fitremotherapeuticargo.Due to the incorpotan of
photoactivatd compoundsvithin the backbongheseMOFs ca be degradion-denand
through green light irradtion. As the framework degdes into smalinolecule
components, dgicargo $ simultaneouslyeleasd. Methodsfor maximizing MOF drug
loadings, diversifying the types of cargottban be incorporated, dmodifying cargo
release ratearealso investigatedT his workestablishe stimuli-responsivéViOFs as

promisingmaterials foon-demandrug celivery.
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1. Introduction

1.1 Motivation and Methods for Targeted Drug Delivery

Over the past few decades, ttevelopmenbf DDVs has become ancreasingly
popularresearch aim across many fields of stiéiJargeted drug delivery is defined as
the preferential accumation of drug in a desired diseaseaandthin the body.
Chenotherapeutics have been the main focus of DDVs, due to the debilitétitagget
side effects cancer pints suffer while receiving treatmenDVs can also be
beneficial for drugs with pogrharmacokinetic profiles (e.g., expsrce rapid clearae
from the body). Table.1 and Figure 11 summarize some notable DDV devaiognts.
Inorganic prous materials, wbh are usually silicdbased, have high loading capabilities
due to large mesoporesthin their structures. Unfortunatelthe implementationfahis

DDV is limited due to bioaccumulation and toxictty.

Table 11 Summary of Sigificant Nanocarrier$®

Class Examples Advantages Disadvantages
Inorganic Mesoporous | { High loading { Potential toxicity
Materials silica, Metli capacity concerns

organic 1 Require polyner
frameworks functionalization
Polymeric Doxil, PEG' | 1 Excellent water 9 Lower loading
Liposomes/Micelles| Poly-histidine solubility capacities
micelles, 1 biocompatibility
dendrimers
Metal AuUNPs, AgNPs,| § Uniform 1 Risk of
Nanopatrticles FesO4 NPs, morphologies/gie bioaccumulatia of
(NPs) quantum dots | { Potential for imaging| metal ions
capabilities
*PEG=polyethylene glycol




1.2 Design Criteria for Drug Delivery Sysems

This summary emphases the multifaceted nature of nanocarrier de$kpor.
every potential DDV, therera advantages, yet equally significant drawbacks that must
beovercome. In developing new DDVSs, it is critical to think about these characteristics
collectively in orderd develop a successful material. There are sevepalcis that must
be considered ithe design of an effective DDV, which include (i) targetigi,

controlled releaseand (jii) toxicity*

Polymeric Inorganic Metallic
": Sk « J|'......l ¢ /
%7 w0e®e % (H )
Zrd I Wets” = 4.
Anh RS [ 3%
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K’ o | /' ........
; Metal-Organic
Pol; vmer:u' Mizalles Frameworks Quantum Dots
Nanoparticles (MOFs) (ODs)

Figure 1.1 Summary of various classe$ drug delivery vehi@s(Creaed with
BioRendercom)

1.2.1 Targeting
In general, DDVs depend on passive divactargeting. Passive targeting relies

on circulation of pdicles through the blood for tumor delivery, while active involves a
ligand receptorrelationship to ensurdréct delivery. The heawreliance on passiv
targeting is due to the widely acceppighenomenon known as enhanced permeability and
retention (EPReffect. EPR suggests that leaky vasculature and suppressed lymphatic
drainage btumors allows for prefereid uptake of nansizedparticles, and haseen

used as the basis for nanocarriesidn since it was first introduced by Maedal?



However, reliance o nsoltPrRo diug deliveryimay eot be the e
best approach. EPRfect in general only achieves about-foR) increase in tumor

delivery over oter vital organs’ The EPR effect dependsegity on tumor shape and

sizé, and may require emedicationghat impact vessel vasculature in order to truly be
successfu’ Further, imdividual tumors have unique vasculature size, which makes it hard
to predict if PR would be effective for apecific cancer. Some rearchers gcalate the
debate with findings that suggest thdtile the EPR effect is observed in animal studies,

it may nd play a dominant role in human canc&ssrecent review articffurther
highlightsthe challenges of reliance on passive targeting methods.aDidacolleagués
reviewed over 117 articles on drug DDVs between PA0R5. In ths paper, they

cal culdaetle dv ear yii edadh DMaral deteyminedfthatron average, only
0.7% of parttles in a given dose actually reside in the tumor. Movingdoayv

incorporating ligands on the surface of DDVs may improve delivery efficiefittyn the
body.

1.2.2 Paricle Stability
After drug is loaded, one must ensure cargo can be releasedritrailed

manner. Release of cargo can be triggered by a yafistimuli such as pH,
temperaturegr light. Many liposomal and micelgpe rano@rriers are designed te b

pH sensitive!® Utilization of pH is a quite usdel release mechanism for delivering cancer
therapeutics, as DDVs can exploit theerently low pH present iandosomes and

around tfe tumor environmerttincorporation of pH sensitive molecslato the

structure can limit structural stability, allowimgaterials to degrade outside of a certain

pH range. For example, a polyethylemgcgl (PEG)based liposome #t contained
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histidine noieties in the polymer backbone degrades in the pH rang&id.8 due to
destabilization as a result of protonation istidine residue$.

Temperature is an example of an external stimulus thatecaged to direct and
releasalrug. In this mdtod, themally responsive polymers, such as elakka
polypeptide, form insoluble aggregates as temperature increases,cheiptially
accumulate in tumor vasculaturelowever, the method requires exjpagpatients to
mild hyperthemia. Additionall, polymer liposome designs must be thermally responsive
in a narrowrange of temperatures, as exposing patients to temperatoreshan 5 °C
higher than normal body temperature is uns&erthermore, whilsud systems
enhance accumation in target eeas, noall temperature sensitive systems allow drug
release fronthe carrier during the process.

Another external stimulus fariggering drug release is light. Utilization of light
requires incorporationf@ photosensitive materiahto the DDV. Segral lippsomal
DDVs contain linkers that cleave upon irradiationhwitV light.2 Other photoactive
molecules undergo conformat@mthanges upon irradiation with light that do not involve
breakingbonds. The hitation of light as a stimlus is relatedo waveength dependence.
Materials responsive to wavelengths ohtign the UV range would require patients to be
exposed to UVadiation for successful delivery, which is not desirable. However, if the
absorpton pofiles of photosensitie molecules caie shifed, light has the potential to
be an extremely importantlease mechanism.

In addition to release, retention of carriergst also be considered. This involves
a delicate balance of having longer ciatidn in the bloodstream, beventually claring

the body rather than accumulating in organs such as theoliwgidney. Theoroportion of



biomaterialghat successfly circulate withinthe bodyis known as bioavailability. Many

DDVs, especially thosmadeof inorganic or hydropHhaic maerials, are not

biocompdible or soluble in water. Such particles are inactive,@as$ through the body

very quickly!! Fortunately, bioavailability can be improveddughthe PEGylation of
particles. The nAsteal t hobhe pydrappile polymesssdbwi mp ar t e d
for prolonged bloodirculation.’® While particles need to stick around to achieve a

therapeutic response, the remaining components of thensysed to be cleared from

the body. Bioaccumulation of metal ions in liver &idhey tissues poses a safety

concen, and should beonsideed in DDV development

1.2.3 Toxicity
Toxicity is a major concern for Dis. Asnanoparticle formulations become a

bigger component of pharmaceuticals andsumer products, an assesst d the
impacts of theseamomaterials on the human body is incredibly important.raview of
carbonbased nanocarriers and metal oxideapemtides, characteristics such as particle
size, dispersion, defect densitydgmotein adsorption all aftéed he toxcity of the
systen.2* A major dfficulty in developingtoxicological profiles of materials lies in the
differences mmong DDVs. As each contains unique components, theamesh @ action
vastly differs even for systems that are made of similar matdf@i this reason, it is
crucial to consider the breakdown of DDVs when assessing toxicity.
Anotherlayerof difficulty in assessing toxicity is determining what criteria
should be usedb indicate toxic response. It is common to look for an imenom
inflammatory response upon exqaoe. To determine if a material elicits an immune

response, cells can Bere@ed for cytokine ppduction. Cytokines are small signaling



proteinsthat are reeased in response to disease and infection, and would hessegr
more highly in cells when thegre exposed to toxic materfdlFor assssing
inflammatory response, mast cell activation can alstobsideed.Mast cells are a
specialcell type that becomes activated when an allergen binds to the strfiéast

cells undergo a process known as deglation, in which they release a host of proteins
and signaling molecules such as histamine and even cggkimesponse to
inflammation. Studies have found higher levels of ntalitactivdion are predictive of
nanoparticle toxicity> A study founcdthat znc,iron, and manganesssed DDVs
elicited little® to no mast cell activation, while silver, siliccamdcopperbased
nanonaterials caused high levels of mast cell degatian® Overall, there are many
biological responses that indicate togycilt is critical to look at these holistically when
developing safety profiles for newly developed matsriéhie literature preedent can
be useful as a general guide, it is orant to cary out extensive toxicological studies on

DDVs in various céltypesin order to verify the safety of new nanomaterialsivo.

1.3 Metal Organic Frameworks (MOFs) asDrug Delivery Vehicles

Metalorganic frameworks (MOFs) arechass of materials thahas received
attention for use in biological applicatiodOFs arehighly crystallinematerials
composedf organic linkers coordinatl to inorganic nodedOFshave anumber of
notable propeies, including high porosity, large surface amad tunabiity. For these
reasos, MOFs have become a material of ingri@ ranonedicine!® Synthetic
parameters cape precisel modified to obtain nanoscale MOHR%ey are incredibly
robust materials, with UiO MOF being stable in up to 0.H®1.1” There is substsial

literatureprecedentdr MOFs as drug delivery systerifs? Indeed, the number of



publicationson MOFs for cancer therapy has increased every year for theeleest €l
(Figure 2) furthersupportingthe potential of MOFs @& promising DDV patform 2°
With the comsiderable body of literaturéplistic evaluations ah vitro andin vivo
toxicities of MOFs have been possible. Varityges, includingron, aluninum, and

zirconiumbasedVOFs are considereelatively nontoxic® 2
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Figure 1.2 Number of publications on thepic of imetatorganic frameworksand
fidrug d e | (rewlts pbyainedrom Web of Science, March 2022)

As outlinedabove, thee are many challenges associated with the development of
DDVs. One of the most daunting is the ability to efficiently anmiadéucibly load drug
cargo. Many carriers apagued with lowoading capacities, making it necessary to
deliver higherdoses to se any therapeutic benefiDue to the desirable properties
outlined above, MOFs have a high theoretical loading cap@stghown in Figures,
there are several strateg for incorpoating drug cargo into MOBtructure$* Molecules

can be incorporated into the structure as the linker molecule. This is used forutiesape



such as cisplatifft A more common method for drug loadiis postsynthetic
encapsulatiol? In this process, dissolved drug is stirwith a solution containing the
MOF. During inpregnation, drugargo incorporates intti¢ pores of the MOF via nen
covdentinteractions. The structure of the organic linker, which lines the pores, governs
which drug types can be loaded.
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Figure 1.3 lllustration ofclassicaMOF drug loading stragies. The most common
metod (shown on the left) inlees loading of drugnoleculesnto the pores of the MOF
after they have been synthesized (Imaged with permissioftom Wang, Leiet al J
Mater Chem B. 2078)

For example, hydrophobic linkers allow for loadinglofdrophobiadrug cargo.
Pore environments can also be hydrophilic, however in many cases it is more desirable to
create a system that can epsulée cargo with poor water solubili#y Both pore size
and defect density can affect how much drug can dseld nto a given MOF syster§.
Sincetheseproperties vary drastically from erMOF to another, it is @sible to identify
structures that would maximedoading éadrug based on its size and hydrophobicity.

Many groups have experimentally verified the high loading capacities of MOF

strucures.The loading capacities of severalO¥ varieties are provideéd Table 22730



A MIL -100 MOF was loaded toraaximum of9 wt% of Doxorubicin (DOX), while a
ZIF-8 system achieved 20 wt% DCGXA zirconiumbased UiG66 MOF was dually
loaded with the anticancerobe dichloroacetic acid (185 wt%) and chemotherapeutic
5-fluorouracil (5FU) (1i 4 wt%) and showedytotoxic activity againiscancer cell$® A
zinc-basedVIOF with hexadentate triazine ligds achieved 33.3 wt% loiag) with 5
FU.2° A NanoMIL-101 MOF, which was the first nanoscale MOF ever synthesized,

achievedl 2.8 wt% loading of cisplatin prodri§.

Table 1.2 Drug Loading of MOF Nanocarriger

MOF Type MOF Building Bocks Drug Cargo Max Loading
(Wt%)
UiO-NMOF Zr nodes Cisplatin 12.3
(UiO= Universty of +

Oslo) 0\5 Q ;OH
HO @)

1,4-benzenedicarboxylic

acid
MIL -100 Zr nodes Doxorubicin 9
(MIL=Matériaux de +
| NjltubLsoisier) HO. 0
HOYé\(OH
(0] o
benzenel,3,5tricarboxylic
acid
UiO-66 Zr nodes 5FU 1i4
+

(@) /:/ OH
HO o
1,4-benzenedicarboxylic
acid

NanoMIL -101 Fe nodes Cisplatin 12.8
+

0o /:/ OH
HO (6]
1,4-benzenedicarboxylic
acid




ZIF-8 Zn nodes Doxorubicin 20
(ZIF=zeoltic +
imidazolate

H
framework) CV
N

2-methyl imidazole

UiO-AZB Zr nodes 5FU 14.9
(Morris lab) +

0
o)
4,4aazobenzenedicarkyglic acid

While high loading efficiencies are iragant, this property alone does madke
MOFs useful as DDV4dt is also imperative to design a structure with a buailrigger to
allow for controllable cargo release. Asalssed earlierhere are many stimuli for drug
release, all of which have bedemonstrated in MOF structures.-p¢$ponsive zeolitic
imidazolate (ZIF) MOF crystals were developed in the Zhendiainder slightly addic
conditions, the coordination bond between the zineaaohd imidazolate bridging
ligands was broken, allowirtyje release of daxubicin. The system allowed for
extended release over &9day period®! Another UiO-66 MOF with an iron oxide core
was loaded to 63 wt% Wi doxorubicin, which was only released under acidic
conditiors 322 PCN-221, a porphyrirbased MOF, was loadedttv methotrexate. fis
material showed pH dependent drug release, with alledbtéded drug being released at
a slightly basic pH of 7.2

Tempeature is anotherishulus used to control drug release from MOFs.
Temperature ponsive MOFs can be designed to allow for release at lowglor h
temperatures. A Ui®6- PNIPAM system showed releaskedoug at 25 °C, but not at 40
°C. At 40 °C, less than®b6 of cargo was rehsed, but at 25 °C over 90% of drug was

released? These results establish a strong temperature depenfderice release of
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procainamide and other drug molecules. ZAMOFs loaded with MTX, an anticancer
drug, showed faster rates of release at higher temperatures. Specificedigsing the
temperaure from 37 °C to 60 °C resulted in nearly af8ldl decease in the time it took
to fully release the drug contentstbé& nanocarrie®® While thecurrent temperature
requirements of these systems are not clinically relevaaté findings demonstrate the

feasibility of synthesizing therally responsive MOFs.

1.4 Light-Responsive MOFs

With a multitude of possible stimuli available for use, it is amant to consider
thebenefits when selecting a trigger for drug release.Zdtithn of light, a readily
available and external stimulus,nees with many advantagé&hile endogenoustimuli
such as pHhave been shown to vary from patient to patienhtlig an exogenousimuli,
allowing the technology to be more easily translaeal clinical setting®® One of the
strongest angments for light as a stimulus is its clinical precedent. Light is used as a
stimulus for photodynamic therapy (Pptreatment currety available to cancer
patients.

First developed in the 1960PDT involves the use of a photosensitizer that
absorbs lighenergy and generates reactive oxygen species (RIHng localized cell
death Porphyrins have historicallyeen used for thisurpose’’ The effectivenessf
PDT treatment relies on many factors, such as succeggitipienetration through the
tissue and localization of photosensitizer within the desired area. As ROS arelselativ
short lived, tley must be formed within the tumor regighAnother requirement d?PDT
is a readily available source 0b.(his becomes a baer for treatment when oxygen

sourcesare depleted, which i&é case in many solid tumors found in head and neck
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cancers. Tumors with hypoxic conditions resist PDT treatneanting patients viin

fewer options of caré’ Despite its clinical use, efforts continue to improve the efficacy
of PDT treatment. These effts focus on the development of better photosensitizers.
Enhancing biocompatibility and increasing localization of the pkensitizers are two
important goals in this area of research. There have been advancements in porphyrin
based sytems, including thelevelopment of Pporphyrin conjugate®. MOFs have also
become useful in this realm as photosensitizers can easily be used as linkers. Porphyrin
aggregation im common issue with photosensitizers and reduces the dbilfitym

singlet oxygert! When porphyms are incorporated into a MOF structure, the propensity
for aggregation is eliminated. A UiO type MOF loaded with DBP as a photosensitizing
agent was found to be twice as efficient at singlet erygeneration due to the presence
of Hf centes, which betr facilitate intersystem crossifi§A chlorin-based MOF (DBE
UiO) developed by the Lin grodpwas found to exhibit morefecient singlet oxygen
generation than a porphysbased version. Anothed@antage of using MOFs for PDT

lies in their high loading capacity. SeveratibHsed UiO type MOFs achieved
photosensitizer loadings ofrer 50 wt%* High loadings such asé¢be ensures that a

large amount of photosetiger is locaized within the tumor, which is a major hurdle for
traditionalPDT compounds.

In order to properly address the limitations of PDT aliernative strategy te
develop a method that light-activatedtherapy that doesot rely on the presee of
oxygen.Incorporation of a photosensitive moleculghin the framewdk of a MOF
structure provides an intrinsic means of light sensitivity. Review of the litetaflire

shows there have been several M@/ith photoresponsive properties. Mufter
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developed a MOF thin filngontaining a fluorinated AZB linkers which reversibly
switched conformations upon absorbing green and violet light. For polar hysosar
such as buta#fi,4-diol, uptake of gas gnificantly increased when AZB was isomerized

to itscisform. In assessingydrogen separation capabilities, the system also showed 25
30% increase in uptake of propene and ethylene oyar tHecis form. However, for

apolar compunds such as &@o significant sepation from H was achieved. It was
concluded that photoswitaty allowed for differential uptake of hydrocarbons due to
steric effects, rather than polarity differences between cis ans isomes?* A Zr-based
UiO-68azo MOF was used to ondyk elecas®dThedesiginanoval v
included betecyclodextrin p-CD) valves vhich sterically blocked the pores of the MOF.
The stability of the system relied on the affinitybe€D groups for only thé&rans
configuration of AZB. When the AZB isomerized, D disassociated from the
structur e, altdfalaway fgm thehperesiandaelease the contents
within. The material was used to release RhodaBi(B@hB) dye, and was shown to
release around 50% of loaded RhB over a 120 min period.

An ECUT-30 MOF was synthesized with photosensitive AZB diadylethene
ligands?*® Upon isomerization to the cis configuration, the material showed ad.3 a
6.6% decreasin absorptivity of @H> and CQrespectively. Most interestingly, the
material showed greater decreases in absorption selectivity tath@dfor other guest
molecules, which shows that lightodulating effects are dependent on the idgiwofi the
guestmolecules'® These findings highlight the utility of photoactive MOFs for
modulating therate of gas uptake. HKUST MOFs with covalently bound AZB and

trifluoroazobenzene were found to have increased butanediol uptake when the ligands
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photoisomerized to the cis conformatiBriPostsynthetically, HKUSL thin films were
loaded with AZB. U\AVis spectra wremonitored for changes in band intensity at 320
nm and 450 nm, which provide a spectroscopic method for ohgaseimerization
efficiency. Decreased intensity of the 320 nm peak indicated that the molecule had
transitioned to theis form, and irradiation with 455 nm light resulted in peak recovery,
which indicates the reversibility of the molecule. Uptake of feyfig4-diol was
determined to increase by 8% when the AZB wasisrtonformation.

Looking at the literature collectively, it seems that photoactive MOFs are
predominantly used fagas storagandmany systems do not rely directly on the
photoresponsivenssf MOF patrticles (i.e.photoisomerizable linksrserve only to
access open/closgareg. While using light stimulated MOFs for selective gas uptake
has been well explored, the idea of translating this technology to biological applications
remains relatiely untoouched. his gap in the literature creates an urgent need to

capitalize on the development of novel phogsponsive MOF DDVs for drug delivery.

15 Design Stratgiesfor MOF-based Drug Delivery

Previousy, the Morris group develagaa DDV usinga light-responsivéMOF
known as UiGAZB.*®4°Upon UV irradiationUiO-AZB MOF
[Zre04(OH)a(C14HsN204)6] shows lightinduced degradation and controlled release of
encapsulated cargdhe degradation of UiAZB particles is achieved througiansto
cis photoisomerizationf 4,4aazobenzeedicarboxylic acid linkers, which induces
structural collapseOur designaddressskey aspects of DDV design including toxicity
and targeting. The KFs contain relatively netoxic building blocks (Zt* and azo

compounds) to improve safetyMoreover, polymer coatings provide a facile means for
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installingtargeting moetieson the particle surfac&upported by the substantial
precedent oMOF carriersand our own previoustudiesthis workcenterson the design
and development @fzobenzen®OFs for drug deliveryHerein, several design criteria
of MOF drugdelivery systems will béhoroughly investigated, namely (i) light response,

(ii) cargo capacity, and (iii) controlled releg&ggure 4)

Light Response

Can we design a material that
degrades upon irradiation
with visible light?

Controlled Release
Can we achieve on-demand
release of drug cargo? What
parameters can be used to
control release rates?

Cargo Capacity
How much payload can be
incorporated? What types of
cargo have a strong affinity
for the material?

Figure 1.4 Summary of design criteria for drug delivery vehicle design

1.5.1Light Response
Light is apromising gimuli that provides enhanced spatiotemporal control over

cargo release from DDV3he wavelength of light used to illicit a photoresponse is

critical for the clinical efficacy olight-activatedDDVs.>%>! Ultraviolet (UV) light (< 400

nm) is highly scattered by the skin and considered phototosiger wavelength light

(>650 nm) achieves up to 3 times the tissue penetration of UV light, allowing for
treatmen of deeper lying organ&igure5). Azobenzene requires UV irradiatidor
photoisomerization. Functionalizing the benzene rings with various substituents has been

showntocharget he energies of ~Y * and nVY * in

15
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the photowitch tooccur with visible light.In Chapter 2, methods for the synthesis of
unsymmetrical azobenzenes is describ®gnthetic efforts towards the production of
novel puskpull azobenzenes are summarized as well. Based on computational
predictions, seva | i gl re s foudzabenzene derivativese proposeth an effortto
guideresearcherm the creation ohighly redshiftedazophotoswitches.

While red light or NIR sources are typically preferable for a clinical setting, other
wavelengths withirthe visble range have been advantageous for certain applicaions.
superficial tumors, such as those in the blatfdemgs?, or esophagt4, green light
irradiation has been shown to mitigate deeper tissue damnaghapter 3, efforts
towards a greefight-responsiveMOF DDV for colorectal cancer treatment are
described. In this work, a novel framework (JKZB-F) is developedising a geen
light photoswitch4,4a(diazenel,2- diyl)bis(3,5difluorobenzoic acid)Upon green light
irradiation, UIOAZB-F partides photoexfoliatedegrading into small molecule
componentsThe framework demonstrates controlled releasefbfdsouracil over a two
hour treatment window arghows lightinducedcytotoxicity against a dorectal cancer

cell line (HCT-116).
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Tissue Penetration (mm)

Figure 1.5 Approximate depth of penetration of various wavelengths of light (from left to
right: UV, blue, green, red)

1.5.2Cargo Capacity
When fabricating materials for drug delivery, it is critical to ensureimax

cargo incorporation to increase the thetaigeefficacy from a dosing perspectiva.
Chapter 4, a computational model is validated as a method for predicting drug loading in
MOFs. In this work, the role of solvent in the simulations is investigagealcritical
parameter in matching the absoldtag loading values in porous materidlfiese
findings also inform our experimental work, indicating that the competitive adsorption of
solvent can impact the absolute drug incorporation in \d@fed mateais.

As a means to enhance cargo loading efiigies,various drug loading methods
were investigatedncluding postsynthetic impregnation, postsynthetic ultrasonication,

andin situencapsulationf-or the postsynthetic loading procedures, the mechasfism

17



loading is diffusion driven. Drug loading jsedominantia c hi eved t hr-ough
" interactions with the linkers in the MOF porésit ultimately loadingvill be limited by
the poe size of the framework. For tiresitu method, however, the framework is
synthesized in the presencecafgo, eliminating th need for diffusion through a
preformed porous structure situencapsulatiorcouldallow improvements in the
absolute amourdnd scope of cargo loadingp long ashe cargatselfis thermostable.
Efforts towards optimizing adsation of a range of @motherapeutics including 5
fluorouracil, carboplatin, oxaliplatin, and gemcitabine are desc(iBhdpters3 and 5)

Chapter flsoinvestigates the developmentMOFs for combination
chemotherapy. Various drug cocktails used figrtreatment of bladdepancreatic,
cervical, and colorectal cancers are investigated irAEB-F framework. Factors
including size anéhtermolecular interactions were found to play a significant role in the
affinity of chemotherapeutics within the framork. For some cockits, increasing the
stoichiometric offset served as a means to create materials with absolute drug ratios that
match cbsely with desired dosing regimeollectively, these efforts establish our

framework as a versatile platform fibre treatment of nummeus cancer types.

1.5.3Controlled Release
Though MOFRdrug-deliverysystems utilize stimuli to release cargmth the rate

and efficiency of release and can play an important role in clinical applications. For
example, some drugsquire sustained relgato mitigate toxicity, while other drugs can
be administered in short treatment windows. These differences caffitdtdd address
in the design oé single carrierChapter 6 outlines the development of multivariate
(MTV) MOFs with varying amountsfagreenlight-responsiveinker (AZB-F) as a means

of modulating cargo releasates In this series, MTV MOFs contain varyingtios of

18
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AZB-F or AZB as an ancillary linkeAs compared to our totally greéight-responsive
MOF, MTV MOF derivatives showeslistainedelease of encapsulated cargo due to
slower particle degradation.

To condude, our efforts are placed within the contexstirihuli-responsivéViIOFs
in the final section. Chapter 7 is a summaryeaient advances in the fiebf stimuli-
responsie drug-delivery in MOFs. This chapter evaluates various stimuli (endogenous
vs. exo@nous) in MOF design and introduces future directions for the field, including
methods for improving the bioavailability of MOFs and transitioningatas delivery of

precsion medicines.
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2. Synthetic Methods for the Preparation of l\symmetrical
Azoberzenes

2.1 Abstract
To developmolecular plbtoswiches for biological usethe preparation of

unsymmertrical azobenzenieften reqired. However both the design and synthesif
unsymmetricatompounds remains challenginglerein,recent advances in
unsymmetrial azobenene preparatioandthe potential substrate scope for each
synthetic methoavill be outlined.Our contributions to the design and synthesisadéct

unsymmetrcal azobenzene compounds wailbobe described.

2.2 Introduction

Diaryldiazenesor azobenzerse are a class of photoswitchabietifs that have
been used in diverse applications, such as industrialglgenentsfood adlitives,
optics, andsmart material$ Azobenzenes undergo ligtitiven isonerizaton fromtrans
to cis configurations througmversionabout the N=N bondJpon rradiation with
ultraviolet (UV) light compoundsindergo a pronounced structural chamgaking
azobenzenes useful molecular switchBsiven by the preciseemporal catrol light
offers, felds such as optogeneticsdgshotopharmacology haexploredthe use of
azobenzene®r biological aplications? One of the major drawbacks a$ingthese
photoswitches ithe traditionalneed forUV light to achieve photoisomerization. UV
light is highly scattered by the skin, offering very ppenetr&ion through tissué? To
utilize azobenzeneis vivo, the light response should be shifteRlesearchers have fod
that installing substituents on various positions on the aromatic rings can modify the

photophysical properties of azobenzene, a task cotymeierredto asred-shifting &'°
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When developingizobenzene®r biological useunsymmetricapushpull
system&have been somaf the most successful for generating extremelystatted
absorbance bands. In these compounds, electron donating groups are installed on one aryl
ring, and electron ithdrawing groups on thether ring The addition of substituents
causes shifts in theelative energies of orbitals involved in the photoisomerization event.
Due to resonance stabilization,-pul and ~*
azobenzenes|lowing the photoisomerization tacurwith low energy visible light.

With a plethoa of coupling strategigs choose from and inherent reactivity differences
between coupling reageniscan be challenging to develop straightforward synthetic
pathway to generate desirathsymmetricahzobenzenesierein,recent advances in
unsymmetrial azobenzene preparatiandthe potential substrate scope for each
synthetic methoavill be outlined.Our contributions to the design and synthesisabéct
unsymmetrgal azobenzene compounds wilsobe describedr-inally, we propose
severadesign riles for unsymmetrical azobenzene compounds and provide

computationatesults insupportof thoserules.

2.3 Preparation of Unsymmetrical Azobenzenes

2.3.1Diazonium Copling Strategy
Diazotization has long since been the method of choidarfge scal@zobenzene

production due to its high yield and selectivityndeed, itis usedindustrially for the
production of dyes even toddyiazonium salts are produced when sodium nitrite and
HCI are added to aniline solutions at subzero temperaflinesggneral mechanism for
diazonium coupling is presented in Schede Substrates with ging electrordonors

can be addenh situ, and direct electrophilic additiorccursat thepara position Free
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chloride in solution deprotonates the substrate, géngrHCI and the desired

azdenzne.

cl

Scheme2.1 Mechanism for diazonium coupling
Based on the mechanisthis method work bestfor installing electron donating

substituentparato the azo bondlf the para position is occupied, addition can occur at
other positions on thelectrophile Unfortunately, thé can result in isomeric mixtures, so
diazotization is not @opular choicdor produdng complexlysubstitued unsymmetrical
compoundsHowever, through jdicious choice of starting materials, a few-gfted
azobenzenes have been furnished with thigaw®

Overall, diazonium coupling is ae¢d and true method for azobenzene
production, due to thstrong electrophilicharacter of the dianium ion However, if the
coupling does not occur, themeefew synthetic handles for promoting the reaction.
Depending on theomplexity and desired substitution pattern, diazonium coupling can be

a highly efficient method fannsymmetrical prduction.

2.3.2Mills Coupling Reaction
The Mills coupling reactions a promising strategy fgielding unsymmetrical

azobenzenes whilaniting unwantedstructural isomer$ The two distinct coupling
componentsananiine and a reactive nitroso intermediadee tolerant to diverse range
of substituentsNitroso compounds are commip prepaed through oxidation of aniline
with oxone?® The reaction mechanism for the Mills coupling reaction is shown in

Scheme 2. The reaction proceeds via nucleophilic attack of the aniline at the nitrogen
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atom of the nitroso compoundhe resulting compound tautomerizadtimately
expdling water to generate thaesiredazobenzeneMills coupling reactions typically

occur inacetic acid solution tensure proper protonation of derivatives.

NH, N7
N N N
—_— '}’l\’}l \l}l \\N
o- OH -H20

Scheme 2 Mechanisnof Mills Coupling Reaction

The reaction is more favorablkhenanilines beaelectron withdrawing groups.
11 Similar to diazonium couplinghere is little gntheticdiversity inmethods for Mills
coupling The condensation reaction occurs quite readily itiaaeid solutions at room
temperature. Fastubbornsubstratesaddition of a cosolvent @nincrease in reaction
time can be used to drive tieaction forwardFor exampleaniline and nitrosobenzene
can be combined with ethyl lactate as a solte@ptovideazobenzene compounds in
substantial yields (553%).12

Unfortunately, there is a competing reaction pathtkay can interfere with the
formationof azobenzene as described above. Side products known as azoxybanzene c
be poduced when the substrates react in an undesired way. Rather than undergoing
nucleophilic attack, the nitroso derivative can instead theced by the aniline, resulting
in a hydroxylamineompoundWhen hydroxylamine couples with remaining nitroso

derivédive in solution, azoxybenzene is formed (Sch&B3.

HO. _
NH N -0
—_— N, f}]
O-
hydroxylamine  nitroso azoxybenzene

Scheme2.3 Structures ohydroxylamine, nitroso, and azoxybenzene compounds
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Electron rich arylamines are particularly susceptibléhis pathway. Recently,
Tombariet al.has developed a method for predictMiis reaction efficiencyoy
computationallycalculatingoxidation pogntiak (Eox) for variousanilines® They found
that anilines with predicted.between 0.7 and 1.6 V (VSHE)favored thedesired
pathway for azobenzemeoduction. Anilines with kxlower or higher than this range
favored azoxybenzene production and loacteity respectively which was
corroborated by experimental resuliese findings suggest thaiks an important
factor aml should be considered whselectinganilines forMills coupling reactions.

In summary, the Mills coupling reaction is a paguinghod for unsymmetrical
azobenzene synthesis. The straightforward reaction conditions (aniline + nitroso +
AcOH) make it a ery appealing coupling strategyonetheless, the Mills coupling
strategy suffers from competing reaction pathways that candramsgtion yields and
create complex produatixtures. Careful consideration of the oxidation potential of the

aniline may be necessary to predict the success of this method for particular substrates.

2.3.3Diarylhydrazine Coupling
Another popular methadidr azobenzene productionagidative dehydrogenation

of diarylhydrazinesThis method typically employs the use of a catalyst. The general
reaction mechanisiior oxidative dehydrogenatias shown in Schem24. The
mechanism is relatively straightforveaand simply requires a cayat/oxidant capable of
abstradng protons.

Hydrogen
Proton Atom
H o~ | Abstration /O Transfer Q
N. N \\ _ > O/ - > O/
| R
Y 2

Scheme2.4 Mechanism of oxidative dehydrogenatioidiarylhydrazine

F®
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Therehave been a plethora of reagents and synthetic methods explored for
azdenzene productiothrough oxidative dehydrogenation pathwalSMPO can be
used as an organocatalyst for the oxidative dehydrogenation of hydrazobenzenes. The
environmentallyfriendly nature and high yields (exceeding 92%) of this reaction make it
very pomising for azobenzene productiéh.

Jo et al. produced azo compounds fr@phenytl-benzoylhydrazines using a
combination of HN@NaNQO, under aerobic conditions. The reaction is highly efficient,
with yields over 97% for the 11 substrates testddnsymmetrical azobenzenare
also furnishedrom hydrazobenzenesingtert-butyl nitrite as a catalyst. The reaction
takes place undembient conditions and produces product yields exceeding 90% in as
little as two hours® Unfortunately, these methods have only béemonstratdon
relatively simple substraté®1 substituents per aryl ring).

There havalsobeenaccounts oazobenzene production froamtiaromatic
starting materialsCarrencet al. developed a synthetic procedure for azobenzene using p
benzoquinone bisketals and aryl hydrazines. This method, involving cerium ammonium
nitrate in acetonitrile, affords the unsymmetric product in substantial yiele39(66).
However, thecouplingtypically requires strong electron withdrawing substituents on the
aryl hydrazine to give higher yields (F, Br, N@tc.}’ Theuse of cerium ammonium
nitrite has been applied to quinonoidal spirolactones, which produce azobeataeine
derivatives when coupled with phenylhydrazih&Such strategies provide a nice

platform for developing diverse substituent pats.
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The gredest challenge in oxidative dehydrogenation may actually be the synthesis
of the diarylhydrazine starting materials themselves. To this@annoet al. fumished

diarylhydrazideswhich can undergo similar reactions as diarylhydrazinesi(€®y1).

. )
L

Figure 2.1 General structure of diarylhydrazide compound

In a recent workDohnoet al preparedaryl hydrazideshrough a Petatalyzed
reaction of anilines witkert-butyl carbazate. Ailyhydrazides are coupled with aryl
bromide compounds using palladium acetatebutyl phosphine as catalysts, producing
diarylhydrazide compounds in high yietf®Once isolated, diarylhydrazides can be
readily oxidized to form azobenzenesngN-bromosuccinimide and pyridine
dichloromethanéWhile aryl hydrazines were able to yield diarylhydrazinegs this
cafalytic cycle, converting the substratesayl hydrazidesllowed for successful
diarylhydrazidegproduction. Thisnethod is particularly powerful, as it tolerates a variety
of substituents and represents a pushry pr omi s
pul 6 tvype dhatednmonbe acoessed with aryl hydrazine starting materials

The aforementioned aiiylhydrazinedehydrogenatiostrategies are summarized
in Table2.1. In general, strongene electromxidizing agents (i.e. cerium ammonium
nitrite) produce azobenzenes in shorter reaction tesesompared ttert-butyl nitrite.
Indeed, the use of ceriuammonium nitrite is a superior method in terméath
reaction time and substrate scopeerall, oxidative dehydrogenation is an efficient

method for azobenzene production if the necessary diarylhydrazines can be easily
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synthesized. Witlthe discovery bdiarylhydrazidess potential alternate substrates, it is

very likely that research in oxidative dehydrogenation methods will continuewoigr

the coming years.

Table 2.1

Scope of

3
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unsymmetrical azobenzenes obtained

dehydrogenation of diarylhydrazines

through  oxic

Reaction Conditions

Subdituents (position) / ReactionYield

Reference

TEMPO (10 mol%) EtOH,
air, 60 °C, 1215 h

Ri=OMe (4), R=H (47 /96%  Ri=COOMe (4), R=H (4°) /93%
Ri=H (4), R=Cl (4) /9%%6 Ri=H (4), R=Br (4") /95%
Ri=H (4), R=Br (6') / 92%

14

NaNGQG; (10 mol%), HNQ
(20 mol%), tolueneQ,, 50
°C, 3 h*

Ri=H (4), R=COOEt/ 9%
Ri=OMe (4), R=COOEt/ 97%
Ri=Me (4), R=COOEt/ 9%
Ri=Br (4), R=COOEt/ 98%

Ri=Cl (4), R=COOEt/ 9%
Ri=F (4), R=COOEt/ 98%
R1=CN (4), R=COOEt/ 9%
Ri=NO (4), R=COOEt/ 97%

15

tert-butyl nitrite (30 mol%),
EtOH, air, RT, 2 h

Ri=H (4), R=Me (4") / 96%
Ri=H (4), R=Me (5") / 96% Ri=H (4), R=F (4') /93%
Ri=H (4), R=Ph(4") / 90% Ri=H (4), R=CFs (4')/ 93%
Ri=H (4), R=CI (3), OMe (4) / 96%

Ri=H (4), R=CI (4) / 97%

16

Cerium ammoniunmitrite
(3 mol%), MeCN, RT, 0.1
2h

Ri=SOp-Tol (3) OMe (4)=> R is the same for all structures
R2=NO2 (2" and4”) / 8% R>=F (2" and 57) / 98%

R=F (2" and5”) / 98% R=F (2,3,5,6")CFs (4") /98%
R=F (2,3,4,5,6")/60%

17

Cerium ammoniunmitrite
(3 mol%), MeCN, RT, 0il
2h

Rz=Alanine(4") => Rzis the same for all structures

Ri=Me (4)/ 73% Ri=F (2,4,6) / 91%

Ri=OMe (2) / 72% Ri=F (2,6) / 95%

R1=CN (3) / 85% R1=F (2,6), CONH:(4)/ 94%
Ri=CH=CH. (3) / 68% Ri=F (2,6), | (4)/ 8%

Ri=F (2,3,4,56) / 8%

18

NBS, pyridine, DCM, RT

R1=CH202(CHz)2 (4), R=COOMe(4") / 61%

19

2.34 Oxidative Couplingof Anilines

Interestingly, the majority of efforts towards unsymmetrical azobenzene synthesis

involved oxidative coupling adnilines This is somewhat ironiayiven thatuse of amly

aniline starting materials always carries the risk of produsel§coupled azo products,

but through stochiometriaffsets/reactivity differences, some methods have achieved
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>70% yield of desired produdh general, the oxidative coupling mechanisaheme
2.5) involves generation of a cationic radical species or nitreniuronghe more
reactive aniline substraterough electron transfer from the oxidant or catalyst
Subsequently, the cationic species undergoes nucleophilic attack from the remaining
aniline in solution to generate a diarylhydrazine intermediate. Under aerobic conditions,
this is quicklydehydrogenatetb fumish the desired azoarenempound
R|1\\ NH,

=

e transfer from

catalyst
Nucleophilic
R, N R, attack % Oxidative 7
@/ NH, ®/ NHz  of aniline R4 E /©\| Dehydrogenation R4 N /©\|
Y > S
N X
/ _ ®/ \ R, ®/ N Rz
S H 7

Scheme2.5 Typical pathway for oxidative coupling of anes

There aremumerougeportednethoddor oxidative coupling of anilinesherefore
only those with the most versatile substrate scopes will be outlineddeefeuzat al
proposed a facile synthesis for the formation of unsymmetrical azobenzenes from
substituted anilines using commercial bleach and HCI at ambient condifidhs.
proposed mechanism involves formation of HOCI under acidic conditions to generate a
dichloroamine species, which undergoes nucleophilic attackrea@ining aniline in
solution. While the reaction yields exceeded 70%, thstsate scope was limited and
only included anilines witpara substituents. There have been other relatively simple
reaction conditions for the preparation of azobenzenes frasatiwe pathways. For
example, under aerobic conditions, a crosgpled azobnzene was prepared in 73%

yield from aniline angb-chloroaniline starting materiails DMSO solutior’* Hudwekar
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et al discoverech method for oxidatively coupling amines using potassium persulfate
with PEG200as a solvent (in the presence of potassium carboa)thin 12 hours
under ambient conditions, all coupling conditions exceeded 90% conversion. While some
symmetric sidgroducts were observed, the selectivity for cromspled azoarenes was
greaterthan 50% for 7 of the 9 substrates testéd.

Other advances explore the use of metal catalysts for oxidative coudire.
al. developed a method for the oxidative dehydrogenative coupling of anilines using
metal nanopatrticles. Whilearny metals were explored, silver nanoparticles tethered to
carbon surface showed the most promise for cross coupling re&étidmes proposed
reaction mechanism involves generatiomofaniline radical cation and formation of a
diarylhydrazine, which is convert@ato azo compound under therabic conditions of
the reaction. Their substrate scope (mostly{satsstituted anilines) achieved product
yields ranging from 5083%. Wanget al. developed a molecular sieve of manganese
oxide (OMS2) which is highly selective for cros®upled azobennes (20 substrates,
64i 99% selectivity?* However, the reaction requires high temperatures/pressures and
usegoxic chlorobenzene as a solvent. Unsymmetrical azobenzenes were also prepared
oxidatively using copper bromide ahdmethylmorpholineN-oxide (NMO) as a ce
oxidant?®> While product was generated under ambient conditions wiitBrhaurs, the
method providedho selectivity for crossouplal over homecoupled productl:1).2
Alternatively, copper bromide has also been generatsiiu, using reccopper and
ammonium bromide reagents. The Cu species activates molecular oxygen, creating the

Cu-oxygen complex responsible for the oxidative dimgpof anilines?® This method
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generated 21 paisubstituted aromatazo compounds, with better selectivity than the
copper bromide/NMO method.

One of the most efficient methods for oxidative dimerization of anilges
through the generation of hypervalent iodine spesiesh asert-butyl hypoiodite {-
BuOl).2” For crossdimerization, four equivalents tért-butyl hypahloriteand salium
iodide are usto formt-BuOl in situ. In the proposed mechanismNgN-diiodoaniline
intermediate is formed on the electron rich aniline. This intermediate serves as an
electrophile which reacts with remaining aniline in solution. Two equivalerti aife
liberated to form the final azo bond. Tpduct yields range from 522%.

In a similar fashionMonir et al proposed the use of another hypervalent iodine
species for the oxidative coupling of anilirfésn their work phenyliodine(lll) diacetate
(PIDA) is used. The substrate scope, mostly satastituted anilines, is limited but
crosscoupled products are achieved in >50% vyield. Ethanol is usée ssltentand is
critical for this reaction. Indeed, no productasrhed when dichloromethane or
tetrahydrofuran are used. It is proposed that etharislas a nucleophile and adds to the
substrate¢o form a key intermediatéut undergoes eliminatiowhen thereaction
mixture is heated.

To compareoxidative approaches, the methods described above have been
summarized in Tabl2.2. Themethod utilizingpotassium persulfat&furnishedmore
unsymmetrical azobenzenimsn any other methotikely due to he use of a powerful
oxidant.In general, theise of hypervalent iodide sped&€ providesimprovement in
product yield as compared to the use of red céppsran oxidantechanistic

differences could shed light on this enhancement. Unlike coppash) @bneratesra
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aniline radical cation, hypervalent iodide spegjeseratéN,N-diiodoaniline(-NIz2)
intermediate within the reaction pathwa Thepreferredformation ofNI> ononly the
electron rich anilinenay explain the selectivity for crespupledazobenzenesOverall,
most method82-2324% gchieved only diversification of substitueptsrato the azo

bond in fair to moderate yields ({185%).Other method$%2"? provide more diversity

in substituent positiorjut the highest number of ssliituents reported is s substrates
become more complex with multiple donating or withdrawing groups, the reactivity of

aniline will be impacted, likely resulting in lower Ydis than those reported in literature.
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Table 2.2 Scope of unsymmetrical azobenzenes obtained through oxidative coapl
anilines

Reaction Conditions Subdituents (position) / ReactionYield Reference
AU A s S
i o 1= , = 0 1= , R=br (]
eqiuv.) 25°C, 5 h Ri=Me (4), R=CI (4) / 72%
KOH (3 equiv.), DMSO, @| Ri=H (4), R=CI (4) / 73% 21
K>$,0s, KoCOs, PEG200, | Ri=Br (4), R=H (4") / 37% Ri=Cl (4), R=H (4)  46% >
RT, 12 h Ri=OMe (4), R=H (4') / 58% Ri=Me (3 and 5), B=H (4) / 50%

Ri=OMe (4), R=Br (4") / 95% Ri=OMe (4), R=Me (4") / 55%
Ri=Me (2 and 6), B=H (4") /59%
Ri=OMe (3 and 5), RH (4") / 73%

Ag/C, KOH, DMSO, Q, 60 | Ri=OMe (4), R=OCFs (4°) / 83% z
°C 30 h Ri=OMe (4), R=Br (4")/ 74% Ri= OCFs (4), R=Br (4') / 64%
’ R1=Cl (4), R=N(CHs)2 (4) / 78%
OMS-2, PhCI, Q, 160 °C, | Ri=Me (4), R=F (4) / 72% Ri=Me (4), R=CI (4") / 60% 24
24 h Ri=Me (3), R=Br (4') / 76%
CuBr (10 nol%), Ri=OMe (4), R=Cl (4") / 54% R1=OMe (4), R=H (4") / 58% 25

. : Ri=OMe (4), R=Me (4" and 57) / 52%
ugﬂgN';'ljz%(lR iql;“g)h Ri=OMe (2), R=Cl (4") / 51%

Red copper, NkBr, Ri=Me (4), R=COOEt (4") / 16%R1=Br (4), R=H (4") / 57% 26
pyridine, Q R1=OCFs (4), R=COOEt (4') / 60%
’ R1=Br (4), R=COOEt (4') / 56%
tBuOCI (4 equiv.), Nal (4 | Ri=Me (4), R=COOEt (4') / 62%Ri1=Me (4), R=NO2 (4") / 64% 27
equiv.) Ri=Me (4), R=CFz(3"and 57) / 66%
PIDA (2.2equiv.),EtOH | Ri=Me (4), R=COOEt (4') / 60% Ri=OMe (4), R=NO2 (3) / 54% 28
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201 60 °C, 30 min Ri=Me (4), R=CI (4") / 52% Ri=OMe (4), R=CI (4") / 53%

2.35 Azoheteroarene Synthesis
It is worth noting a particular set of unsymmetrical azo compounds, hetieroa

azobenzenes, hawadtractednterest in recent years. Heteroaryl azobenzenes cattain
leastoneimidazole, pyrazolegr other nitrogerheterocyclicfunctionality (Figure2.2)

attached directly to the azo boffd

N\\N N\\N N\\N
I
d"” ’ LY

N=— HN—-N “~N
N" H
Arylazoimidazole Arylazopyrazole Arylazopurine

Figure 2.2 General structures for select heteroaryl azobenzenes

The incorporation of heteroatoms within aromatic rings has unlocked diverse
structures with unique photophysical propertigse slight structural chandes
provided a promising strategy for creating structures with red orIRelaght response.
Azoheteoarens can be synthesized through any of the methods previously desgribed.
series of3-phenylazoindoleompounds were synthesized by coupliegzoniun sdts to
indoles® These compounds showed 1gifted absorbances through the incorporation of
pushpull substituentsWestonet al also developed a new class of-gdifted
arylazopyrazoles through diazonium coupling and Mills coupling reectto

In recent workKolarski et al. synthesized a series ofa&opurines through
nucleophillic aromatic substitution ofdhloro-9-isopropyladeniné? In this procedure,

the starting material isoupled to phenylhydrazine under microwave conditions, forming
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a diarylhydrazine intermediate. In a second oxygenation ste@paurine compound is
obtaned(Figure 2.2). Remarkably, the desired coupled product could not be achieved
using typicalcoupling procedures (diazonium coupling, Mills reaction, etc.) or aryl
hydrazides as a starting mateffalhis work highlights the synthetic challenge of
obtainhg unsymmetrical azobenzenes. As the field trends towards developorg
complexsubstituteccompounds due to their enhanced photophysical properties,

traditional coupling methods may not meet these needs.

2.4 Experimental Efforts Towards Unsymmetrical AzobenzeneSynthesis

In our approach, computational calculations were utilized to narrow spexcific
azobenzene derivatives of interest. A seriasnsfymmetricahzobenzenes were screened
for absorbancat wavelengths >600 nnn these derivatives, thmositionand identity of
pushpull substituents were systematically modifigde focused onubstrates modified
at the 4 and 4' positions with carboxylic acids. Therefore, only the ortho and para
positions were available for functionalization with pymhl characér. The restriction of
carboxylic acids a4 and 4 positions is based on tltimate application of our
compoundsNIOF incorporatiol. Predicted U\AVis absorbancepectrdor these
derivatives weregenerated using timdependentiensity functioal theory(TDDFT)
calculationsOut of those screened, four derivatives were seleotefifther
investigation. The structures and predicted absorbance spectra are shown i@.Bigure
Computations revealed that Zjsubstituted patterns resulted in the ¢ggetred slifts.
Interestingly, these substitution patterns have not been previoussbtigated in
literature which could be due tihe complicated synthetic pathway required to furnish

such compoundsdndeed, if successful, the target compounds woelthbmosthighly
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substituted azobenzen@L2 substituents per aryl ringgported in literatureror all
compounds, the electron donor containing compogieris identical For the coupling
partner syntheticeffortsfirst centered on the 2@ifluoro deivative, & it was

commercially available.

-
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Figure 2.3 PredictedJV-Vis absoption spectrdor target unsymmetrical azobenzenes,
aspredicted using TDDFTalculations (performed by Shaunak &haiA. Morris

group)

2.4.1Mills Coupling Reaction
To synhesizethedesiredunsymmetrical derivative, a Millsoupling procedure

was initially attempted. As previously described, Mills coupling requires an aailithe
nitroso derivativeAs the coupling isnore favorableinder conditions with an electron
rich aniline,the desired coupling partners wenethyl 4amino-5-(methyl((2,2,2
trichloroethoxy)carbonyl)aminel-(((2,2,2trichloroethoxy)carbonyl)amino)benate

(16 and2,5-difluoro-4-nitrosobenzoic acidlf) (Figure2.4).
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Figure 2.4 Target compounds for desired Mills coupling reaction

Compoundlewas synthesized through 5 step synthetic proce@aieeme?.6).32

() N02 NOZ
H,SO,4, KNO H,SO CH=NH
OH 29Uy 3 - i S OCH, 3N\NF2
70 7 100°C,5h MeOH DMF, 2 h
reflux, 24 h 0°C~RT

Cl

71%, recryst. 94% yield 93% yield
Troc <
NOz O SnCl, + 2 H,0 NH; O TrocCl NH O
> -
OCH;  EtOAc, 70 °C OCH; 10 wt% NaOH OCH,4
24 h DCM, RT, 24 h
O,N H,N H,N

NHCH; 55%, recryst. NHCH;, 82% yield N(CH3)Troc
1c 1d 1e

Scheme2.6 Synthetic pathwayor the syihesis of Syntasisof Methyl 4Amino-5-
(methyl((2,2,2trichloroethoxy)carbonyl)aminel-(((2,2,2
trichloroethoxy)carbonyl)amino)benzoaties)(

Compounddaldwere isolated and purified through recrystallization as needed.
Surprisingly, the mar productis adoubleprotection of the secondary amine and
primary amine in the para position relative to that grauigh the primary amine in the
ortho position remaing unprotectedBoth directing and steric effects may play a role in

the selectivityof 2,2,2trichloroethylfamateaddition at the para over the ortho position.

Single crystal Xray crystallography was used to confirm the structure of Compound 1e
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(Figure 2.5). With the desired protection strategy achieved, attentions were directed

towardsthe electra withdrawingcomporent.

™~

Figure 2.5 Single crystal structure of Compouhd

Compound 1f was synthesized through a mild oxidatiofrainc2,5
difluorobenzoic aciavith oxone!? Efforts to funish thefinal unsymmetrical azo
compound werensuccessfulMills cougding reactions are typically carried out inidic
conditions. Paranters such as increased time, increased temperature, modified solution
acidity, and solvent mixtures were systematically investigated in an attempt to facilitate
cowling betwen the two omponets, but the original starting materials were the only
visible products viahin layer chromatographyrLC) andnuclear magnetic resonance

(NMR) spectroscopy

2.4.20xidative Coupling of Anilines
Sinceaniline versions of eaatoupling @rtners weravaileble (Leand 4aminc

2,5-difluorobenzoic acid), several procedures for oxidative coupling of anilines were
attempted. Simpler procedures includocagnmercial bleach and HCI at ambient
conditiong® and aldition of potassium petsfate withPEG200 sovenf! were
attempted. The aforementioned proceddiidsnot yield unsymmetrical or symmetrical

azobenzenes (only starting materials were recovered), supporting the idea that these
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methods are only feasiblerfrelatively simple sulisates. Theuse of CuBras an

oxidizing agent was also unsuccessBadsed on the lack of reactivity, it was

hypothesized that the Trgurotected aniline had steric congestion that linbétgbility to

undergo coupling.

2.4.3Diarylhydrazine Coupling
Dueto compliationswith the Tra protected derivatiyean alternative strategy

was employed to furnish unsymmetrical azobenzenes through an aryl hydrazine

intermediateThe method was inspired by a recent paper on the coogding of aryl

bromides and ahhydrazide'® as wellas thepreviously described method for azopurine

production®® First, a series of aryl hydrazines were prepared from aniline starting

materials®® The resulting compound4g-1k) are shown in Figur2.6.
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Figure 2.6 Strudures ofaryl hydrazinesXgi 1k) which will be used to furish

diarylhydrazines
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Aryl hydrazinesynthesisvas tolerant to a range of electron donor grobiest,
an aryl bromide4-bromao2,5-dinitrobenzoic aciqll) was synthesized tbugh nitraion
of 4-bromo-2-nitrobenzoic acidCompoundll had the desired 2,5 substitution pattdtn
wasalsoconverted to an aryl hydrazide througdppercatalyzedaddition ofBoc
hydrazine(1m). To make a suitable coupling partner with eleconaing groups 1l
can ke reducedo a diamino compound with a previously used reduction procedure to

generate compau 1n (Figure2.7).

O NO, O NO, O NH,
HO HO H HO
_N (0]
Br ” \”/ \’< Br
NO, NO, o) NH,
1 1m 1n

Figure 2.7 Structures of potential coupling substrates 1l, 1m, and 1m

For readbns with ayl hydrazinescompoundll was added under basic
conditions to ensure the hydrazine moiety remained in the correct protonation state for
nucleophilic attack. Attempts at nucleophilic substitution to generate diarylhydrazines
were unsuccessfufuture workwould center orcrosscouding of compound$m and1n
through palladium or copper catalyzed reacti@resscoupling reactions may laa
emergingroute to azobenzesasthey areypically less susceptible to

substituent/electronic effects esmpared taraditional copling method
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2.5 Establishing Design Rules for Unsymmetrical Azobenzenes

As discussed previoushhé relative position, strength, and number of
substiuents all play a role in the degree of-g#iifting that is obsered experimenté} in
azobezenes While researchers have investigated each of these factors individually, the
field is young and no concrete design rules for pushazobenzenes have been
proposedThe lack of gulancemakes the synthetic dga processll the more
challenging.Many breakthroughs have relied merelya triakanderror approach, but
the multistep synthesis and screening of even a single compound can be time consuming.
Based on a through literature and our initial computatigingve, wegropose a few
design rules &r unsymmetrical azobenzenes. They are as follows:

1. Evaluatesubstituenttolerance Substituent strength is one of the most important
factors.Strong donating (N or withdrawing (NQ or CN)groupscan provide
more sibstantiaked shifts, bulNH2 or NO; are more likely to undergo unwanted
reactions with coupling reagenf3esign should consider the tolerance of
substrates for reaction conditio®@r example, ithay bemore straightforward to
add methoxy functionalitgs opposetb an amino (wkth needs tde protected)
and many of the coupling strategies in Section Il wellerant to thé OMe
group.

2. Incorporate heteroatom# possible Many of the most red shifted azobenzenes
contain amine, amide, or nitro substitteerHowevey due to the stng
activatng/deactivating properties, incorporation of these substituentsngeact
the reactivity of precursors towards certain coupling reactions. Recently; sulfur

basedsubstituents hee shifted absorbance of some symmeirezobenzees out
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of the WV region togreen light® Incorporation of sulfuderivatives could be
similarly promising in unsymmetrical derivatives.

3. Consider a modest approaciAs evidenced above, synthesis of precursors can
require multistp procedures and protection strategies that may take months to
optimize. Many heterocyclic sopounds already prepared for coupling (2
aminopyrazine, “aminopyridine, etc.) are available from commercial suppliers at
low costs Azoheteroarenes have alreatBmonstrated their promise, and could
be a successful alternative thakes lower synthetidfert. Even if coupling these
compounds desnot give as extreme red shifts as desired, they can be useful for
screening reaction conditions and validating coratiomal predictions while

other compounds are being synthesized.

To acess thevalidity of thesefirulesp f ur t her computati onal stu
In Figure2.8, the predicted absorbance spectrurtwaf newazobenzenes ashown.The
compoundn blueasssssthe impact of modifying the identity of donor groupeéign
Rule 1: T NH2 andi NHCHs are modified td OMe andi SEt) A sharp absorbance peak is
visible at675 nm. While the new derivative is not as significantly shifted similar
compound with amingroups, it is predicted to absorb in deep red wavelengths.
Moreove, thioethers caserve asiseful donor groupdesign Rule 2). Amaziryg, a
compound with thiprecisesubstituent pattern {dmino5-(ethylthio)}2-methoxybenzoic

acid) can be purchasedromecially (Synthonix, Wake Forest, NC).
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Figure 2.8 Predi¢ed alsorlbance spectra for neunsymmetricahzobenzenes

Theabsorbance spectod a derivative containing pyrazine ring (Design Rule 3)
was alsasimulated The results show that swapgitwo nitro functionalities for a
pyrazine ring does naignificantly inpairthered shiftingof the azobenzen@naximum
at 625 vs 675 nm)These findings are critical as they support the idea that red shifted
azobenzenes caotentiallybe furnished throdgsimpler synthetic methods (as
functionalized pyrazines asdsocommecially available). Further investigation and
experimentaéfforts will be needed to determine efficient coupling strategies for

furbishing these azobenzenes.

2.6 Conclusions

In thischapter, existing synthetinethods andhallenges associated with the
productionof unsymmetrical azobenzena® outlinedWhile computations can aid in

the initial design procesenly experimental trial and error can confirm if twmieties
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canactually be coupled. Taprocess can baborious(indeed, section Ill summasas
three years of PhD work) and requires a willingnesshiak creatively when established
synthetic pathways do not yield promising resuitse future of unsymmetrical
azobenzenes Whinge on scientific creativity and discovery of new coupling proces
that dlow for more substrate varietWith this in mird, in thelast yeaMWanget al.
publishedhe first of its kind transitionometatcatalyzed EN coupling for azobenzene
producton 3 Innovations such as this novel method will be necessary totheeseeds
of researchers designing complex unsymmetrical azobenzenegh@/iblp of
dedicated researchethere willalwaysbe a light at the end of the tunrief azobenzene

basedesearh.

2.7 Supplemental Information

H NMR Spectroscopy
NMR spectracopy was prformed on a Bruker 400 MHz instrument with 128 scans and
5 sec relaxation delay.

HRMS
High resolution mass spectrometry was performed with ESI + ionization method.

Synthess of 5chloro-2,4-dinitrobenzoic acid (1a)
3-chlorobenzoic acid (56, 320 mmo) was added to a round bottom flask containing

H>SQw (400 mL). The mixture was stirred and heated to 40 °C in a sand bath to fully
dissolve the starting material. Next, KB@4 g, 435 mmol) was added with stirring in
10 equal portions in-gin intervals.The temperature is maintained below 70 °C. The
mixture was then heated to 95 °C, at which point another of XM®g, 435 mmol) was
added with stirring in 10 equal portions3mmin intervals. The temperature is maintained
below 115 °C. The mixre was tlen heated to 130 °C and maintained for 5 min, attwhi

point, the flask was removed from the sand bath and stirrer. After cooling to 40 °C,
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reaction mixture was poured over.idde cooled solution was filtered to collect a yellow
powder (92.82)); *H NMR showed 3:1 isomeric mixture of products. Tjedlow powder
(4.00 g, divided into 4 equal portions) was recrystallized in 2:1 (v:vp0fMeOH by
dissolving the powder MeOH (BL) and adding ED (6 mL), in 2 3 d large yellow
crystals(2.826 g)formed.(71%yvyield)

IH NMR: (DMSO-ds, 4 00 MH z )1H){i88Q(s} 1HB, 824 (b, 4H) lit?

—8.82
2

B
A
NO, O
A
OH
O.N B
Cl
JL_, Jl\__
= .
w Wy
o S
94 93 92 91 90 89 88 87 86 85 84 83 82 81 80 79 78 717

f1 (ppm)

Figure S2.1 *H NMR of 3-chloro-2,4-dinitrobenzoic aciqla)
Synthesis of Methyl 5Chloro-2,4-dinitrobenzoate (1b)
Purified 5chloro-2,4-dinitrobenzoic acid (2.031 g, 8.20 mmol) was dissoived
methanol (50nL). By dropwise addition, ¥6Qs (5 mL) was added to the solution. The
mixture was heated to reflux and maintained for 25.3 h. After removing from the heat, the
solution was poured over ice (50 mL). A yellow powder formed in the aqueoD$siMe

solution. Ethyacetate (100 mL) was added; two layers formed and placed in separatory
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funnel. The organic layer was dried with Mg&@fter gravity filtration, the solution was
concentrated by rotary evaporation leaving a white crystalline powderdR.(@4%%
yield)

IHNMR: (DMSO-ds, 400 MHz) U 8.86 (s, 1H), 8.32

NO, O
OCHj
C
O,N B
Cl

e

i

008 g

1.00<.

o 13,15~

9.0 88 8.6 84 82 8.0 7.8 7.6 74 72 7.0 68 6.6 64 6.2 6.0 58 5.6 54 52 5.0 48 4.6 44 42 40 38

f1 (ppm)

Figure S2.2 'H NMR of methyl 3chloro-2,4-dinitrobenzoaté1b)

Synthesis of Methyl 5(Methylamino)-2,4-dinitrobenzoate (1c)
Methyl 3-chloro-2,5-dinitrobenzoate (21 g, 7.71 mmol) was dissolved in DMF (10 mL)

and placed underINThe solution was cooled to 0 °C in an ice bath; Mefg&-D M in

THF, 9.0 mL, 249 mmol) was added. The solution turned bright red upon addition. The
solutionwas stirred for 2 h and turneéljow/orange as it warmed to RT. Water (50 mL)
was added to the reaction mixture; a bright yellow precipitate formed. The solution was
vacuum filtered to yield a yellow solid (1.828 ¢93% yield)

IH NMR: (DMSO-ds, 400 MHz)i 9. 00 ( b's, 7232Js,1H)83.888,3H)s ,
3.03 (s, 3 H).
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Figure S2.3 'H NMR of methyl 2,4dinitro-3-(methylamino)benzoatg c)

Synthesis of Methyl 2,4Diamino-5-(methylamino)benzoate(1d)
Methyl 5-(methylamino)2,4-dinitrobenzoated.9 g, 11 mmol) was dissolved in EtOAc

(30 mL). To this solution, Sn&RPH-O (19.9 g, 88 mmol) was added. The reaction was
heated to 70 °C under:ldnd stirred overnight. After 2@4 h, the reaction mixture was
poured into aq NaHC£X5%, 250 mL) and stircefor 1 h. A precipitate formed, and the
heterogeneous solution was vacuum filtered. The solid was rinsed with EtOAc (100 mL).
The filtrate was combined with the rinse solution. Additional EtOAc (200 mL) was

adced; the combined solution was placed in aasajory funnel. The organic layer was

dried with MgSQ. After gravity filtration, the organic layer was evaporated to yield a
brown solid (1.26 g). The crude product was purified via recrystallization by disgolv

in a minimum volume of EtOAc and layerimgth hexanes; brown needles formed after
several dys.(55% yield)

IHNMR: (DMSO-ds, 400 MHz) U 6.65 (s, 1H), 5.094
4.00 (bs 1H), 3.64 (s, 3 H), 2.57 (s, 3 H).
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Figure S2.4 'H NMR of methyl 2,4diamino5-(methylamino)benzoat@ d)
Synthesis of Methyl4-Amino-5-(methyl((2,2,2trichloroethoxy)carbonyl)amino)-2-
(((2,2,2trichloroethoxy)carbonyl)amino)benzoate(le)
Methyl 2,4diamino5-(methylaminojbenzoate (0.324 g, 1.66 mmol) was dissolved in a
10% NaOH (10 mL). In a separate vial, 2;&j2hloroethoycarbonyl chloride (0.457
mL, 3.32 mmol) was addl to CHCI> (10 mL). The organic solution was added in-0.5
mL increments over 10 min to the aqueous solution. The reaction was stirred overnight at
room temperature. The organic layer was removed and evegdoadryness to yield a
light brown solid (0.9 g).(82% yield

Synthesis of 2,&difluoro -4-nitrosobenzoic acid(1f)
4-amino2,5difluorobenzoic acid (0.18!g) was dissolved in 18 mL DCM. Next, an

agueous solution of Oxo®ewas prepared (1.@6) in 18mL) and added to the organic
solution. The reaath was stirred vigorously for 12 h under nitrogen atmosphere. The
precipitate was collected via vacuum filtrati@ue to producinstability, the material
was used immediately amdthout further purification(60% vyield).

General Mills Coupling Reaction canditions for 2,5-difluoro -4-((4-

(methoxycarbonyl)-2,5-bis(((2,2,2
trichloroethoxy)carbonyl)amino)phenyl)diazenyl)benzoic acid
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2,5-difluoro-4-nitrosobenzoic aci®.1 mmol) andnethyl 4Amino-5-(methyl((2,2,2

trichloroethoxy)carbonyl)aminel-(((2,2,2trichloroethoxy)carbonyl)amino)benzoate

(0.1 mmol) were combined in glacial acetic acid (5 mL). The solution was stirretd5or 1

d.

Attempted Oxidative coupling procedures for 2,5-difluoro -4-((4-(methoxycarbonyl)
2,5-bis(((2,2,2trichloroethoxy)carbonyl)amino)phenyl)diazenyl)benzoic acid
Ethyl-4-amincdifluorobenzoate (0.1477 g) and Troc protected aniline (0.21g) were

combined in a flask. Next, 1 mL of 2.5 M HCI| was added. N&xtL of commercial

bleach was added. The reaction was stirred for 5 h.

Ethyl-4-amino-difluorobenzoate (72.4 mg) and Troc protected aniline (100 mg) were

combined in 5 mL toluene. To this solution, CuBr (7.9 mg) and pyridine (7.5 uL) were

added. The solign was heated to 60 °C and stirred for 16 h.

Table S2.1 Summary of Attempted Unsymretrical Azobenzene Coupling Procedures

Substrates Original Adaptations Original
Rxn Procedur Reference
Type e
Mills 2,5-difluoro-4- AcOH, 90 Added cosolvent] 10.1007/s1870-
Rxn nitrosdenzoic acid °C,1h (THF) 01707004
+ Trocprotected Extended rxn
time
Refluxed
Mills 4-aminc2,5 Oxone, Extended rxn 10.1016/j.tet.2006.
Rxn difluorobenzoic | DCM/H.0 time to 3 days 8.069
acid + Troc AcOH, Added TFA
protected RT, 24 48 (strongeracid)
h
Oxidativ 4-amino2,5 CuSQ, Refluxed
e difluorobenzoic Al20s,
acid KMnNQOy,
+ Troc protected DCM
andBoc/Troc
protected
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Oxidativ 4-aminc2,5 CuBr, 10.1002/anie.2010
e difluorobenzoic | pyridine, 1651
acid + toluene
Troc protected
Oxidativ 4-amino2,5 K2&0s, 1 Extended rxn 10.1002/ejoc.2018
e difluorobenzoic K2CGs, time 1610
acid + PEG 200, 1 Used fresh
Troc protected, | RT,12h oxidizer
1 Increased
4-aminc2,5 equivalents of
difluorobenzoc oxidizer
acid+ 4aminc3- 1 Increased temp
methoxybenzoic to 60 °C
acid
(1) &= OCH, (C2) O 1. NaNQ,, HCI 0
o 0°C15n A
(2) A= OCH, (C5) HD)K@ - - HOTY P
(3) A= OH (C5) ZSNH, 2. SnCl, + 2 H,0, Z -2
HCI, -5°C,1.5h H

(4) A= OCH, (C2), 5CH, CHZ(CS-)

(5) &= NHTroc (C2), N(CH )Troc (C5)
Scheme 2.1 General synthetic conditions faryl hydrazine synthesi3

General Reaction Conditionsfor Aryl Hydrazine Synthesis®®
Aniline (5.0g) was suspended D mL of HClsolution and cooled to 0 °C. Next, a

solution of sodium nitrite.06g) was dissolved in HGb mL) and cooled on ice. The
solution was aded dropwise to the aniline suspension with moderate stirring. The
solution immediatelyurned from colorless to bright orange, indicating formation of a
diazoniumin situ. After the final addition of sodium nitrite solution, the reacticasw

stirred for & additional 90 min, ensuring the temperature remained below 5 °C. Next, salt
was addedo the ice bath to decrease the temperatus® €. Tin chloride dihydrate
(10.069g) was dissolved in HCILE mL) and added dropwise to the diazonisohution.

The reacthn was stirred for another 90 min. Thgueousolution was extracted with

ethyl acetat (2x 100 mL), dried with magnesium sulfate, and evaporated to dryness to

yield the desired aryl hydrazing@4i 97% yield)
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Figure S2.5'H NMR 4-hydrazineyi3-metroxybenzoic aai (19)
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Synthesis of doromo-2,5-dinitrobenzoic acid (1L)
4-Bromo-2-nitrobenzoic acid (9.5 g, 38.6 mmol) was added to a rbottdmflask

containng HSQ4 (50 mL). The reaction was heated to 50 °C in a sand bath. Next; KNO
(11.19 g, 111 mmol) was added with stirring in 4 equal portions over a period of 30 min.
Upon addition, the solution changed from orange to yellow and ringet@twe rose to

75°C. The solution was stirred for an additional 2 h, at which point, the flask was
removed from the sand bath and stirrer. After cooling to 40 °C, the reaction mixture was
poured over ice (50 mL). The cooled solution was filtered tieciohwhite powder8.81

g); *H NMR showed 3.2:1 isomeric ratio of products. A portion of the white powder
(0.40 g) was recrystallized in 1:1 (v:v) ofBtpentane by dissolving the powder in ether

(7 mL) and layering with pentane (7 mL). The vial wasethina freezer owight to

form off-white crystals (0.29 g}68% vyield)

IHNMR: (DMSO-ds, 400 MHz) U 14.60 (bs, 1H), 8.64
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Figure S2.11 Copper cross coupling reaction used to generate an aryl hydrazidé-from
broma2,5-dinitrobenzoic acicgtating material(1m)
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Figure S2.12 4-bromao-2,5-dinitrobenzoic acid can be easily converted to the amino
derivative using a reduction with Sn@b gererate a coupling partner for the aryl
hydrazide(1n)
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3. Green-Light -ResponsiveMetal-Organic Frameworks for
Colorectal Cancer Treatment

This chapter has been adapted from a published manuscript by H&nnah
Cornell, YumengZhu, Stefan Ilic Naomei E. LidmanXiaozhou Yang, andmanda J.
Morris from the following referenc&€hem Comm2022, 11, 17064 17071 Reprinted

with permission from the Royal Chemical Society.

3.1 Abstract

Herein, the synthetic methods for preparation of a novekfiggpionsive metal
orgaric framework (MOF) UiGAZB-F are ouihed. Upon irradiation with green light,
the framework demonstrates controlled release of chemotherapeutic drug cargo with

simultaneos breakdown into low toxicity small molecule components.

3.2 Introduction

In recentyears, the field of nanomedicine lggewn tremendously in an effort to
improve patient outcomesEncapsulating therapeutics within nanocarriers can improve
drug pharmacokinetics, enhance therapeutic efficacy, and reduteegHt effects
through localied delivery of payload®?Nanocarrers are particularly impactful in the
field of oncology, ashtey present a strategy to selectively deliver cytotoxic anticancer
drugs to theumorregion®2A wide range of materials including peptitigsolymers,
and inorganic nanoparticlésave beemeveloped towards this goal. Recently, metal
organic framewrks (MOFs) have garnered interest as nanocarriers due to their chemical
stability, high surface area, and tunable pore environniditteough judicious choi of

metal and linker, many low toxigi MOF systems have been successfully devel8ped.
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ForMOFs and other nanocarriers, controlling the release of therapeutic cargo can
be challenging. To address this issue, many nanocarriers are designed with intrinsic
stimuli-responsive elements. Interrsimuli, such as pH and redox environment, have
been dmonstrated as triggers for drug relezfddowever, these parameters can vary
from patient to patient, limiting their general effectiven@sehe use of externatimuli
(light, ultrasound, magnetiggid, etc.) may be more suited to a clinical settirsgf a
allows for spatiotemporal control and provides the ability to tailor treatment regimens to
meet patient needs.

Currently, there are several examples ofARipproved lightactivated therapies,
including photodynamic therapy (PDT) which is usedcfamcer treatment Through
advances in light technologies, the scope of phototherapy tarigasswidened in recent
years. Lerclet al developed a classificatidor organs (Classes3) based on #ir
photodruggability (i.e., general accessibility atmlity to localize light delivery}3¢
Nearly all organs can be treated through relativelyingasive methods such as
endoscopy or minor incisiori® Red or neaIR responsive materials are commounged
for therapeutic applications to achieve maximuengdration into tissue. For superficial
tumors, using shorter wavelength light sources can be benéfitraleed, studies found
using green light instead of réight as an irradiation source for PiTthe esophagus
mitigated deep tissue damage whilaintaining a high degree of clinical efficacy.
Similar results are achieved in treating froascular invasive bladder cancers
(NMIBCSs). A rutheniumbased compoun@iLD-1433 has reached Phase Il trialsas

greenlight-activatedPDT photosensitizer,
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While many porphyrifbased MOF PDT photosensitiz&rbave been developed,
methods for lightactivated chemotherapy have been less explored in MOFs. In previous
work!’, our lab developed the firbght-regponsiveMOF drug delivery vehicle (DDV)
utilizing an a&obenzendased framework known as WHEZB. The zirconium
framework contains photoswitchable da2obenzenedicarboxylic acid (AZB) linkers.
Upon irradiation withultraviolet (UV) light, the MOF structure is destabilized, allowing
for photacontrolled re¢ase of drug cargo. The design strategy allows for breakdown of
the carrier upon light irradiatio Since unwanted nanoparticle accumulation is a concern,
the ability to irreversibly degrade particiesvivois advantageous falrug-delivery
applications.

Whil e our previous wor k-ofd¢@oemacrpttr, ot ¢ heprusn
UV light hindersclinical relevance. To this end, we developed a modified-AXB
framework that is responsive to green light. Herein, we report the synthesis of a new
framewok, UiO-AZB-F, which contains 4g{diazenel,2- diyl)bis(3,5difluorobenzoic
acid) (AZB-F) as the linker (Figurd.1A). While some reports have utilized fluorinated
azobenzene as pendant groups in M@FRkis work is the first of its kind to incorporate

thecompound into the backbone aMOF.
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3.3 Results and Discussion

3.3.1Photophysial Characterizationf AZB-F

rf"‘\ B —~ | —— AZB-F (Experimental)
| —— AZB (Experimental)
7 %J?H - | ---- AZB-F (Calculated)
1:04(0OH), & | -- - AZB (Calculated)
r@, z
o
o0 2 5
-
i L i E
ME| T L s -

300 400 500 600
Wavelength (nm)

Figure 3.1 A) An octahedral cage of UKBZB-F (Zr: cyan, C: gray, O: red, F:
green,H: white) B) Normalized experintgal (solid) and simulated (dotted)
absorbane data foAZB-F (black) and AZB (red) linkers

The influence of substituents (specifically those occurring ortho to thiecsmi)
on the photophysical properties of azobenzsmebeen well documented in the
literature!® To understand the role oftho-tetrafluoo substitutions in our system, both
AZB and AZB-F were synthesizeda modified literature procedures (details ashble in
E S | !A%9The computational and experintehabsorbance spectra of tressminant
AZB and AZB-F compounds were investigated (Fig8rlB). The compounds are
characterized by two absorptionsintheWM s r egi on of the spectrum
Y * transition can beOmbhseSecadndt twhaeedleaggil
absorption band ccurs from 400550 nm. The parent AZBexhtbis a ~ Y ~* trans
maximum at 331 nm. In AZ#, this transition is slightly blushifted and occurs at 319
nm. The blue shift is also observed in our calcoiadiand is due to destabilizatiohthe

HOMO ( ~ * 18 dhe molar absojptivity (Figurg3.5) at these wavelengths is
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similar for the parent and AZB derivatives (22,076 and 22,130'Mn? respectively)

For the nY ~* trandidrnwed,ata wWed kEsmMiba ntdh é sp
cml) and 465 ntomY)irthe flubrdiated deMvativeOrtho-fluorine

substitutions reduce electron density near the N=N Bprebulting in a nearly-Bld

increase in absorptivity in the 40860 nmrange. Therefore, we can utiliteh e nY = *

band for greeslight excitation. Indeed, after I&in of constant irradiation (515 nm),

trans-AZB-F is completely converted to its cis cipufration, as evidenced by a change in

the absorbance spectrum (Figu63. Over the same irradiation t&nno discernible

transto-cis isomerization was observeat fAZB with the same wavelength.

3.3.2Preparation and Characterization of LW2B-F
With the greeright-responsivaess of AZBF confirmed, the synthetic

conditions for MOF preparation were optired. Addition of modulators (monotopic

ligands) is a commostrategy employed to control MOF particle size during self

assembly. Therefore,amodulato s cr eeni ng (further synthetic
was performedo determine optimal conditionsif production of nanoscale MOF

particles. In a general symsis4 , -@iazenel,2-diyl)bis(3,5difluorobenzoic acid) (0.1

mmol), ZrCh (0.1 mmol), mdulator (2050 equiv.), and DMF were heated in a sealed
vialat120°Qf ur t her det ai )l The balksriclural puritg ofthee E S1 A
resulting MOFs was cdinmed using powder Xray diffraction (PXRD) (Figur&.2A and

Figure $.9).
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Figure 3.2A) PXRD of UiIO-AZB-F (formic acid, 20 eq.) compared to the
simulated (blak) crystal pattern (CCD #89533. B) SEMimage of UiGAZB-F
particles (scale bar: 300 nm)

Interegingly, partcles with higher crystallinity were obtained with shorter
reaction time (15 min). SEM images revealed particles with octahedral geometry and
appropriate size (00 nm) are obtaed with formic acid modulation (Figu@2B).
Consistently, dymaic light scatering (DLS) showed an average particle diameter of 150
+ 10 nm (Figure S.12). The particles also exhibited a BET surface area of 1740 #30 m
g’ Despite tie presence of florine within the pore space, the surface area is only
slightly recuced (19002400 nt g*for UiO-AZB*") and pore volume is comparable,
which indicates the particles have sufficient porosity for storage of drug cargog(Figur
S3.13). Moreove, the modified pre environment and polar hydrophobicity imparted by
fluorine atons could enhance tradfinity/uptake capacity of certain drug compouftls.
Thermogravimetric analysis (TGA) shows that particles degrade above 450 °C (Figure
S3.14), ensuringproper thermaltability of particles for our desired application.

After MOF chaacterization, the pho-switching behaviour of AZB- bound
within the crystalline lattice was investigated. MOF particles were placed in DMSO
solution andrradiated with &15 nm LED or he®d at 37°C (normal physiological

temperature) and kept in therdaThe absorbance tiie supernatant was monitorad
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electronic absorption spectroscopy. In the irradiated sample, absorbance bands consistent
with that d free AZB-F in lution appear eer time (Figure3.3A), indicating

decomposition of Ui@AZB-F intoits small molecule congnent (AZBF?). When the

MOF was heated under physiological conditions, negligible absorbance was observed
over the course of 8 hedhonstrating thetability of paticles under notfirradiative

conditions at body temperatuféhe oncentration of degradedOF can be calculated

over time (equation and further details avai
MOF was calculatetly monitoring theabsorbance ahé isosbestic point to ensure total

AZB concentration is measurddOF degradation approaes 15% after 8 h, at which

point the value plateaus due to reaching the solubility limit of A&ZB solution.In vivo
thedegradatin rate is unlikly to plateau, athe body experiences continuous flow due

to the presence of bimgical fluids.
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Figure 3.3 A) UV-Vis spectra used to probe degradation of tA@B-F particles upon
irradiation with green light. Over an 8 h peridte absorbance gradually incregses
indicating release of free AZB into DMSO. B) Quantitative fuorine °F NMR spectra
showa growing5-fluorouracil (5FU) peak(-169 ppm) with increased irradiation time
The internal standard peald {5 ppm) was used to quagtthe amount of 5FU release
into aqueous solutionC) Plot of 5FU release from Ui@AZB-F (as quantified by°F
NMR) after green light irradteon (black) or heating in the dark (re@) Dynamiclight
scattering (DLS) analysis of average peletisize after various time points ¢ty the
irradiation cycle.

3.3.30ptimization of 5fluorouracilLoading
To demonstrate DDV capability;ffuorouracil (5FU) was selected as a miode

cargo. 5 is a broad spectrum chetherapeutic. Its small molecular size lends itself to
successful incorporation within MOF pores. Three different loading procedures wer
explored to optimize 5FU incorporation. Drug loading was quantified d$n§MR

spectroscpy, as both the MOF linkdAZB-F) and 5fluorouracil contain fluorine. The
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first loading procedure was a pasinthetic impregnation method wherein MOF particles
were suspended in a 3.5 mg/mL solution of 5FU and stirred for several days. The
resulting loading values did not exce&dwt%. The second method employed
ultrasonication duringposty nt het i ¢ i mpregnation (further o
achieved mesurable loading with significantly decreased reaction times. A maximum
loading of D wt% 5-FU was achieved after a 20sbnication.
The last method relied on amsitu encapsulation method (details available in
ESI A). 5FU was ad drierdo MOB synthess. RXBof thei resuitingy i a | p
particles (Figure 817) showed thatrgstallinity was maintained during ¢hmodified
procedure and further structural characterizations confirm retention of particle
morphology (Table $2). Based oR®F NMR spectroscopyin-situ encapsulation gave
comparable 5FU loadings (14 * 4 wt%) to thieasonicatiormethod. A sharp decase
in available surface area was observed in drug loaded samples, which is consistent with
drug molecules residing within the MOF porather than bound to the surface (Figure
S3.18). With the substantial time savin@$ min vs. 20 hthein-situ methodprovided,
further studies used this method of loading. By eliminating the need for diffusion of
cargo through a preformed structure, prepose thain-situ encapsulation may be a

superior method to load other therrmabd¢ molecules.
3.3.4Polymer Funtionalization

Particles were further functionalized with amteeminated PEGM.W.= 1500
g/mol) to increase aqueous stability and aripstealth properties. An amine moiety was

selected due to its ability to coordinate to unsaturat&dses within he framework.

Addition of an amine functionality also allows for further modification of the particle
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surface to achieve selective upgak cancer cells. Targeting moieties such as folic acid
can be easily conjugated to the polymer throiC/NHS couplig procedures (Figure
S3.22). Particles were suspended in polymer solution for 24 h to achieve a maximum of
30 wt% coating (determined BiA NMR on an acid digested sample, FiguB23). The
PXRD pattern (Figure $17) of PEGNH-UIO-AZB-F+5FU is broadeneduwe tothe
significant contribution of amorphous polymer on the surface but maintains sharp

diffraction peaks corresponding to MOF-.

3.35 Quantifying Drug Release

Controlled release of 5FU from PEGMNHIO-AZB-F+5FU was investigated.
Paticles were suspeled in aqueous sdion and irradiated with 515 nm light for 2 h.
After, the amount of 5FU released (Fig@t@B) was quantified usintfF NMR
spectroscopy (with a known amount of-2j@uorobenzoic acidised as an internal
standard). Olly polymer functimalized particles ere tested in these experiments, as
surface modification mitigates large burst release upon immersion in sdifiticre
release profile is show in FiguB=3C. At time zero, particlehsw ~10% release of 5FU,
which is attributed to btst from uncoatedanticles in solution. However, upon irradiation
the rate of 5FU release increases dramatically, and 77 + 10%ei¢hpsulated cargo
was released in 120 min. The initial release raimfthe PEGNEKHUIO-AZB-F+5FU
sampe was calculatetb be 0.91 + 0.13%f total cargo per min. Comparatively, a
control sample (kept in the dark with heating at 37 °C) shows minimasestd&FU
during the treatment window, demonstrating the stabilityasfigles under non
irradiative onditions. Moreovg the data suggesthat most cargo can be delivered

within a few hours, making this method suitable for timely outpatient treatment.
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To further probe the degradation mechanism, aliquots were takeh.$r D
analysis to measure the peleisize at variositimepoints througout the treatment. The
average particle diameter is presented in Fi§BB. Over the course of a twwur
treatmat, the average particle size decreases by nearly half, supportingingdep
photo-exfoliate uporisomerization oftte incorporated lignd. The approach is clinically
promising as the particles will break down in a timely manner rather than accumulate

within organs.

3.3.6Cell Viability Studies
With the success of our afgach in solution, we sougtd test than vitro toxicity

of our particles. A human colorectal cancer cell line (HCIB) was selected. The colon
is considered a Class 2 photothertgrget>, and easily accessible for light treatment.
HCT-116 cells wereseeded in a 96 well plate atvdated with PEGN2-UiO-AZB-F (50,
100, and 200 pg/mL), or 20 wt% 5FU loaded PEGNHO-AZB-F (50, 100, and 200

png/mL). The cells were kept in the dasksubjected to cyclic irradiation treatment

(further details availableni E S1 A) f or tywas adssessadiag alCCK8i a b i | i

assayand the results are presented in Fiiie
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Figure 3.4 Cell viability data for HCT116 cellline after treatmetrwith PEGNH-
UiO-AZB-F, PEGNH-UIO-AZB-F+5FU, or 5FU under dark (black) or irradiative
(red) conditioss.

Both PEGNH-UIO-AZB-F and PEGNERHUIO-AZB-F+5FU samples showed cell
viability of ~80% in the dark, demonstrating minimal leakage of Bfbout irradation.
As MOF concentration increases, no differences inveatiility are observed, confirming
the rontoxic nature obur material under control conditions (Figurg.®t). Under
irradiative conditions, PEGNHPIO-AZB-F+5FU samples showed aash decreasin
cell viability (<10%). In a 50 pg/mL sample loaded atvia96, ~10 pg/mL of 5FU should
be releasethto solution. Theell death observed from treatment with 50 pg/mL of drug
loaded MOF and 10 pg/mL 5FU is within error, verifying that nesmgjitativepayload

is deliveredTo evaluate if nanoparticles entered tells or released 5FU extracellularly,
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we examined the telar uptake of MOFs by IGIMS (Figure 8.35). As the
concentration of MOF increases, cellular uptake increases. Indeeg)|lthar uptake of
200 pg/mL is around-Pold higher than 50 pg/mL. Tise results verify that the MOFs

enter cdk.

3.4 Conclusiors

In summary, we have detailed the preparation of a novel vilghleactivated
MOF (UiO-AZB-F) that degrades into small moleculengmnents upon gredight
irradiation. The framework shows &tfity for select chemotherapeutic cargé(J) and
exhibitson-demand releasén vitro studies show lighinduced drug release and
cytotoxicity againsa colorectal cancer cell line HEIIL6. Ths study highlights the
promise of MOFbased DDVs, specificallihe precision and control that can beiaeed

using an eternal stimulus.
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3.7 Supporting Informatio n
3.7.1 Materials and Methods
The following chemicals were purchased from Sighhdrich (St. Louis, MO,
USA):sodim i odi de, zirconium chl or s (099 %), an
aminopropyl) terminated (M-~1,500).Ethyl 4amino-35di f |l uor obenzoate (09!
purchased from Syhonix (Wake Forest, NC). Formic acid, potassium hydi@xand
dimethyl sulfoxide wer@btained from Oakwood Chemical (Estill, SC, USA). 5
fluorouracil( O 9 9etanpl, glacial acetic acid, hydrochlogicid, tetrahydrofuran
(THF, ACS grade), ethyl acetat&CS grade), dichloromethane (DCM, ACS grade) and
NNNdi met hy | f or mami wese oftdinktFrom FisBed ScRiigo)
(Hampton, NH, USA)4 , -azdhenzenedicarboxylic acid was prepared according to

literature procedure’s.
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Nuclear Magnetic Resonan@MR) Spectroscopy
All *H and'®F NMR experiments were performed using an AgilentR (400 MHz)

instrument. For MOF digestion samples, 2 drops e5® was added to 25 mg of

particles suspended BMSO-ds (650 pL) in order to fully degrade the parésl for

guantitative assessment. For quantifying polymer coating, the relaxation \daky

increased to 10 s. F&IF quantitative NMR (Sluorouracil contentklease), 64 scans and

a relaxation delay of 15was used.

Powder XRay Diffraction (PXRD)

PXRDmeasur ements were performed using a Riga
radi atli5418 A).&owder samples were loaded on a Rigaku Si510 sample holder

disc and analyzed at a 0.05° resolution and &5M@i n conti nuous scanning
= 21 50A.

UV-Vis Spectroscopy

Absorbance measurements were taken using a Cary 5000idJNIR spectrometer

controlled with Cary WinUV software. The Scan application was used to collect spectra

from 250 700 nm to chaacterize4 , -@iazenel,2-diyl)bis(3,5difluorobenzoic acidand

measire degradation of Ui@ZB-F upon green light irradiation.

Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis was performed with a TGA 550 thermal analyzer (TA
Instruments, N Castle, DE, USA). In a typical experiment, sd@spwere heated at a

ramp rate ofl0 °C/min under nitrogen from 2B00 °C.All data were analyzed in

TRIOS software(TA Instruments,New Castle, DE, USAusing the weight change

function. A mass loss for dgucargo and MOF were obtained and used to caieula
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experimental drug loadings. The temperatures used for these calculations are included
beneath each TGA plot.

N2 Adsorption Isotherms (BET Surface Area Analysis)

N2 adsorption and desorption isothermsreveollected using a Micrometrics-R3ex
surfaceanalyzer (Micromeritics, Norcross, GA, USAJo0 access permanent porosity,
samples were solvent exchanged in acefon& days. The solvent was refreshed each
day. Prior to analysis, samples were placegample cells and activated under vacuum
(0.1 mbay for 24 h at 120 °C. After analysis, PXRD was performed on each of the
samples. PXRD data confirms that crystatliniwas maintained throughout the
activation/adsorption process.

Dynamic Light ScatteringDLS)

The size distribution of the U®ZB-F nangarticles was measured using a Malvern
ZetasizerNan&S, with three measurements taken per tridanoparticles were
suspended in ethanol via sonication and passed through a 0.45 um filter prior to
measurema. Particle size and zeta potential values raprethe average of 3 distinct
samples (2+ replicates per sample).

Scanning Electron Microscop$EM)

Silicon waferswere adhered to SEM staé@a doublesided copper tap&IOF samples
were suspended in hetnol solutionand drop-cast omo the wafer and |lbbwed to
evaporate in airSEM stages were coated with a 7 nm thick Pt and Pd [ayar to
analsis SEM images were collected with a LEO 1550 fiefdission scanning electron

microscope (Car Zeiss, Obedhen, Germany) at 5.0 kV and a 7.0 mm workirsjadice.

TransmissiorElectron MicroscopyTEM)
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MOF samples were suspended in ethanol solutiot drop-cast omo a lacey carbon
TEM grid (300 mesh, 150 micron) and allowedetaporate in airTEM images wee

collected with aJEOL 2100electron microscopat 200 kV.
3.7.2 Synthesis/Characterization of AZB

0
0 F Nal uOCi
NH, EtZO RT, 12 h

F

F
KOH HO F
> ,/N
THF/H,0,1 h N
F OH
F
o)

Scheme&.1 Synthesis of} , -@iazenel,2-diyl)bis(3,5-difluorobenzoic aciyl

Synthesis of diethyll , -@i¥zenel, 2-diyl)-bis(3,5difluorobenzoate)
In a 100 mL rounéottom flask, ethyl4-aminc3,5-difluorobenzoat (3.996 g, 19.9

mmol), Nal 6.97 g , 39.8 mmol), and E{O (60 mL) were combined. The flask was
sealed and placed der argon atmosphere. Nextert-butyl hypochlorie @.5 mL, 40
mmol) was added dropwise over a period of 10 min. The reactiostiMesl undeargon
flow for 30 min, then removed and stirred for an adddal 12 h at room temperature.
The reaction was gnched with a 1.0 M agueous sodium thiosulfaieitson (200 mL)
and extracted with DCM (Z 100 mL). The organic layers were called, dried over
calcium chlorideand evaporated to obtain a desh-brownsolid 3.01g crude yield). The
solid was dissolvétin EtOAc (70 mL) and after being placed in fxeezer overnighta
red-orangeprecipitatewas collected. The product was furthperified using a silica plug
(solvent system: DCM/pentane 50/50), yieldihg desired producs a dark red solid

(1.89 g 480 yield).
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Rt value (DCM/hexane 1:1): 0.11someric ratio: 91:9 'HNMR (CDCL, 400 MHz) : 0
major isomer: 7.73 (dd, 4H), 4.42 (q, 4H), 1.42 (t, 6H). minor isomer: 7.55 (dd, 4H), 4.35

(g, 4H), 1.37 (t, BH)'*C NMR (CDCl;, 126 MHz): 4 163.7, 156. 0,
62.2, 14.2HRMS (ESI +):399.0926 (M+H}, 416.1229 (M+NH)*, 4210759 (M+Naj

\7.74
~7.55
L 4.42

435
1.43
N 1.37

R | ML

5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
1 (ppm)

Figure S3.1 'H NMR of diethyl 4 , -@iazenel,2-diyl)-bis(3,5difluorobenzoate)
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Synthesis ot , -@iazenel,2-diyl)bis(3,5difluorobenzoic aciyf
Diethyl 4 ,-@iazenel,2-diyl)bis(3,5difluorobenzoate)(0.4994 g, 1.25 mmol) was

dissolvedin THF (25 mL). In a separate flask, KOH (0.321§, mmol) was dissolved in

H>0O (13 mL). The solutions were combined and stirred for 1 h. After this time, the

reaction was cooled to room temperature. Next, 1.0 M {20l mL) was added to

precipitate outa solid. The light orange solid collected via centrifugation and washed

with methanol. (0.42 g, 98% yield)

Isomeric ratio: 91:9 'H NMR (DMSO-ds, 400 MHz) : 0 mag, @), i somer

7.78 (dd, 4HYSC NMR (CDCl, 126 MHz) : U 163%,1140, 62.86. 0, 1°5
14.2.9F NMR (DMSO-ds, 400 2009 :
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Figure S3.2 'H NMR of 4 , -@liazenel,2-diyl)bis(3,5-difluorobenzoic acid)
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Figure S3.3 %F NMR of4 , -@iazenel,2-diyl)bis(3,5difluorobenzoic acid)
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3.7.3 Experimental/Simulated UWis Data
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Figure S3.4 Calibration curve used to calculate molar extinction coefficient of &Z&
455 nm
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Figure S3.5 Comparison of molar absorptivity of AZB (black) and AZB (red)
derivatives
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Trans AZB-F
—Cis AZB-F

Absorbance (a.u)

300 ' 400 500 o
Wavelength (nm)

Figure S3.6 ExperimentalUV-Vis absorbance of AZ&- in trans (red) and civlack)
configurations (DMSO as solvent)

All calculations were performed using Gaussiaf With the resources available at the
Advance Research Computing at Virginia Tech. The geometries were optimiheith@vi
¥B97 XD f dand the @Ml&(H) basis et® Solvation effects of DMSO were
simulated using an implicit polarized continuum solvation mod®CM).”® The
frequency calculations were performed at the same level of theory to confirm the absence
of imaginary frequencies. The spectroscopic parameters were obtained using time
dependent DFT using the same functional, basis set, and solvation model asitide gro
state optimization. Molecular orbital surfaces for HOMOs and LUMOs were visualized

using GaissView 5.0.
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Figure S3.7 Simulated U\Vis absorbance of AZE- in trans (red) and cis (black)
configurations

Native ) A'\' OH Fluorinated LN A
Azobenzene o [ ] N Azobenzene HO [ c
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* LUMO
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Energy
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n ——JOoMO-1 $ 0 HOMO-1

Figure S3.8 Depiction of frontier molecular orbitgfor AZB (left) and AZBF (right)

Table S3.1 Relative HOMO/LUMO energies (from calculatg)n

HOMO | LUMO

4 |, -a&aobenzenedicarboxylic agqidZB) -0.3%6 0.051

4 | -@iazenel,2-diyl)bis(3,5difluorobenzoic acidfAZB-F) -0.326 -0.0%

3.7.4 Synthesis/Characterization of UH&ZB-F

Traditional UiO-AZB-F Synthesis
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In a typical synthesis, Zr¢[23.7 mg) and DMF (1.5 mLyere combined in a-@ram
vial. Next, formic acid* (75.5uL) was added, and the mixtureassonicated for 5 min.

4 | -@iazenel,2-diyl)bis(3,5difluorobenzoic acid) (34.9 mgyas added, followed by
H20 (75pL), and the mixturavas sonicated again. The viahsplaced on a stir plate for
1-2 min to ensure the starting materialsre fully dissoved then placed in a 120 °C
oven for 15 min. Next, the vials were cooled to RT and the contents were transferred to
15 mL centrifuge tbes. The particles were collected via centrifugation (5 ramj)
subsequently washed with DMK1) andacetongx3). After solvent exchange, particles
were collected via centrifugation and dried under vacuum for 1 day at 60 °C.
*Optimized conditions (formiacid, 20 eq. to Zr) are described. For the modulator
screening, conditions were kept the same, but atiedulators (acetic acid 30 eq.,
hydrochloric acid 1030 eq.,and difluoroacetic acid 3050 eq.to Zr) were used istead

of formic acid.

= Simulated
— A A 30
A 20
e HC1 10
=
=
<
g
>
N
o
n
: VL
<Pl
~—
=
[T
Jl A
T T T T y T Y
10 20 30 40

20

Figure S3.9 Experimental PXRD patterns for Ui®ZB-F under select modulated
conditions: acetic acid, 30 equiv. d)eformic acid, 20 equiv. (blue), and HCI, 10 equiv.
(green). The experimental patterns match that of the simulated pattern (black) for UiO
AZB (CCD#:889532)
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Figure S3.10 SEM Images of Ui@AZB-F uder select modulated conditions: (from left
to right) formic acid (20 eq.), acetic acid (30 eq.), and HCI (10 eq.)

Figure S3.11 TEM Images of inividual UIGAZB-F (FA 20) particles
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50 100 150 200 250 300 350 400 450
Particle Size (nm)

Figure S3.12 DLS analysis of UI@AZB-F (Intensity weighted distribution)
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—— UiO-AZB-F Desorption
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Figure S3.13 N2 adsorption isotherm for UAZB-F (formic acid, 20 eq.)
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Figure S3.14 Thermogravimetric analysis (TGA) of Ui®ZB-F MOF under M. The
initial weight loss between 10200°C is attributed to loss of residual modulator (formic
acid) and the second weighstooccurring from 458Ci 700°C corresponds to
degradation of the linker/framework

3.7.5 Degradation Studies of UBZB-F

UiO-AZB-F Degradation Studies
For degradation studie2 3 mg of MOF was placed in a 24/40 joint cuvette and layered

with 3 mL of DMSO.DMSO was selected as the solvent for these experiments due to
higher solubility of linker in solution (AZB- is insoluble in aqueous solution at pH=7)
The sample was capgpavith a sepim, covered, and left for 2 h to ensure particles were
fully settled to the bottom of the solution. Next, samples were placed in a green light
LED box and irradiated for 8 h. The linker release was monitored by colldd\frgis
spectra and motoring the change in absorbance at 455 nm (the isosbestic paint-af o
(diazenel,2-diyl)bis(3,5difluorobenzoic acid)) every hour. For control experiments, this
procedure was repeated, but instead of irradiating samples, cuwettesvrapped in
alumirum foil and heated &7 °C for 8 h.The total concentration of MOR ithe cuvette

can be calculated based on the mass of MOF addedhle molecular weight of UiO

AZB-F (MW=2721 g/mol), and volume of DMSO addé&d.(
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The concentration of degraded M@Fesent in solution was calculated according to the
equation below, wherdbs, is the measured absorbance @ 455 nm at a given timepoint
(t=0i 8h).

;’lbst

E455 nm

C.'.i's'_c;r:l:l's':l' -

Using these values, tipercent degradation of MOF is calculated as:

[

o
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Figure S3.15 Calculatedoercent degradation of U¥BZB-F when irradiated with green
light (red) or heated at 37 °C in the dark (black) for 10 h. After 8h, the red profile
plateaus due to reaching the sdlityplimit of AZB -F in solution. During the 8 period,
irradiated sampkeshow up to 15% degradation, while heated samples show less than 1%
degradation on average.
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Scheme3.2 Visual demonstratiomf MOF degradation (left) and visual coloratige
observed after the irradiation period (right)

3.7.6Preparatiorof PEGNH-UiO-AZB-F+5FU

UiO-AZB-F Drug Loading Postsynthetig
In a flask,400 mg of 5fluorouracil was added to 120 mL EtOH. The mixture was stirred

vigorously at 70 °C until the drugvas fully dissolved (45 min). The solution was
removed from heat. Next, OtAZB (F) (100mg) was added, and the flask was sonicated
for 15 min to sugend the MOF particles. After sonication, the suspension was stirred at
60 °C for 5 days. The particles kmeecollected via centrifugation, washed with EtOH to

remove surfacéound dug, and dried under vacuum for 1 day at 60 °C.

UiO-AZB-F Drug Loading (Wih sonication)
In avial, 300mg of 5fluorouracil was added t85 mL MeOH. The mixture was stirred
vigorously at 70 °C until the drug was fully dissolved (45 mNgxt, UiO-AZB (F) (100

mg) was addedThe suspension wathen sonicated with a tip sonicatdor 20 h The
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particles were collected via centrifugation, washed with EtOH to remove sindacel

drug and dried under vacuum for 1 day at 60 °C.

UiO-AZB-F Drug Loading (In-situ)

In a typical synthesis, Zr¢(23.7 mg) and DMF (1.5 mLyere combined in a-@ram
vial. Next, formic acid (75.5uL) was added, and the mixtumeas sonicated for 5 min.
4 | -@iazenel,2-diyl)bis(3,5difluorobenzoic acid) (34.9 mgyas addedand soniated
briefly. Next, 5fluorouracil (500 mg) andH20 (75pL) were added to the viahnd the
mixture was sonicated again. The viabsheated tdl20 °Con a hotplate and stirred for
15i 20 min. Next, the vials were cooled to RT and the contents were treststerl 5 mL
centrifuge tubes. Thearticles were collected via centrifugation (5 mamdwashed with

DMF (x 1) andacetongx 3).

PEGNH. Polymer Coating

Particles are resuspesttliin EtOH (5 mL) and transferred to a vial and sonicated.-PEG
NH2 (100 mg) § added to the solution and the vial is sonicated until contents are fully
suspended (~15 min). The solution was stirred at room temperature for 24 h in the dark.
After, the partiles were collected via centrifugation and washed with Et©H) (After
washng, the particles were collected via centrifugation and dried under vacuum for 1 day
at 60 °C

For the purposes of this paper, drug loading is calculated as:

. Mass of drug
Weight 4= ®x 100
Massof MOF

9C



Drug loading was @ermined using quantitativeF NMR. First, the molar ratio of
drug:linker wa calculated according to the equation below:

mol SFU Intergration of 5FU peak #of Fin Linker
= x
mol linker #of Fin5FU Integration of linker peak

The value was then convertedo molar ratio of drug:MOF using the molecular formula
(6 mol AZB-F linker : 1 ~pAZB-F). Binay, the weight percent was calculated

using themolar masses of drug and MOF (130.08 and 2289 g/mol respectively).

—-171.37

HN/\IF
o)\” o

5-fluorourecil

Fluorinated linker
(cisandtrans)

141,
17.997 &=
1.00- ——

-125 -130 -135 -140 -145 -150 -155 -160 -165 -170
1 (ppm)

Figure S3.16 Quantitative'®F NMR on digested MOF sample to quantify 5FU loading
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Figure S3.17 PXRD of PEGNH-UIO-AZB-F+5FU

300

—a— UiO-AZB-F + 5-FU Adsorption
——Ui0-AZB-F + 5-FU Desorplion

Quantity Adsorbed (cm?/g)

100 - BET SAuvio.azer+svu: 555 m*/g
0 T T T T T T T T T T T
0.0 02 04 06 08 10
P/P°

Figure S3.18 BET Data of UIGAZB-F+5FU. The BET SA is reduced after drug
loading, indicating incorporation of drug within MOF pores.
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Figure S3.19 TGA of starting materials:-5U (black), PEGNH:2 (blue), and UD-AZB-F

(red).
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Figure S3.20 TGA analysis of PE&NH»-UiO-AZB-F+5-FU. The first major weight loss
occurring from 22b410°C is attributed to loss of drug and polymer. The second major
weight loss occurring from 45@50°C is due to degradation of the orgafinker.

93



——PEG-NH2-Ui0-AZB-F + 5FU
——UiO0-AZB-F
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Figure S3.21 IR analysis of PEGNH: (black), UIOAZB-F (red), and PE@®H2-UiO-
AZB-F+5FU (blue). The PE®IH2-UiO-AZB-F+5FU shows enhanced signal at 2300
cmt and a new signal at 2800 dr(corresponding to Niistretch).

Table S3.2 Morphology of UiO-AZB-F before ad after 5FU loading

PEGNH2-UiO-AZB-F | PEGNH2-UiO-AZB-
F+5FU
TEM
SEM
100 nm
Average Particle 150 = 10 nm 141 =3 nm
Diameter
PDI 0.24 0.25
Zeta Potential -7+ 6 mV 268 mV
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Figure S3.22 IR analysis confirming attachment of folic acid (redP®©&GNH: (blue)
scaffold.
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Figure S3.23'H NMR Digestion of PEGNH>-UiO-AZB-F+5FU
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Figure S3.24 Samge zeta potential measurement for PEGNHO-AZB-F (average:2
mV)

3.7.75FU Release Studies

5-fluorouracil Release Studies

To quantify 5fluorouracil release via®F NMR, an internal standard was used. A stock
solution of internal standard (2¢i#fluorobenzoic acidIS) and DO was prepared, and

pH adjusted to 7.2. In a 24 well plate, betwee#a dg of drug loaded material was added

to each well. Next, 700 pL of IS solution was added to each well. The well plate was
placed an LED irradiation charab and irradiated for 15, 30, 60, 90, or 120 min. After
the designated time, the sample was filtedtedugh a 0.45 um syringe filter to remove
MOF particles and transferred to an NMR tube for analysis. For the dark control
experiments, sample preparat@rd workup is the same, but the well plate was wrapped
in aluminum foil. (Note the linker itself dog not show up in these spectra because it is
only soluble in aqueous solution at very acidic or basic pH).

The molar ratio of 5FU:IS was calculated acaogdo the equation below:

mol SFU _ Intergration of 5FU peak « #ofFinl§
mol IS #of Fin 5FU Integration of IS peak
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To account for slight differences in initial sample nilas&ling efficiencyacross trials,
percent of release from the framework is calculated.tdta amount of 5FU in the MOF
is calculated by multiplying the mass of MOFdad by the wt% loading (calculated
previously). The absolute mass of 5FU released is estimated¥raMR.

Mass of 5FU (from 19F NMR)
% S5FU Release = . ®* 100
Total Mass of 5FU in MOF

120 min

60 min

30 min

15 min

0 min

-I‘OO »1‘05 -I‘]O »1‘15 -]‘20 -1‘25 -1‘30 -1‘35 -]‘40 -I‘45 »1‘50 -1‘55 -1‘60 -]‘65 -1‘70 -1‘75 -1‘80 -]‘85
fl (ppm)

Figure S3.25 Quantitative'F NMR of 5FU release from PEGIH2-UiO-AZB-F in the
dark. The signals for the inteal standard 2 &lifluorobenzoic acid and-Buorouracil are
visible ati 114 and 169.5 ppm respectively. The intensity of thE83 peak remains the
same throughout the time trial, indicating that the casti®ws no release after the
original HAbursto.
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Figure S3.26 Quantitative!>F NMR of 5FU release from PEGIH2-UiO-AZB-F under
green light irradiation. The signals for the internal standardii®iforobenzoic acid and
5-fluorouracil are visible at114 and 169.5 ppm egedively. The position of the
internal standard peak shifts slightly, likely due to the increasing amousftuafrburacil
present in solution.
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Figure S3.27 Rate analysis of 5SFU release from PEGNHO-AZB-F. A regression was
fit to the linear poibn of the release profile (time point$ & min).
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Figure S3.28 UVVis spectra showing synchronized particle degradation (#ZB
quantified between 40825 nm) and 5FU release (increasing peak @ 320 nm).
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Figure S3.29 Particle degradation in PBS/FBS/Mcg&anmedia under irradiation (black)
and dark + heat (red)
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Figure S3.30 Normalization and overlay of MOF degradation (black) and 5FU release
(red)
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Figure S3.31 PXRD patterns of MOF particles @drious points throughout the
irradiation treatment, suppang the photedegradation of particles over time
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Figure S3.32 SEM images of MOF particles before (left) and after two hours of
irradiation treatment (right), showing a decrease in averagelpaitze.

3.7.8Cell Studies

Materials

Trypsin (0.25%) BTA was purchased from VWR (Radnor, PA, USA). Human

colorectal carcinoma cells (HCT116) weoentinuously cultured in our laboratory
McCoybds 5A Medi um was ™gEuivaq\adbereugh, MA, dSA). Hy Cl o n e
Dulbecco's Phosphateuffered Saline (DPBBSwas purchased from Gibco (Thermo

Fisher Scientific, Inc., Waltham, MA, USA). Fetal bovine serum (FBS) was purchased

from VWR (Radnor, PA, USA) . 50 1T U/ mL penici
purchased from MP Biomedicals (Santa Analif@ania, USA). All other reagents were

obtained from Sigm&ldrich (St. Louis, MO, USA) or VWR (Radnor, PA, USA), unless

otherwise stated.

Cell Culture
Cell studies were conducted using a human colorectal carcinoma cell line (HCT116).

Cultures were growi n  Mc C orgedism (By&lonéV Cytiva, Marlborough, MA),
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supplemented with 10% fetal bovine serum (FBS, VWR, Radnor, PA), 50 IU/mL
penicillin, and 50 eg/ mL streptomycin (MP Bi
5% CQ-air. The media was changedeey other day. The cultures veepassaged after

70i 80 % confluence was achieved. Cells were rinsed with 1X PBS solution three times,

and then released with 0.25 % tryp&BTA solution (VWR, Radnor, PA). The

suspension of released cells was centrifugetD@0 rpm for 5 min before coung and

plating for experiments.

Cell Viability Assays

HCT116 cells were plated in a-96e | | pl ate at a density of 50040
compl ete McCoyds 5A medium per wel | . After
d scarded and the cells were washed with 1X
containlgg Mc Coy 6s 5A medium was added. Next, 2

eg/ mL) , »-UREAZBFH ( 500 ¢€g/ mL, 1 mg/mL, 2 mg/ mL,
PEGNH-UIO-AZB-F+5FU (20wt% 5FU | oadi ng, 500 ¢€g/ mL, 1 m
suspended in PBS) was added separately wells for each treatment group. The final
concentrations of MOF (with or without-BJ) ranged from 50 to 200 pg/mL. Two

identical plates were prepared: One platse placed inside the light box that was inside a

biosafety hood (which had been steritizeith 70% alcohol followed by overnight UV

light treatment) for 2 h light treatment (15 min ligit, then 15 min lighoff); the other

plate was covered with aluminufoil and placed in the same biosafety hood as the

control plate but not in the light koAfter 2 h treatment, both plates were placed in the

incubator. The light treatment was repeated at 24 h and 48 h by removing both plates
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from the incubator, treatintpe treatment plate with light and covering the other with foil,

then returning both ptes to the incubator after the 2 h treatment. After incubation for 72

h, cells were washed three times with 1X PBS and then treated with-BeriEBCGM

media (4080 tQ)elL Cell c o u n-8,iDnjigdo, IRockville8 s ol ut i
MD). After incubation for another 3 h to allow for development of the CCKS8 dye,
absorbance was recorded &04and 750 nm using a BioTek Synergy Mx plate reader

(BioTek, Winooski, VT). Wokedup data (absorbance at 750 nm subtracted from
absorbance at 450 nm) were graphechagisGraphPad InStat, version 3 (GraphPad

Software, Inc., San Diego, CA). Mean values are reported together with the standard

error of mean (SEM) representing the combaraof 3 different experimental runs with

five replicates per experiment.

HCT116_SFU_72h HCT116_5FU_72h

£ 2001 3 200-

= bl

S E IC5
5 150 % 150
E 5
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z >
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© 0010405 1 10 50100 S T ob10105 1 10 50 100

5-FU log drug concentration (ug/mL) 5-FU log drug concentration (ug/mL)

Figure S3.33 CCK-8 Results for 5FU incubation (72 h).s3or HCT-116 cell line was
determined to be 3+2 pg/mL
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Figure S3.34 CCK-8 cell viability data after treatment with 50, 100, and R@0mL of
PEGNHR-UIO-AZB-F MOF (72 hincubatior). Error bars represent tis¢éandard
deviation of 15 replicates.
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Figure S3.35 Determination of cellular uptake of PEGMHIOAZB-F andPEGNH-
UIOAZB-F+5FU in HCT116 at various concentrations (50, 100, 200 pg/mL) at 72 h
incubation time. The data was analyzed by-M8. The totalamount of zirconium
was then measured using KBS and compared to the amount of zirconium in
untreated cellsAs the concentration of MOF increases, the cellular uptake
increagsas well. There is no difference between PEGNKHDOAZB-F and
PEGNR-UIOAZB-F+5FU at the same concentration. Additionally, the cellular
uptake of 200 pg/mL is aroundfg@ld higher than 50 g/mL. These results verify
that the MOFs are entering the cells.
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Figure S3.36 CCK-8 cell viability data after treatment with 50, 100, an@ Rg/mL of
PEGNH-UIO-AZB-F and PEGNRUIO-AZB-F +5FU with or without irradiation at 72

h incubation. Error bars represent the standard deviation over three independent
experiments with fiveaplicates per experiment (n = 3). ns = no statistical signdean

*** indicates p < 0.001 among indicated treatment groups. Error bars indicate standard
deviation of three separate experiments with five replicates per experiment. Group
comparisons are dhicated as determined by a emay analysis of variance (ANOVA)
with a StudentiT Newmani Keuls comparisons

100 ns

3 L I Dark
£ ek 3 Light
P gL ™ :
-
5}
5
o
x 50
- ns
§ ns
= 1
© 0 I Iﬁ Iﬁ
9 9 O
& & &
O O O
o¥ o¥ o¥
& o Q
f<\ \5\ 0\
g & s
N 4
] K
> N
Q@ éQs'b
@0
R

Figure S3.27 Cell viability data for HCT116 cell line after treatment with PEGMNH
UiO-AZB-F, PEGNH-UIO-AZB-F+5FU, or 5FU under dark (grey) or irradiative (white)
conditionsat 72 h incubation time. Error bars represent the standard deviation over three
independent experiments with five replicates per experiment (n = 3). ns = no statistical
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significance, *** indicates p < 0.001 among indicated treatment groups. Error bars
indicate standard deviation of three separate experiments with five replicates per
experiment. Group comparisons are indicated as determined byeagranalysis of

variance (ANOVA) with a StudénT Newmani Keul s comparisons
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4. Modelling Drug Adsorption in M etali Organic
Frameworks: The Role of Solvent

This chapter has been adapted from a published manuscript by H&nhnah
Cornell, AbhisheK . Sose, Ashles. Burris, Biadley J. GibbonsAmanda J. Morris and
Sanket A. DeshmuKtom the following referencdRSC Adv2021, 11, 17064 17071

Repinted with permssion from the Royal Chemical Society.

4.1 Abstract

Solvent plays a key role in biological functions, catalysis,drug-delivery.
Metali organic frameworks (MOFs) due to their tunable functionalities, porosities and
surface areas havedverecently use@sdrugdeliveryvehicles. To investigate the effect
of solvent on drug adsorption in MOFs, we have performedrated computationand
experimental studies in selected biocompatible MOFs, specificallyAZiB, HKUST-1
(or CuBTC) and M-MIL -53(Al). The adsorption of three drugs, namelf|tdorouracil
(5-FU), ibuprofen (IBU), and hydroxyurea (HU) were performethmspresence and
alsence of the ethanol. Our computational predictions, at 1 atmospheric pressure, showed
areasonable agreent with expemental studies performed in the presence of ethanol.
We find that in the presence of ethanol the drug molecules ag=orbed at thetarface
of solvent and MOFs. Moreover, the computationally calculated adsorption isstherm
suggested thdahe drug adsotpn was driven by electrostatic interactions at lower
pressures (<X0Pa). Our computational predictions in the absence of ethanol were higher
compared to those in the presence of ethanol. Thei@¥orbate interactiot(,)
energy decreased with decrease in the size of a drug molecule in all three MOFs at all

simulated pessures. At high pressure the interaction energy increases with increase in the



MOFs pore size as the number of molecules adsorbed increases. Thuseanahre
shows the important role played by solvent in drug adsorption and suggests that it is

critical to consider solvent while performing computational studies.

4.2 Introduction

Solvent has shown its prime importance in biological functions, polymer science,
catalysis, and biomedical applicatioh§For example, inlrug-delivery-vehicle (DDV)
dewelopment, the interactions between the drug and relevant body fluids (solvent) play a
critical role in driving drug release from the carfi@imilarly, the drug loading in a
DDV is determined by the interactions between solvent and drugs, between aotvent
the DDV, and between drug and DBV At present, our atomitevel understanding of
drug loading in DDVs, such as polymers and porous materials, is very limited.
Specifically, the precise role of the interactions between solverthardtugs, and
between solvent and DDV is unknowf# Without knowledge of these interactions, it is
difficult to understand if the drug adsorption occurs atititerface between solvent and
the DDV or if the drug molecules reside primarily in the pore volume of the.[ADV
understanding of the interplay of drug, solvent, and carrier interactions is, therefore,
important for the design of new DDVs with highetale and efficient drug release.

Recently, metélorganic frameworks (MOFs) have been used in the field of
catalsis, gas storage, anidug deliverydue to their adjustable functionalities, tunable
porosities, and high surface aféa®?! In these applications, it has been reported that
solvent plays an important role in determining the stability and funaignadsorption
capacity) of a MOF223 A number of experimental and computational studies also show

that MOFs have higher drug storage capacity than other porous materials due to high
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surface arearal the formation of notonded interactions with drugéGrand canonical
Monte Carlo (GCMC) simulations have been used to study drug adsorption both in the
presece and absence of solvent at the moleelatael 13152428 For example, adsorption

of the anticancer drugsPU and HU in ZIFs was studied by Goneal.,>> while

Erucaret al.performed a computational study on methotrexate alRd biptake in MOF

74 in the absence of solvefitBerniniet al.employed GCMC simulations to study the
adsorption of IBU in a series of bammpatible MOF£# In the computabnal studies
performed in the absence of solvent, drug adsorption is often overestimated compared to
experiment, which uses solvent to dissolve and adsorb drugs in MOFs. The differences
are attributed to experimental limitations, such as treatcessibity of the cavities and
poor activation of the MOF sampl&SHowever, Proenzat al.performed GCMC
simulations to study adsorption of&J and caffene (CAF) in ZIF8 analogs, and

identified that the lack of consideration for solvent and surface effeatsadsorption

study contributes majorly towards the overestimation of drug adsofdtion.

4.3 Results and Discussion

Motivated by elucidating the importance of solvent on drug adsorption in MOFs
at the moleculalevel, we performed a combined computatiband experimental study
of drug adsorption in MOFs in the pegxe of explicit solvent. Specifically, we employ
GCMC simulations to study adsorption oFb, IBU, and HU in three MOFs of interest,
namely, HKUST1, NH>-MIL -53 and UiGAZB in the presencef ethanol. HKUST1
and NH-MIL -53 were selected becauselwdir established biocompatibility and wide
use throughout the literatut®3' UiO-AZB is a lightresponsive framework developed in

our lab that shows promise as a versatilegdeliveryvehicle®? Tables .11 S4.3 and



Fig. $4.1 in Section 8.1 discuss detailsfarug and solvent molecules used in our

study.Table4.1 summarizes the textural properties of these MOFs and a detailed

computational and experimental methodology used to calculatedperfees is listed in

Section 8.2 of the ESIThe moleculattevel strictures of all three MOFs and foréield

parameters are shown in Figl.8and Tables &5 $4.7 in the ESIAs can be seen

from Table4.1, the calculated surface area for all three M@Figher than experimental

measurements. This is expected, as simulationgeafermed on perfect crystalline

frameworks and do not account for defeé€tShe differences in pore volume can be

accounted for with scaling factors that reconcile experiatand simulated

adsorptiort334In addition, Epleyet al. highlight differences in the experimental and

theoretical surface area observations in 4B, which can be due to the introduction

of macroporosity within the sampl&sThe pore size distribign (PSD) suggests that the

HKUST-1, NH-MIL -53, and UiGAZB are microporous @re size upto 20 A3 More

details on PSD calculations can be found in the ESI, Secfi@n S

Table 4.1 Textural properties
collected at 300 K and 2QPa, similar to experimental conditions in the presence of

of the selected MOFs. The simulated uptake data is

ethanol.
Calcula | Literature | Calculated | Calculated | Experimental Literature
ted reported Pore- surface area| surface aea reported
Void void cavity (m?g?) (m?g?) surface area
Volume | volume Si ze (m?2g?)
(cmig?) | (cm*g?)
HKUST-1 | 0.9066 0.75%, 5.1, 10.6, 2365 1830 15075, 157F7,
0.79% 12.2 160058, 1740°
NH2>-MIL - | 0.6272 0.83° 6.36 1395 725 675%, 712,
53(Al) 9472
UiO-AZB | 1.4057 10.8, 11.9, 3692 1959 903-26872
13.7
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To probe the effect of solvent, we performed GCMC simulations in the absence
and presence of ethandlble4.2 lists the maximum drug uptake calculated with GCMC
simulationsand experimentally measad at 300 K and 1 atm. To study drug adsorption
in the presence of ethanol, initially, GCMC simulations were performed to evaluate the
number of ethanol molecules adsorbed in the MOFs at 1 bar and 300 K f@0®G6teps.

The computedadsoption of ethanol in HKU3$-1, NH-MIL -53 and UIOAZB wa$09

(mgd 3,297 (mgd ¥, and 920mg d 3, respectively. This corresponds to 107 mol

uc 16 mol uc¢ tand 183 mol uclin HKUST-1, NHx-MIL -53 and UiOAZB

respectively. The number of moldes of ¢hanol obtained from these simulations were
used as a starting number of molecules in initial configuration for drug adsorption studies

in the presence of ethanol.

Table 4.2 Maximum simulated uptake in the abserand presence of ethanol complare
to ourexperimentauptake of 5FU, IBU and HU in HKUST1, NH2-MIL -53 and UiG
AZB.

Maximum Simulated Maximum Simulated
uptake in the presence] uptake in the absence
of ethanol (mg g@') of ethanol (mg g@')

Maximum experimental uptake
(mg g*)

5>-FU | IBU HU 5-FU IBU HU 5-FU IBU HU

HKUST-1 | 175 86 564 887 1119 943 |150+10| 130 + 20| 300 + 70

NH-MIL- | 36 | 23 | 222 | 508 | 467 | 511 |190+90| 100+ 10| 440 + 150
53(Al)

UiO-AZB 398 239 1072 1534 | 1660 | 1620 | 120+20( 180+40| 290+ 20

During these twecomponent(both drug and ethenl) simulations, equal
probabilities of both molecules for insertion, deletion, translation, and rotation were used.

These simulations were also performed at 3G0rkL,500,000 steps. This process here is
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referred to as thamaulations in presence of ethol. More details on computational
methods are discussed in Secti@iB3Df the ESlIn the absence of ethanol in GCMC
simulations the uptake ofBU, IBU and HU inCui BTC was887mg d 11119 mg

g land 943ng d ! respectively. In presence of etharibe maximum simulated uptake
of 5-FU, IBU and HU in HKUSTL1 decreased to 5tmg d 186mg d land 564ng d ?
respectively, suggesting that solvestupies MOF pores during drug loading. The
results are imualitative agreement with our drug loading esiments, performed in the
presence of ethanol that showed the maximum adsorption of 150 + 10hg@y+ 20
mg d tand 300 + 70 mg'g'for 5-FU, IBU and HU in HKUST1, respectively.

For NH-MIL -53 the maxinum simulated uptake ofBU, IBU and HU in tle
absence of ethanol was®Mg d 1467 mg d and 51 mg d ? respectively. However,
in the presence of ethanol the uptake wam8@) 123mgd tand 22mgd ?
respectively. In the expienents, uptake of-&U, IBU and HU in NH-MIL -53 was 190 +
90mg d 1100 + 10 mg gland 440 + 150 mg'¢ which was significantly higher to that
of calculated adsorption in our GCMC simulatioAswever, the simulationsdipredict
the relatve oder of uptake of the three dru§¥e attribute the higher adsorptitmthe
breathing behavioof NH>-MIL -53, which can be controlled and instigated by adsorbate
loading?¥5° Thus, due to its breathable nature, in our experiments, the pores+in NH
MIL -53 might open in the presence of ethlsand drug molecules, resultimghigher
adsorption of dug molecules compared to our simulations, which do not account for

breathability*®

In the case of UIEAZB, in GCMC simulations performed in the absence of

ethanol, the uptake ofBU, IBU and HUwas 1534ng d 1 1660mg d *and 1620mg
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g lrespectively. On the other hand, in the presence of ethanol adsorption decreased to
388mgd 1230dmgd tand 102 mg d ! respectively. In our experiments, the uptake of
5-FU, IBU and HU inUiO-AZB was 120 + 20 mg'g* 180 + 40 mg g and 290G+ 20 mg

g !respectively. Experimentally, to access the larger interior pard3.7 A) of UiG

AZB, drug molecules must first diffuse through the smaller exterior poae$1.9 A and

10.8 A). Howeer, diffusion of larger IBU mlecules compared &maller ethanol can be
hindered as IBU may block the entrance for the larger interior’pémeaddition, in

presence of ethanol, displacing ethanol in these pores becopasantin the

experimentg? In GCMC simulations, howevea)l the pores are aessible to drug

molecules, which may result in quantitatively higher adsorption than experiments.

To further investigate the origin of the notably higher adsorptionFif 5IBU,
and HU in UIGAZB, in our GCMC simulations, we calcukad the number of drug
molecules adsorbed in different pores. We found that 13.7 A sized (interior) pore
adsorbed Tnolecules of IBU, while the exterior pores HatBU molecules. Adsorption
in the exterior pores accourits the 109mg d ) adsorption anis D40% lower
compared to our experimental adsorption of IBU in 4AZB. This higher adsorption in
experiments can be attributed to the stronger interaction of the carboxylic group with the
defect sites on the zirconium nodes of the ZB in our experinents®°2 Similarly,
the adsorption of U and HU in the exterior pores wasnd73 molecules accounting
for1222mg d tand 6 mg d ! Thus, the adsorption ofBJ and HU is within 2% and
110% to that of experimentally maaed adsorption, respectiyeThis further suggests
that the both 5-U and HU might have been only adsorbed in the exterior pores ef UiO

AZB in our experiments.
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In general, maximum uptake capacity for all three drugs follows the trend HU >
5-FU > IBU, which can be attributed to thedize. The smallemolecules €.g.HUs) are
adsorbed more readily compared to the lamyelecules €.g IBUS). To further
investigate the drug adsorption sites in the MOFs, we visually inspected the simulation
trajectories. The snapshots showrFigure4.1 indicatethat in the presence of ethanol,
the preferential site for drug adsorption is the interface between ethanol and MOF, while
ethanol is adsorbed at the core of the MOF pores. In the absence of solvent, drug
molecules can also be adsorbed atctire of MOF pores. We found that the smallest
pore of HKUST1 (ca.5 A diameer) is occupied by only smaller molecules like ethanol,
HU and 5FU. In general, drugs are strongly confined in the-dingensional pore of

NH2-MIL -53 as shown irFigure 41(c) ard (d).
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Figure 4.1 Snapshots of adsorbeeFd) moleculeswvithout ethanol (ft) and with ethario
(right) in (a) and (b) HKUSTL, (c) and (d) N&#MIL -53, (e) and (f) UI@GAZB (5-FU is
represented in red and ethanol in green).

To quantify the atomidevel stucture and loal arrangement of specific atoms of
drugs and solvent in MOFs, we performed radiakitistion function (RDF)
analysis>>>*Figure4.2(a) (c) show the RDF of metal atoms in HKUSTNH-MIL -53
and UIGAZB, respectively, withselected atomsf 5-FU (oxygen, nitrogen and fluorine),

IBU (all atoms of carboxylic group) and HU (nitrogen and oxygens).
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Figure 4.2 Radial distribution functional (RDF) analysis of selected atoms of drugs (i) 5
FU, (ii) IBU and (iii)) HU with unsaturated etal siteof (a) HKUST-1, (b) NH-MIL -53
and (c) UiIGAZB.

The first peak for CO1, Cu N2, and CiilF1 pairs appears at 2.89 A, 3.59 A,
and 3.54 A, respectively (Fige 42(a)(i)). The distances suggest a stronger structural
correlationof Cu with O1 atoms copared © with N2 and F1 atoms ofBU. Indeed, Cu
metal atoms are expected to bind stronger to more polar oxygen sites (i.e., the O1 of 5
FU).55 Similarly, peaks for IBU and HU suggest a stronger correlation betwéen Cu
OH_ib and CuO2 pairs, respectivelyHgure4.2 (a)(ii) and (iii)), suggesting stronger
binding of hydroxyl groups with the copper metal sites.

In the case of NHMIL -53, a strong structural correlation between Al BNeH
sites (N2 atom of #U) is apparent comparedttee correlations between Ahd F1 and
between Al and O1 atoms offaJ (Figure4.2(b)(i)). A stronger affinity of COOH

group of IBU and NH2 group of HU with Al of NH-MIL -53 can be observed from their
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