ABSTRACT

LU, YUE. Transformable Liquidnetal NanomedicindUnder the direction dDr. Zhen G.

Transformablematerials that are sensitive to biological signals or to pathological
abnormalities, and interact with or are actuated by them, are appéamageutic platforms
for the development of nexfeneration precision medications. Armed with a better
understanding of variougimuli-responsive mechanisms, researchers have made innovations
in the areas of materials chemistry, biomolecular engineepimamaceutical science, and
micro- and nanofabrication to develg@nsformablematerials for a range of applications,
including controlled drug delivery, diagnostics, tissue engineering and biomedical devices.
Thisthesis study focused alevelopingi s madr mat eri al s for deliveri
, Spatial and temporatontrolled mannersParticularly, wo research themes have been
explored to realize this goal: liguid-metal based transformable nanomedicine for enhanced
cancer treatmentand 2)stimuli-responsive polymericiananaterials asntracellular drug
delivery carriers For the first theme, the aim is to exploit nodsuid-metal based
nandormulations that can effectively respondrternal or external triggerbor the first time,
fusible and biodegradable liquithetal was employed for controlled drug delivery, offering a
new strategy for engineering theranostic agents with low toxithg platform was further
explored for lighttriggered endosomal escapear the second theme, we halevelopeda
selffolded redox/acid duatesponsive nanocarrier with a wekfined coreshell structure

capable of targeted delivery of the bregmbctrum aticancer drug doxorubicito cancer cells
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Figure 2.11 Tumortargetability and antumor activity. (&) Invivopuor escenc e i
the HeLatumorbearing nude noe at 6, 24, 48 h after intravenous injection of Cy&M4 -
NP/Dox) (I) and Cy5.8LM-NP/DoxL) (ll) at Cy5.5 dose of 30 nmol Kg Arrows indicate

the sites ofumors. (b)Exvivop u or e s ¢ e n ¢ e tumaonand nomngl tissues harvested
from the euthaized HeLaumorbearing nude mice at 48 h post injection. The numeric label
for each organ is as follows: 1, heart; 2, liver; 3, spleen; 4, lung; 5, kidriey@r, (c) Region

of-i nt erest anal ysi s of tupos @andengrmat tissuessror parsa | s
indicated s.d.n=3). *P<0.05 (twet ai | e d t-&st)u @)ernetHéLsumorgrowth curves

after intravenous injection of different formulations of Dox at a dose of 2 mgHgor bars
indicate s.d. r{=5). *P<0.05, **P<0.01 (twotailed S u d etitestd ge) The body weight
variation of HeLatumorbearing mice during treatment. Error bars indicate sxb)( (f)
Representative images of the HeLa xenogmaitors of the mice after treatment with the
studied Dox formulations at Day 14h& numeric label for eachouses as follows: 1Saline

2, Dox; 3, LM-NP/Dox; 4, LMNP/DoxL. Arrows indicate the sites ofumors. (Q)
Representative images of HeLa xenograft tumors collected from the mice after treatment with
different formulations at By 14. The numeric label for eattimoris as follows: 1Saline 2,

Dox; 3, LM-NP/Dox; 4, LMINP/DoxL. Scale bar is 1 cm. (h) Histological observation of the
tumortissues after treatment. Themor sections were stained with hematoxylin and eosin.
Scalebar is 10 m. (i) Detection of apoptosis in the@mortissues after treatment. Thanor
sections wer e s t-@dUTh (@rden)vior apbptodisuandr Hoaclese for muclei

(blue). Scale bari80 € m. 80

XX



Figure 2.12 Time-dependent biodistribution of LNIP/DoxL in Helatumorbearing nude
mice at 1 h, 6 h, 24 h and 48 h after intravenous injection ofNEWDoxL. (a) Time
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dependent biodistribution of LNIP/DoxL determined by indium caentration. Error bars

indicates.d. (=3). 81
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Pharmacokinetic parameters of the Dox solution andNIRMDox-L. Data are means = s.ah. (

= 3). *P < 0.05,* P < 0.01 compared with the Dox solution group fiva i | ed tSt udeni

test). 82
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show the hydrodynamic diameters of particles collected after removing the largest particles

participated right after sonication, but previous to further centrifugdtased purificatiod.17

Figure 4.5 Fluorescene spectrum of GQD and tNP at different excitation wavelengttil8

Figure 4.6 Light-induced morphological transformation. (a) Schematic changes of aspect ratio
of the tNPs over light irradiation time. Grey spheres in M2 and M3 represent remaining
nanogheres. Error bars indicate s.d=100). (b) Representative TEM images of tNPs after
different light irradiation time. Scale bars: 100 nm. (c) EDS mapping of tNPs after different
irradiation duration. Scale bars: 200 nm (2 min, 5 min and 10 min); 50@@mip). (d)
Crystalline nanosheets rollegh into nanorods. Scale bar: 500 nm. (e) 3D reconstruction of
nanostructures formed after phase separation using electron tomography. Red arrows show

hollow nanorods, and green arrows show the remaining nanosphere 119

Figure 4.7 EDS mapping of tNPbkefore lightirradiation duration. Scale batd0 nm 121

Figure 4.8 EGaln NPs treated with light for different irradiation tirBeale bars: 100 nri21

Figure 4.9 Mechanisnmof light-drivenphase separatiog) XRD spectrum of lighirradiated

tNPs. (b) EDS mapping of EGaln nanoparticles sonicated under different temperatures. Scale

XXV



bars: 50 nm. (c¢) FLIR image of GDQ solution, tNP suspension and PBS buffer after light
irradiation for 1h. (d) Temperature increases of GQD solution, tNP suspension and PBS buffer

upon light irradiation. (e) Changes of ROS concentrations over light irradiation tim&22

Figure 4.10 X-ray powder diffraction (XRD)spectrum of EGaln NPs in #@&ed with

ultrasound with thermal control. 123

Figure 4.11 Temperature changes of GDQ solution, tNP suspension and PBS buffer after 1h

light irradiation in 37C surrounding environment 124

Figure 4.12 Study ofcellular uptake mechanisn{a) Relative uptake efficiency of tNP on
HeLa cells at 4 °C and 37 °C. (Relative uptake efficiency of tNP on Helealls in the
presence of various endocytosis inhibitors. Error bars indicatenssd3), *P < 0.05, **P <

0.01 compared with the control group (tivaa i | e d tSesty thieibitdr @fsclathrin
mediated endocytosis: sucrose (SUC) and chlorpromazine)Grtdbitor of caveolin
mediated endocytosis: nystatin (NYS); inhibitor of macropinocytosis: amiloride (AMI);
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Figure 4.15 Representative TEM imag¢hat show the inti@ellular behavior of tNPwithout
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Objective

Pioneering studies ugy engineered materials for dosage and for spatially and/or temporally
controlled drug releaswere carried out in the 19705 More recently, there has been a

growing interest in the development of stimulie s ponsi ve, 6smartod mate
biomedical applications, including drug delivery, diagnostics, tissue emgmy and

biomedical device’s’. A major research focus is to design biocompatible mateagable of

responding to specific biological triggers either for interacting with biological objects or for
actuating the release dlfierapeutics These biologicalriggers include innate biological

signals and pathological abnormalities.

In drug delivery, the treatment efficacy of therapeutics is directly relatdae administration
method™2, which requires the development of advanced materiashi@ve precision drug
release (Figure 1)1 the improvement of medical diagnostics demands-ineasive or
minimally invasive approaches based on stimesiponsive materiathat allow for reatime
monitoring; the growing desire for tissue engineering and regenerative medicine leads to
urgent needs for matrices endowed with the ability to communicate and interact with cells;
while in the development of medical devices, tmeorporation of higiperformance
biocompatible materials is crucial for improving the antibacterial andirdgf@gmmation

capability and preventing the formationtmbfilms, as well as fibrosts.



In general, bioresponsive materials can be deconstructed into functional motifs with biological
sensitivities, which can be built into the desired formulations, scaffolds or devicas i
controlled manner using appropriate fabrication methodologies. We describe gelesrair
designing bioresponsive materials, especially for drug delivery and tissue engineering, with
the intention of circumventing challenges that currently hindevicel translation. We
concentrate on examples of the current state of the art that apply these principles for creating

and tailoring materials, with a focus on the underlying design rationale.
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1.2Key Conceptsfor DesigningBioresponsive Materials

1.21 Bioresponsive modalities for controlled drug release



Most bioresponsive systems for controlled drug dejivean be classified according tlaree
models: directly activated, progressivelyiaated and selfegulated (seeiure 1.1, parts a,

b and c, respectively).

In a directly activated model, the material responds directly to the target biologeal
promoting drug release from the system. In the progressively activated modeiatéeal
switches to an activated mode upon exposure to the first type of biostinvhiak, leads to
exposure to the secondary stimulus and eventual release. This biorespordaigy is often
referred to as a sequential model, the realization of which relies on successhy-step
responses towards each stimulAs application of this model involves targeted delivery of
therapeutics in which the targeting ligands camfginally shielded and finally activated in

thetumormicroenvironmen¥.

A selfregulated system, also known as a signal feedback control system, functians
continuous and setlegulated manner based on a feedbasiponsive modality. In a classical
seltregulated druglelivery system, the drug released upon the environmental trigger
subsequently influences the surrounding environment to generate acleeghah further
regulates drug release from the responsive system to achieve homeostasis. The glucose
responsive closebbop insulin delivery systems (artificial pancreas) t&ndescribed using

this modé®.
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Figure 1.1 Three bioresponsive modalities for controlled drug releag In a directly
activated model, the material responds diyeto the target biological cue to promote drug
release(b) In the progressively activated model, the material switches to an activated mode
upon exposure to the first type of biostimulus, which leads to exposure to the secondary
stimulus and eventuallease(c) Theselfregulated systerfunctions in a continuous and self
regulated manner based on a feedbasiponsive modality



1.22 Typical bioresponsive actions

Bioresponsive materials can be integrated with formulations, scaffolds or deviees$ to
differently towards biological triggers. Most of these materials can be described as
dransformablé because they are often capable of morphology changes upon exfmsure
environmental stimuli. Choosing appropriate stirreBponsive mechanism(s)astical for
achieving desired applications. The ideal bioresponbefeavior should be both highly

selective and sensitive, which requires taigpetcific responses.

As summarized in iure 1.2, the stimulitriggered responses can be based on physical
changespn chemical changes or on a combination of both, all of which are gerssdyg on
the basic building blocks. Target items, such as therapeutics, can be iwcthporated into

these formats for stimutriggered delivery.
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1.3 Sensitivity to physiological environment

Variations in physiological parameters are often irtgour hallmarks for distinct types of
diseases, such as cancer, autoimmune disorders, degenerative diseases, infections and
cardiovascular diseases, rendering them attractive targets when desigmegpdnsive
materialé®. In general, physiological triggers can be classified into three main categories:
triggers at the organ level; triggers related pathological conditiord$* and cellular

compatmentspecific triggers (Figure 1.3; Tablel).
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Figure 1.3 Typical physiological environments with associated biological stimuli. Variation

in physiological parameters exist at the organ, tissue and cell levels, and are closely associated
with a variety of pathological conditions, such as cancer, cardiovascular disease, diabetes,
stroke and chronic wounds.



1.3.1pH

Materials that are piiesponsive are often capable of physical or chemical changes, such as
swelling, shrinking, dissociation, degradation, or memdrausion and disruption (Figure
1.2)323538 ThepH-sersitivity can be attributed to either the protonation of ionizable groups or

the degadation of acietleavable bonds

For intracellular delivery, the acidification of endosomes and their subsequent fusion with
lysosomes create an ideal pH gradient for intracellular dregsel At the organ level, the pH
gradients along the gastrointestinal tract enable esganific release of orally administrated
drugs. The local acidification commonly found at cancerous or inflammatory sites has also
been frequently used for diseageific controlled drug delivery. Classic examples are
polymers polymerized from acrylic acid, methacrylic acid, maleic anhydride Nghe
dimethylaminoethyl methacrylaté®®. In the pharmaadical industry, aminoalkyl
methacrylate copolymer (Eudragit E), a US Food and Drug Administration apgtpved
cationic polymer with increased solubility in acidic environments, has been applied for taste

masking through the suppression of bursigdrdease in the oral cavity

The design and choice of pigsponsive mateaals also depend strongly on the nature of the
cargo molecules. For example, for adielgradable drugs, such as proton pump inhibitors and
some proteins, prevention from gastric degradation is crucial. Anionic polymers containing
carboxyl groups have a highsolubility at basic pH and thus could be used for shielding acid

sensitive drugs fointestine targeted delivel3#. For example, microspheres composed of
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poly(itaconic acigco-N-vinyl-2-pyrrolidone) (poly(IAco-NVP)) were evaluated for the
controlled release of model protein thpeutics triggered by basic fd Polycations are
especially appealing for nerral gene delivery owing to their easy complexation with
negatively charged nucleotides through electrostatic interaction. -dfipfoved
polyethylenimine remains the gold standard for evaluation of new polymers intended for
delivery of nucleic acids, although its efficiency and safety has been surgasseter
candidate®. For example, a higthroughput screened library of different p@hgmino ester)
chemistries is used to guidéet construction of polycatioffs Acetatbased acidabile
crosslinkers or pendent chains of polymers were encapsulated throsglnkex microgels

or emulsiorbased particles for the ptiggered release ofierapeutic protefS. The O6par t i
replication in norwet t i ng templ atesd (PRI NT) process
sensitive silyl éer crosslinkers into microparticles to constracid-degradable smart
deviced®. Recently, doxorubicin (Dox) was conjugated to the side chains of poly(lacticco
glycolic acid) (PLGA) by means of an aaiteavable hydrazine linker, to evaeecretion by

drug efflux pump%. Moreover, polyion complex micelles formed through the-astfembly

of oppositely charged amphiib block copolymers represent another family of -pH
responsive formulatioi8®L. In another example, pkesponsive peptide amphiphiles have
been used for pHtiggeral reversible selbssembly intananofibres? In a DNA-assembled
nanoclew, decreased pH within the endosome triggerecklbase of encapsulated DNase,
which attacked the DNA nanoclew for the ewitintracellular Dox delivefy. In this case,

the endosome acidification served as an indirect trigger to induce drug release, which can be

considered as a pyeessively activated syste(Figurel.l).
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Although organic materials are still predominantly used;rgsponsive inorganic materials
have recently emerged as alternatives for drug delivery applications, among which acid
degradable materials such as calcium phosphate and liquilmeile be appealing because

of their biodegradability and the naoxic or lowtoxicity metabolism product$>®. For
example, in a liquidnetatbased druglelivery system, e metallic cores (composed of
gallium-indium alloy) of the nanoformulation were capable of fusion and degradgtenthe
attack of protor®. In a recently developed péttivatable contrast agent, the degradation of
calcium phosphate within acidic soltdmors freed confined M, which then bound to

proteins for increased relaxivity dog magnetic resonance imagifg

In addition to directly inducing cgo release, physiological pH gradients can also be used to
achieve sitespecific delivery of drug carriers ia sequential manmr In some cases,
narocarriers decorated with pksponsive motifs undergo charge conversion in the mildly
acidic tumor environment, leading to upregulated endocytosis by the cancerous cells. The
chargeconverting strategy has also been usednfervo cancer imagindor improved cancer
diagnosi4®. Engineered pkensitive celpenetrating pejrles (CPPs), which can be activated
by the local acidification at theumor site, facilitate cellular uptake for enhanceanor
accumulation. pH (low) insertion peptides (pHLIP) capable of reversibly folding and inserting
across cell membranes upon pHmh@s were uskfor targeting acidic tissu&s For example,
pHLIP was attached to antisense oligomers for enhanced cellular uptake atthecdic
tumor microenvironmenrf. Localized acidification can also be exploited for cancer

theranostics, for example, by using an ultrasensitive fluorescent nanoprobethiatied by
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the mild acidicity of theumor microenvironmen®. In a recent study, dendrimer conjugated
platinum prodrugs were released site specifically wittamnor tissue as a result of amide bond
cleavage withirthe mildly acidic environmePft Otherpathologicalassociated pH gradients,

such as the site acidification at chronic wounds and inflammatory sites, have also been reported

as biological targets for pkesponsive drug delivety

Recently, researchers took advantage ofspHsitive supramolecular gels that were stable
acidic environments but soluble at neutral pH values totreisstomackresident devicés.

The enteric elastomer was construaisthg poly(acryloyl éaminocaproic acidjPAG6ACA)

and poly(methacrylicacid-co-ethyl acrylate). The terminal carboxyl groups enabled the
formation of intermolecular hydrogen bonds in acidic environments, resulting in an elastic
watercontaining supramoletar network. By contrast, in neutral environments, the
supramolecular gels underwent rapid dissociation due to the deprotonation of carboxyl groups.

Devices constructed from this smart gel displayed prolonged gastric retengiqgng model.

In additionto the construction of smart dragplivery systems, piesponsive hydrogels have
been explited for regenerative medicifie For example, dimethylaminoethyl methacrylate
based scaffolds capable of altering oxygen and nutrient transport by expanding in an acidic

environment were used to generate alpralingeffect fa tissue regeneratiéh
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1.3.2Redox

Differences in redox potential exist at both the tissue and cellular level. For example, the
glutathione/glutathione disulfide couple has been verified @snibst abundant redox couple

in animal cells, where glutathione is found at a level that is two to three orders of magnitude
higher in the cytosol than in the extracellular fididrurther, studies with a rodent model have
revealed a higher glutathione concentratiotumortissues comparedithi that within normal
tissue&. In addition to the reducing conditions, reactive oxygen species (ROS) are also
associated with distinct pathological conditions including cancer, stroke, arterioscignsis

tissue injury.

Disulfides transform to thiols in the presence of reducing agents, including glutathione, and
the resulting thiol groups can reversibly reform disulfide bonds on oxidation. The mild reaction
conditions of thiadldisulfide exchange also renderah appealing approach to construct
disulfide-containing materiafé. Disulfides have also been incorporated into material systems
in the form of dislfide-containing crosslinke?&®°. Another redoxesponsive motif used for
engineering redosensitive materialis the diselenide linkad¥?. In a recent study, micellar
aggregates seHissembled from a diselenidentaining block copolymer displayed high
sensitivity b both oxidants and reductafftsin addition, the library of reductiesensitive
materials has recently been expanded with the development of functional groups such as
cis,cis,tansdiamminedichlorodihydrox¥yplatinum(iv) (DHP) or
cis,cis,transdiamminedichlorodisuccingdlatinum (DSP) anttimethyHocked benzoquinone

(TMBQ)7374,
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Oxidationresponsive materials mayntarget ROS such as hydrogen peroxideQ#l and
hydroxyl radicals. A major class of oxidatioesponsive materials is sulfbased. Researchers
copolymerized oxidation convertible poly(propylene sulfide) (PPS) with polyethylene glycol
(PEG) to form amplpihiles capable of selissembling. In addition, efficient gene delivery

has bee achieved witththioketatcontaining material§. Ferrocenecontaining materials have

also been heavily investigated ogino the redossensiivity introduced by ferrocerfé
Moreover, emergingasponsive motifs such as boronic ester groups and phenylboronic acid
(PBA) derivatives have also atttad considerable attenti®if’. For example, arylboronic
esters were modified at the hydroxyl groups of dextran as well as the lysine residues of RNase

A for H20Oo-triggered protein release and activity recovery, respectively.

In a recently reported antiflammatory drugdelivery system targeting osteoartlwiti
associated with 0., the PLGA hollow microsphere carrier was encapsulated with an anti
inflammatory drug, an acid precursor (composed of ethanol and)Fe@d a bubble
generding agent, sodium bicarbon&teThe material was designed to allowQ diffusion
through the microspheres allowing for ethanol oxidation to establish an acidic milieu, in which
sodium bicarbonate decomposed to generate lit®bles, disrupting the shell wall of the

microspheres and leading to the release of ther#teammatory payload.

Monitoring localized ROS levels has the potential to improve the diagnosis and treatment of a
wide variety of diseases, ranging from cardiovascular diseases tinduwed organ faiire.

Incorporating ROSesponsivematerials represents an appealing apprdachdeveloping
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enzymefree ROS sensors. A recentlgveloped biosensor that uses a thin film of a hydrogel
polymer containing RO8egradable thiocarbamaliakages in its backbone&as capable of

detectingdrug-induced liver injury by monitoring the oxidatigress in the blodd

1.3.3Enzyme

Owing to the varied roles that enzymes have in different biological processes, -disease
associated eayme dysregulations have recently become an emerging target for medications.
For example, ester bonds are often incorporated for targeting phosphatases, intracellular acid
hydrolases and several other esterases; amides, although relatively stable tal ettroicin
physiological environments, are vulnerable to enzymatic digestion and have been used for
constructing materials sensitive to hydrolytic proteases, such as pssatéc antigensand
materials containing cleavable azo linkers can targetebal enzymes in the colon for site

specific drug release. Here, we illustrate several typical enzymatic triggers.

Matrix metalloproteinases (MMPSs) are closely associatedtuitiorinvasion and metastasis.

The upregulated expression of MMPs within thmor microenvironment can serve as site
specific biological cues for activatirgoresponsive materidfé®, Activatable CPPs (ACPPSs)

with blocked cellular interaction were constructed by fusing CPPs with an anionic inhibitory
domairf>®, ACPPs can be activated by overexpressed MMPs atther site through the
cleavage of the linker connecting the cationic and anionic domains. This strategy has been
applied for visualizingumors during surgery. In addition to tliemor microenvironment,

MMP upregulation is also associated with other inflammatory diseases such as asthma and
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inflammatory bowel diseases, providing agrdtal drugdelivery target”. In a recent study,

a negatively charged hydrogel was anchored to the surface of the inflamed colon with
upregulated MMP expression, where it releasediafiimmatory drug®nly upon enzymatic
digestiof’. In addition, being a natural habitaft a series of bacteria thatnstantly secrete
various enzymes including several polysaccharidases, the colon is a suitable target for site
specific drug release using polysacchafddsed materials. Biocompatible polysaccharides,
such as chitosan, pectin and dextran, have been usedldo-specific drug deliveryia the

oral route in various forms including tablets, capsules, hydrogels and drug conjugates.
Polysaccharides have also been used as crosslinkers to form lystegvesble nanogels,
which were further incorporated into ¢ant lenses for susted release of glaucoma dréigys
Another class of enzymes whose expression is ofteatele at theéumorsite is hyaluronidase
(HAase). In a geliposome nanoformulatidf the coreshell structured nanocarrier was
designed to have a cglenetrating peptidenodified liposome core for chemotherapeutic
loading and a hyalonic acidbased crosslinked shell for the encapsulatiotumior necrosis
factorrelated apoptosis inducing ligand (TRAIL), a cytokine that can bind to the death
receptors on the plasma membrane. Intdin@or microenvironment, the hyaluronic acid shell
wasdigested by the overexpressed HAase, leading to the release of TRAIL, followed by the
sequential release of Dox inside cells. In addition to triggering cargo release, the HAase has
also been used for the situ construction of extracellular dregelivery depots forsustained

local cargo releadé
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Furinra member of the prprotein convertase famitaas a crucial role itumorprogression,
metastasis and angiogenesis. In one study, -tleavable peptide crosslinker was
incorporaed into drugdelivery carriers, which could be degraded gradually to releagm
protein alongheir cellular uptake pathw&y Recently, a grapher®ased calelivery system

took advantage of the transmembrane activity of furin to cleave thedegradable substea

for the exposue of TRAIL toward the membrafte In addition, intracellular enzymegtein
kinase @(PKCU) is crucialfor cancer cell proliferatiol. PKQUis hyperactivated in various
cancer cell lines but displays low activity in normal cells. To take advantage of the-cancer
specificity of PK@J researchers have designed polymers equippiti PKCUspecific
peptide substrates for targeted gene deliverynatheer study, caspa8ecleavablepolymeric
nanocarriers that were crosslinked by the caspase 3 sullsisse peptide crosslinker were
developed to deliver caspase 3 for promoting apoptosis of cancer gellsa-d @ greda dabl e 6

mannef®.

Several phospholipases also function in the extracellular microenvironment eleeted as
therapeutic target In a hydrogebased closetbop system designed to be responsive to
blood coagulation, heparin release was triggered by the cleavage of thrombin degradable
peptide when the blood thrombin reached a high level; the released heparin then inactivated

thrombin b inhibit further drug releadé
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1.3.4Glucose

At present, blood sugar monitoring and insulin injecti@penloopd treatment) is stilthe
primary managememtf type 1and advanced type 2 diabefed\part from being both paful

and inconvenient, it is extremely challenging to tightly control blood glucose levels (BGLS) in
this way, which leads to a higisk of diabetes complicatio?fs Moreover, hypoglycaemia can
result in fatal insulin shock. Therefore, there is a tremendous desigtucoseresponsive
&closedloopdmedicatios thatmimic the function of the healthy pancreas amatkin a sel

regulated manner

The first glucosaesponsive insulin delivg system (GRIDS) was developed 1979, and

used concanavalin A (ConA), a member of the saccharit#ing lectin family. Free glucose

can dock within the sp#ic binding sites of the Condolymer complex, causing the
dissociation of the compleand subsequent insulin re¢e®. Enormous efforts haveeen
invested in this aré&3, focusing in particular on achieving a fast response, ease of
administration and excellent biocompatibility. In general, there are two types of GRIDS based
on the mechanism of controlling the BGL. In one type, such as GRIDS based on ConA or
synhetic boronic acids®1%% a high BGL serves as the direct trigger for insulin release (that
is, a directly trggered model). In other systems, which apply the glucose oxidase-(a€eq
enzymatic reaction, a high BGL induces a decrease of local pH or oxygen vidwel,

subsequently promotes insulin release (thatpspgressively activated mod&h.
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The saccharideensitivity endued by the wetistablishd boronic aciediol interaction renders
boronic acidcontaining polymers potential candidates for constructing gluesg®mnsive
materials. PBA with electrewithdrawing moieties is commonly us&!%, In a recent study,
researchers linked small molecules containing both an aliphatic moiety and a PBA moiety to
insulin. Such conjugation afforded binding torwsa albumin, or other hydrophobic
components in serum, for prolonged circulationitdfas well as glucoseesponsive release

of insulin. In another case, polymersomes constructed from polyboroxole block copolymers

showed ordemandnsulin release uponigh BGL'%4.

GOx converts glucose into gluconic acid in the presence of oxygen, resulandetreased

local pH valué®1%, This action caenhance the soluliti of lysine-modified insulirt®, which
triggers the swelling orcollapsing of hydrogel8!%1% or the dssociation of
nanoformulation8?, leading to insulin release. An example of this is the gludependent
swelling and deswelling of GOxnmobilized hydrogels constried with cationic
copolymer&>!tL In addition to the localized acidification, researchers have recently taken
advantage of enzymatically generated local hypoxia (induced by elevated BGL) to create
glucoseresponsive microneedkrray mtches (smarinsulin patches}2 Rapid glucose
responsive insulin release can be achieved through vesicles assembl2aitraimidazole

conjugated hyaluronic acid.

The application of glucoseesponsive materials is not limited to GRIDS. For example, in a

recent study, hydrogel formulations composed of PBA derivatives showed potential as both
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the delivery carrier for proteitherapeutics andubstrates for 3D cell cultut¥. The hydrogel
exhibited seHlhealing (rapid structural recovery) based on the dynamic interaction between
PBA and diols. A nanostructured surface constructed by grafting ad@Btaining brush from

an aligned silicon nanowire array captured and released cells in respamsnges in pH
values and glucose concaatton in an AND logic manné&¥*. In addition, in a recently reported
microneedlebased cancer immunotherapeutic delivery system targeting melanoma, GOXx
converted blood glucose to localized acidification for triggering sustaeiedse oanti-PD1

antibody with enhancecktention in theumor sitet'®,

In addition to drugdelivety systems, glucoseesponsive materials are also used for {tergn

glucose monitoringFor example, singlvalled carbon nanotubes (SWNTSs) functionalized

with a glucose analogue were deped for glucose sensiti§'!’. The SWNTs forms
aggregations in the presence of sacchabsidding ConA or PBA, quenching the fluorescence
signal. By contrastthe dissociation of such aggregates owing to the competitive binding of
glucose leads to the recovery of the fluorescence. Fluorescent polyacrylamide hydrogel beads
fabricated from monomers containing gluceseognition sites and fluorogenic sites have

shown potentiafor continuous BGL monitoring®,

1.3.5lons
lonic strengths vary from one type of biological fluid to another. For example, each
gastrointestinal site has a specific ioooncentration; thus, materials sensitive to iatiength

are of particular interst as oral delivery carriéPsMoreover, gradients in ionic concentration
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also exist in the blood, and in interstitial and intracellular compartments, corresponding to other

drug administration approaches, such as intravenous injection.

A large family of physical ionrresponsive materials is i@xchange resins, which are
frequently used for tast@asking, countericnesponsive drug releasand sustained drug
releasé'®. These resinare usually insoluble polymers composed of a crosslinked polystyrene
backbone with side chains containing-@ctive groups such as sulfonic acid and carboxylic
acid. Upon oral administration, the counterions in the saliva and gastrointestinal fluidégrom
drug release, which is governed by an equilibrium exchange reaction. For example, cationic
polymers containing quaternary ammonium groups display sehsitoavards ions in the
saliva?®. Polymers exhibiting a lower critical solution temgteire (LCST) also display certain
sensitivity towards ionic strengtf. The LCST can be shifted, normally to a lower

temperature, in the presence of sallpfeing the Hofmeister serié%-

Polyion complex micelles represent another major family of ionic stresegtkitive materials.
Reversible formation and dissociation of polyion complex micelles throwgiage in salt

concentration (and thus ionic strength) have been fmsembntrolled cargo releakg.

In addition to responding physically to changes of ionic strength, materials can also respond to

specific ion types, typically by forming complexes. In a recently reported-ioetaésponsive

adhesive hydrogel, modified wiflicyclodextrina n d h y d r o-pigyrayl masetie®, th@ «:
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chemically selective adhesion property could be switched by controlling the inclusion of

inhibitory metal ligands to host maties?3,

1.3.6 ATP
Adenosinebétriphosphate (ATP), which is often referred to asahelecular unit of cirencyd
of intracellular energy transfer, is found at higher concentration intracellularly than in the

extracellular environment because of its immediate relationskipcell metabolism.

ATP-controlled drugdelivery systems often use AfRrgeted aptammr s as Obi ogat
achieve ondemand cargo reled$é In recent years, various formulations, such as mesoporous
silica, polyion mcelles, aptamecrosslinked DNA microcapsules, tubular structures
assembled from proteins and nanogels composed of DNA complexes, have demonstrated the
ability to release therapeutics or restore fluorescence signals upon exposure to relatively
concentated intracellular ATR?>128 |n these cases, ATP either competitively binds to drug
loading sites to trigger cargo release or fuels conformational changes, whesiatg structure
disrupting forces. For example, DNA aptamers were incorpoiiateda Doxloaded DNA
dupleX?’. The competitive binding of ATP molecules to ATP aptamiar&n ATRrich
environment resulted in the dissociation of the duplex for targetegl redease. In another
desigrt?®, a protein nanotube assembled from basinaped chaperonin units shielded cargo
molecules from biological degradation, but upon exposure to the intracellular hydrolysis of

ATP, the induced conformational change of the chaperonins led to the disassembly of the
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tubular structure and the releaselsf guest molecules. Instead of functioning solely, ATP can

serve as part of a combinataririgger with other stimulf®.

1.3.7Hypoxia
Hypoxia is an important hallmark of various diseases including cancer, cardiomyopathy,

ischemia, rheumatoid tritis and vascular disead&s

Tumorhypoxia is generally considered as a negative progniestause of to its central role

in tumor progression and therapy resistance, and has been extensively exploited for
engineering diagostic agents and therapeutitts Nitroaromatic derivatives that can be
converted to hydrophilic-aminoimidazoles under hypoxic conditions with a relatively high
sensitivity, are among the most widely exploited functional motifs for hypoxia imaging and
the design of bioreductive prodrugs. Simyadzobenzene, another weltablished, hypoxia
sensitive motif previously employed as an imaging probe, has been incorporated in the form
of a bioreductive linkefor targeted siRNA delivety% Recently, researchers also employed
the idea of engineering smart materials containing oxgg@sitive groups as substitutes for
hypoxiaresponsive small molecules or transitimetal complexes to improve the sensitivity
and specifiity for in vivoimaging*3!*4 To achieve ultrasensitive detection of cancer cells, a
watersoluble macromolecular imaging probe with hypes@msitivity and neainfrared
(NIR)-emission was synthesized byngugating a phosphorescent iridium (ll1l) complex to a

hydrophilic polymer, poly-vinylpyrrolidone) (PVP}“ Similar approaches might be of
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interest for enhancing imaging for the diagnosis andthes monitoring of other hypoxia

associated diseases, Bas stroke and ischerntial3e.

1.3.8 Temperature

Polymers that exhibit an LCSTgically undergo an abrupt phase transition near the LCST,

which can be easily tuned by adjusting the ratio of hydrophobic and hydrophilic congonent

or replacing the end groul¢ When a polymer6s LCST is betw
body temperature, the polymer is endowed with inherent sensitivity towards physiologic

temperature.

Poly(N-isopropylacrylamide) (PNIPAM) undergoes aig@l transition aits LCST of 32 °C,

and this value can be further optimized to be closer to body temperature through
copolymerization with hydrophobic monomers or the idtiction of hydrophobic group®.

The application of PNIPAM for thermoresponsive drug delivergswdeeloped in the
1980839140 |n some hybrid systems, the LCST of PNIPAWsised materials was varied by
incorporating inorganic materialsuch as gold nanoparticfé$'*® To accelerate the
thermoresponsive transition process, researchers have developed controllable, activated
nanogels as crosmkers for the construction of thermoresponsive hydrogels. The resulting
hydrogels displayed rapid and revelsilbesponsive characteristics whimaintaining high
elasticity**. Homopolymers and copolymers ®-aayloyl pyrrolidine (APy) and 2
hydroxyethyl methacrylate (HEMA) have also been synthesized to achieve temperature

regulated insulin release throughethtuning of permeability®>'46. Furthermore, the
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temperaturesensitive coileecoil domains of proteins have been complexed onto soluble

polymers to genate thermorgponsive hybridg’.

Other thermoresponsive materials include several classes of synthetic polypeptides, among
which elastinlike polypeptides (ELPs) have attracted considerable attention. ELPs are
genetically encodable polypeptides composédepeating ValPro-Gly-X-Gly (XU Pro)

sequences. These polypeptides with controllable compositid length exhibit an LC$*#,
which can be finguned within the range @& 100to canply with different applications. With
an LCST lower than body temperature, Eiherapeutic conjugain can form aumorresident
drug depot after local injectiovia tenperatureinduced coacervatidff. Adopting a similar
strategy, ELPs were fused to proteaksavable oligomers of glucagdike peptidel (GLP

1) to oldain an injectable dig depot®®. In addition, ELPs have also been applied for tissue

engineeing to form matricen situ™*,

1.3.9Mechanical cues

Narrowing and/or obstruction of blood vessels result in a significant variation in fluid shear
force between healthy and constricted blood vessels. To target diseastd/dseels with
obstruction, using the abnormally high shear stress at the blockage site has recently emerged

as an appealing strategy.

For example, spherical liposomes are highly stable to shear forces whereas lenticular

liposome$>? preferentially release encapsulated cargo when subjected to high shear forces
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owing to transienpore formation, which enableéseasdargeted release. Artwdr strategy is

to form micrometresized aggregates that are stable under static conditions yet are disrupted
uponexposure to high shear str&8sPlateletshaped micreaggregates composed of several
nanoparticles underwent a disassociation at sites with abnormally high shear stress. The
resulting nanoparticles adhered more efficiently to the walls of blood vessels because they
experienced tatively low drag force compared with larger structures. This design led to drug

enrichment at diseased locations, minimizingsatfé drug release.

Another design strategy that involves vivo pressure gradients is the fiing of the
material sizeon the nanoscale to exploit the enhanced permsalifid retention (EPR)
effect®. It has been shown that elevated blood pressure contributes to upgraded EPR effect

and thus enhancedmoraccumulatiofr®.

A wearable, tensilstrainsensitive device composed of stretchable elastomer filrh wit
embedded drugncapsulated PLGA micrpBeres was recently developgd Upon
application of strain, the mircoparticles underwent surface enlargement and compression,
thereby releasing the drug. In another example, a presens#tive quantum tunnelling
composite was coated onto the surface of a battery to lower the potential external electrolytic

current when accidently swallow&d.
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1.3.10Nucleic acids
Nucleic acids, including RNA and DNA, have recently emergedimportant biological
triggers because of their various roles in different biological processes as well as their unique

hybridization features.

Alterations of microRNAs (miRNAs) have been revealed to be involved in the initiation and
progression of carer, rendering them poteatitargets for cancer thera¥ In light of this,
multicomponent nucleic acid enzymes (MNAzymes) were functionalized onto the surface o
silica-coated gld nanorodS®. In this design, an inactive DNA nibis formed from two
MNAzymes which are activated by the conformational rearrangement that occting in
presence of the target miRNA. The activated MNAzymes then cleave and release fluorescent
probes for intracellular imaging, while the conformational change of the DNA motif serves as
an uncapping mechanism, triggering the release of the encapsulatedtior@peutics.
Mesoporous silica nanocarriers gated with DNA aptamers specifically releaseiddox
exposure to target miRNA. Additionally, a biemimicking nanosystem loaded with
endoribonuclease employed DNA oligonucleotides as a recognition motif to achieve site

speific cleavage of target RNAL

DNA enables physicochemical control over nanopartielsed systems with high precision.
This is exemplified by the assembly of gold nanoparticles mediated by the specifidionsrac
of DNA oligonucleotide¥? The recent breakthrough in DN#ontrolled colloid bonding,

where inorganic nanoparticles act as analogues of atoms and form-kikgssaluctures with
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the guidance of DNA strand$as gained considerable attentiéf In another dynamic
colloidal nanoparticle system, DNA was used to contrelmorphology of gold nanoparticles

to either hide or expose cédlrgeting folic acid ligands, thereby regulatitg tparticlécell
interactions®. Moreover, an alginate depot was developed that used oligodeoxynucleotide

mediated binding to realizérug refilling through blootf®.

To control the activity and minimize the side effects of therapeutic aptamers during treatment,
researchers have developed matching oligonucleotides that specifically neutralize the activity
of the therapeutic oligonucleotid®. Furthermore, the sequerc@lependent interaction
between polymers and proteins or aptamers has also been exploited to enable universal

antidotes that counteract the activitycirculating aptenerg®%168,

1.4 Materials sensitive to biological particulates

In addition to responding to physiological signals, engineering materials that can interact with
biological particulates, including eukaryotic cells, bacteria and viruses, hasnéezo
emerging trend in bioengineering. Current design strategies mainly include chemical
engineering (synthesis and modification) approaches as welbasgmeering approaches

(Figure 1.4.
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Figure 1.4 Materials sensitive to biological particulatGhere are two major approaches for
constructing smart materials capable of communicating with biological particulates: chemical
engineering and bioengineegirfa) Cell-responsive scaffoldéb) Surfaces functionalized with
cell-binding ligands for theaversiblecapture and release of cells) Delivery carriers with a
specific internalization pathway and nanoparticles sensitive towardsindeded
environmenral variations(d) Engineering biological particulatésrough different approaches.

(e) Geneic redirection of T cell specificity is an emerging strategy for cancer immunotherapy.
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1.4.1Scaffolds and surfaces

The ultimate goal for regenerative medicine is to engineer replacements for diseased biological
tissues as alternatives to other treatnagmroachesuch as organ transplantatiéh Inherent

is the need for engineered materials capabléuldfling the native behaviorof naturally
occurring biological components®’, In addition to maintaining desirable physical
properties, bioactive ligands are often incorporated Huilding bierespasive materials
(Figure 1.3172173 |deally, the materials should be able to instruct oehavior including
trafficking, attachment and proliferation, and, in the case of stem cells, should also have a key

role in guidng stem cell differentiatioti®.

A reasonable strategy is to take advantage of the major functional components derived from
the natural extracellar matrix (ECM}". In one study, porous, injectable gelatin cryogels
could rapidly resume their original shagker subcutaneous injectidA The resulting cell
adhesive, gelatin scaffolds could then be degraded by MMPs. In addition to the inherent
bioactivity of gelatin , the mrogrooved surfaces of these fibres promoted cell encapsulation
and adhesion to induce cell alignment. In addition to Ef&vived materials, protein hydrogels

have also attracted considerable attention owing to their predominant biocompatibility and ease

of incorporating bioactive ligands.
Compared with natural scaffolds, synthetic scaffolds have several advantages, including
predefined physical and chemical properties, and relatively low cost. One of the most widely

applied strategies is assisting tissegemeratiorvia mimicking the invasion of theatural
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ECM mediated by MMP<’. In light of this, both integribinding sites ad MMP substrates

are required to provide the synthetic networks with-geédcific degradability. The Hubbell
group has developed MMiesponsive matrices, which have been employed for constructing
cell-responsive druglelivery systems and synthesizing eiciable matces for tissue
regeneratioll’. Via in situ addition reactions, a hydrogel can be formed that combines a
structual component (PEG) and bresponsive oligopeptides, whereby the matrix can be
degraded by celurface proteases to cre8@ pathways for cell invasioff. In a PEGbased
MMP-degradable matrix, bioactive peptide, thymok (Tb4), was ceencapsulated with
human umbilical veirendothelial cells (HUVEGCY®. After encapsulation, the matrix can be
considered to have a buiit signatamplification modality. B4 can stimulate MMP2 and
MMP-9 secretion of encapsulated HUVEC, and the released MMPs can further degrade the

MMP-sensitive substrates, triggering the releasebdf T

In addition to purely natural or synthetic materidlgbrids have also been applied to imitate
the functions of the EC#%!8L Instead of directly modifying the matrices, researchers have
recently incorporated kartogenifa differentiationinducing agentencapsulated PLGA
nanoparticles into hyaluronic acid hydrtgyéor cartilage regeneratiéft. In a recent study,
PEGbased microgels crosslinked by aMMP-substrate were further annealed into a

microporous particle gel through transglutaasiecatalysed amide formatiéfi.

Cell adhesion ligands are crucial components of natural ECM and thus are commonly

incorporated into scaffolds to provide cells with proper biophysical cues. For thigspurp
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natural adhesion proteins and peptides, such as collagen ar@AAsp (RGD) peptides,
have been widely applied to mimic the native extracellular microenvironment. In addition,
studies have shown that DNA aptamers can be functionalized onto hydfogedpecific
cellular adhesion with minimal sacrifice of scaffanechanical propertié¥18° Moreover,
synthetic matrices chemically functionalized with samafllecule moieties have been used to

direct stem cell differentiatidf®.

The strategy of incorporating cell adhesiigand into scaffolds has been extended to
intelligent surfaces on medical devices that can specifically catch and nondestructively release
cells such as lymphocytes and circulatimgiorcells®”. A 3D network composed of repeating
DNA aptamer domains selectlyecaptured and released cancells with high efficiency
Similarly, antibodies can bind cells with high efficie®y The available substrate materials
range from soft organic materials, such as polystyrene, to rigid inorganic formulations,
including gold nanostictures and silicon nanowiré$ In addition to topographic interactions,
hydrophobic interactions realized by a thermoresponsive PNIPAAmM coating have been used
in combination with antibodis for efficient cell captut®’. It is worth noting that it is crucial

to control the physicochemical properties and bioactivities of hydrogels in both space and time.
One of the emerging approaches to achieve the spatiotemporadl cover hydrogels is
photopatterninf®'®1, Photochemical techniques have enabled remote and precise control over

hydrogel propdiesvia light triggerst®21%,
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Another emerging application of cetsponsive materials is in the creation of artificighor
microenvironmentsn vitro andin vivo, with the intention to alter the native immune system
to achieve improed outcomes for immunotherdf$ For example, immunotherapy can be
further integrated with bioactive materials that are able to contralther microenvironment

for enhanced therapeutic effiga®.

1.4.2 Synthetic carriers

Nanoformulations represent another format of materials that are responsive to biological
paticulates, especially bacteriafhe main strategies for fabrigagj bacteriaresponsive
materials fall into two major classes: direct bacteria targeting, such as microorganism
recognition based on specific uptake pathways, and targeting ction®
microenvironment$>1%,  Bacteriaassociated secondary biologicalies include toxins,

bacterial enzyme overexpression and local acidification.

A family of maltodextrinbased imaging probes were synthesitcedirectly target bactefi.

These probes are efficiently internalized through the bactpeific maltodextrin transport
pathway to achieve the localized accumulation inside the bacteria. The uniqueness of this
bacteriatargeting mechanism is its independence of the host response and secondary

pathologies.

Over 70 yearsodo abnuesatod aaupdi obactsemhiasdd, wh

towards traditional treatments. Compared with traditional therapyyviankence approaches

34



exert less selective pressure, which delays the dewelot of bacterial resistarté® For some

severe infectious conditions, targeting the toxin becomes an appealing strategy. For example,
gold mixedmonolayerprotected clusters can recognizelans t a b i | i-heliees’pl@apt i de
2008, plastic antibodies were developed using copolyniigopropylacrylamideN-tert
butylacrylanide (NiPAM:BAM) nanoparticleS®. However, the specificity and affinity of the

random copolymers were not as competitive as those of antibodies. Taking advantage of
molecular imprinting, a new type of plasantidoted proteinsized polymeric nanoparticles

with satisfactory binding affinity and selectiviy was synthesized by combining molecular

imprinting with a functionamonomer optimization stratetf.

Furthermore, a carrigdrug conjugate was developed that canlbaved by a specific enzyme,
penicillin G amidase (PGA), frofa. colicells containing the PGA gene, thereby releasing the
drug mokcule and a fluorescent prébe This carrier lowered the drug dosage required to kill

the bacteria in addition to providing a route targeted combination therai8y Extracellular

lipases are particularly abundant at sites of bacterial infection, as indicated by high amounts of
arti-lipase in antisera obtained from cystic fibrosis patients suffering from Pseudomonas
aeruginosa infection. Leveraging this bacterial enzyme overexpression, researchers developed
nanogels composed of mannosyl ligands conjugated to the shell of aarRE®G and
polyphosphoester comosslinked nanogel, which could be degraded by the active
phosphatase or phosphmdise produced by the bactétfaSuch bacterigargeted drug release

can also be achieved by directly conjugating antibiotics to R&l@asesensitive linkage$®
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Targeting bacterinducel local acidification has also emerged as an appealing appmach
fight bacterial infectior®*. For example, polymeric nanoparticles that underwent a charge

conversion under acidic pH were developed for bactealhtargetedantibiotic delivery®

Anti-bacterial medical devices capable of preventing infection and suppressing biofilms are of
notable clinical significance because indwelling device infections are oftehrgatening and
attributedto biofilm tolerance to antibiotic treatments. For example,yéptideimmobilized

surfaces have been shown to sense bacteria adhesion and kill attached bacteria, and are thus

suitable as antibacterial sades of medical implantatiotfa

1.4.3Engineered biological particulates
In the past decades, a considerable number of engineered biological particulates have been

developed for targetetierapy, with some of them successfully enteringairpracticé®,

For mucosatargeted delivery, recombinant Lactobacillus acidophilus was engineered to the
protective antigen of Bacillus anthracis, which was further fused with derciltitargeting
peptide to recognize and bind to mucosal dendrélts*®’. Additionally, it has been revealed
that certain strains of bacteria specifically colortaor cells, exhibiting a naturabmor
targetability. Utilizing their naturatumor tropism, these bacteria have been genetically
modified to express protein tlagreutics for cancer treatméit Recently, researchers
programmed a bactertzased circuit to lyse and release aatncer toxins aumor site upm

achieving the threshold populatié.
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Similar to bacteria, viruses have also evolved into natural carriers with both specificity and
efficiency. Celltargeted carriers constructed from engineered viruses mainly takatage

of their natural tropism with a range of targets. For example,-likeparticles are particles
selfassembled from viruderived capsid or envelope proteins, whereas virosomes are
spherical viriorlike lipid bilayer vesicles containing virtderived surface glycoproteiffs.

These vesicles have inherited the capigid specifically recognize and interact with target
cells from their parental viruses. Despite their potency, up to now the clinical use of these
pathogerbased carriers has been limited to vaccine delivery. The potential immunogenicity

has hindezd thér clinical translatioR™

Stem cells also possetsnortropism and thus have been genetically engineered to express
anticancer proteins specificallytamorsiteg!t. Owing to the capability of cells to endocytose
nanoparticles or to absorb nanoparticles onto their surfaces, it is also possibled¢musa|st
astumortargeting carrierfor delivering nanoparticlé®. An important feature of cancer cells

is homotypicdumorcell adhesion. In light of this, cancer cell membsawere coated onto the
surface of PLGA nanoparticles for sowwall-targeted delivig?’®. Natural RNA transport
vesicles such as exosomes have been genetically modified withrigrgeptides for gene
delivery’'*. Red blood cells (RBCs) are promising drug delivery candidates that possess several
appealing features, such as their long circulation time. In addition, their unique transporting
characters enable RBlased delivery targeting RBE€iminating cells, suchas
reticuloendothelial system macrophages. Apart from directly using intact RBCs, red blood cell

membranes have also been coated onto PLGA cores for different appB¢atich as toxin
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absorptio™. Moreover, synthetic nanoparticles have been coated with platelet mesbran

target MRSA252 bacterd® and circulatingumor cells!?18 As an essential component of

the immune system, macrophages also display an inherent tendency to harbour diseased tissues
attributed to the cellular secretion signaling molecules, such as cytokines, and thus are
natural vehicles for targeted drug delivery. Similar to nari@pecontaining stem cells,

nanoparticles can also be loaded imacrophagesia phagocytosis®.

The interaction between immune cells and target cells has been extensively explored for
constructing bieresponsive vehicles. For example, the interactions among lymphocytes of the
immune system ha& been employed for develogira wholecell sensing systetf. In a
recently developed method, divT-cells expressing lymphodehoming receptors were
exploited as active carriers for delivering chemotherapéogided nanoparticlegs cancerous
lymphoid tissue®’, T-cell therapy suffers from relatively loim vivo persistence and rapid
function decline, and thus often requiresazbrinistration of adjuvant drug&. Using this
strategy, adjuvat-loaded nanoparticles were conjugated onto the surfaceelldto enhance

the efficacy of Fcell therapy?®. By contrast, Tcell specificity, could be effectively redirected
through the genetically engineered expression of chimeric antigen recépfds)(on the
surface of T cel@* In CAR-T-cell therapy, the engineered CAR T cells are cultured and
expanded in laboratory and then infused into the patient aftaevauh a desirable
populatio”®. These Ol i vi nginwvoand ®dygnizehaadnkill cancertcellp | y

that harbour the antigen on their surfaces under the guidétioeir engineered receptét.
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1.5 Summary and Outlook

The last decade has witnessed extensive exploration-oéfponsive materials accompanied

by the confluent advances in reatls science, molecular pharmaceutiend
nanobiotechnology’. Despite the emmous efforts invested and the booming growth in
scientific publications, few technologies have been successfully commercializecror ev
entered clinical trials As f or anticancer dr ugrespoasive very,
cyclodextrinbased nanocarni&® (CRLX101, CliricalTrials.gov identifier: NCT01612546)

has completed Phase Il trials, and its collaboration with fpgroved poly ADP ribose

pol ymerase (PARP) I nhibitor LYNPARZAE is no
expectation to provide the tdime data inthe upcoming year. Several smart materials for
diagnostic applications have entered clinical trials, including ttheortargeting silica
nanoparticles equipped with NIR fluorophore and radiolabeled peptide (ClinicalTrials.gov
Identifier: NCT01266096) fothe detection of melanoma and malignant btaimors. For

di abetes treat ment , Me r c k O-sensitigtyn a(MK-2640j ns ul i
ClinicalTrials.gov identifier: NCT02269735) is currently in Phase | clinical trials. Most
recently, SEE212 from SelectdBiosciences (ClinicalTrials.gov identifier: NCT02648269)
designed for gout treatment has just started clinical trials. Generally, the success of technology
commercialization relies on feasibility of therapeutic segle manufacturing and
demonstration ofrobust clinical safety and efficacy allowing for regulatory approval.
Surveying the commercialized smart materials such as aminoalkyl end#te copolymer

(Eudragit E)and several types of liposomes has revealed one commonality: a simple structure

with a defined response mechanism of action makes these relevant formulations or devices
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highly attractive for industrial production and hopeful commercialization. The translation of

bio-responsive materials is often restrained by their structural and/or m&tahaamplexity.

Admittedly, the innovation of bivesponsive materials design should be based on translational

feasibility,

met hodol

ogy.

Mo s t

of action, prohibiting future exploration beyond preclinical demonstrations.

instead of decorating sophisticated structures and/or incorporating new
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Figure 1.5Design rationale of bivesponsive materials. The design process ofdésponsive
materials for distinct applications is just likerming different patterns of a magic cube.
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response actions, material properties, design strategies and translation criteria, need to be taken
into account andhtegrated with each other to have a transformative impact.
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In Figure 1.5 we summarize the design rationale as well as highlight several guidelines with
an emphasis on accelerating the potential translation aebmonsive materials. To fulfil a
sucessful construction process, several steps would be assembled and integrated with each
other, including choicef appropriate modalitydetermination of the target biological cue
(Table 11) and choice of suitable resmove building blocks Table 1.2). Importantly, two

basic criteria should be followed: response efficacy (basic performanceyith high
selectivity, high sensitivity and precisely timing response action; and translation potential

(clinical performance)d with desirable stability, excellentidtompatibility and ease of

scalingup.
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To be more specific, from a materials perspective, the ultinoate ¢ to achieve and maintain
stable yet effective performance in the highly compfexivo milieu with satisfying safety
profiles. In drug delivery, for example, the clinical performance is frequently impeded by
systematic toxicity and immunogenicity the formulations. Thus, there is an urgent need to
exploit materials or formulations (including their format(s) after response) with excellent
biocompatibility as the first stephen conceiving the strateldy. In addition, the advances in
bio-responsive materials development requiré &car under st andinvivg of
behaviour. Itis crucial to inspect how the materials interact with the biological milieu. Inherent
is the need for advances in both fundamental biophysical and biochemical studies, as well as
in detecting or imging techniques that enable rgale monitoring 6 the administrated
material$*22*3, For most situations, the drug formulations need to be transported to reach the
response location to interact with the effective biological environment; thegiming for
sufficient interaction is extremely important. For some programngduls-responsive
system&*, incorporating two or more stimuli for synergistic or sequential actions requires
thorough testingn vivo to evaluate how to spatiotemporally achieve precise control of each
trigger. A canbination of detailed pharmacokinetic and pharmacodynamic analysis as well as

mathematical modellingill help refine such systerfS.

Regarding development of new response mechanisms to achieve high selectivity and
sensitivity, the vast literature available in the field of bioanalytical chemistry could be assessed

to help identify innovative triggers withigh performance. For example, fluorescent SWNTs
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were recently functionalized with nitraxide-sensitive DNA oligonucleotides to detect
reactive derived forms of nitrioxide at inflammatory sitedntegrated with an actuation
component, this design coub@ further extended to create a clotmap drug release system.

In another recent example, water gradients were d@rglais a new type of stimufd® This
waterresponsive polymer film was constructed with a rigid component, polypyrrole (PPy),
and a polyoboratebased, flexible, watenresponsive unit. The mechanical properties of the
composite could be te with a water trigger, the action of which was mainly attributed to
the hydrolysis and reformation of the borate esters. The water exchange with the surrounding
environment enabled film expansion and contraction, making it a potential smart material
candidate sensitive to skin moisture. The researchers further incorporated this water

responsive film with piezoelectric film to generate electric output fueled by a water gradient.

Another emerging design strategy is to engineer biomimetic enbpredsystems to mimic

the natural biaesponsive mechanism in the body. For example, by mimicking the structure

and response mechanism of granules or vesicles in pancreatic beta cells, synthetic vesicles
loaded with insulin can facilitate a fast response farcgderesponsive insulin release

I nspired by virusesod ef f i c-mimicking mamogels wggee net r ¢
created to achieve sequential cellular internalization and deemr penetratioff*.
Furthermore, biological machinery could be incorporated into the system, for example, using
bacteriamimetic CRISPR (clustered regularly interspaced short palindromic repeat§)/Ca

system for genome editifl§. We note that biomimicry should not be limited solely to

biochemical approaches. Instead, physical properties of the natural structures, such as their

47



shape, could provide inspiration for constructing smaateriald*®*?®% For example,
nanoparticles resembling the shape and surface biology of platelets were shown to be capable
of targeting vascular injurié¥ and nanoparticles coated with higansity PEG brushes to

mimic viruses were demonstrated to efficigmienetrate the mucus barfer

With respect to physiological signals, appreciable variations among and within individuals
hinder the translation of bicesponsive materials. For exogenous stirmesponsive materials,

such as commercialized thermally responsive liposomes (ThermoBs@iCCorp.) and iron
oxide nanoparticles (NanoTher mE, MagForce AC
By contrast, materials sensitive to endogenous stimuli suffer from inconséstget biological
parameters among patients. Moreover, the levels of biological cues may be significantly
different between animal models and humans. Therefore, detailed information associated with
the targeted cue(s) should be carefully collected araluated. Importantly, levels of
biological cues can be manually tuned, for example, through signal amplification. In a recently
developed-cell-encapsulated microneedle patch, researchers designed a hygspaasive

signal amplifier composed of GO U-amylase and glucoamyl&8& The amplifier first
converted BGL to localized hypoxia to release tineapsulated enzymes. The released
enzymes then digested the previously embddlathylose to generate a relatively high local
glucose oncentration to induce thsecretionof insulin for externally positioned beta cell
capsules. In addition, the physiological environment can also be genetically modulated, for
example, to create hypoxic conditions. In some cases, using physical or bizadheiggers

can be generateih situi?>>?°¢, For example, researchers applied radio waves to gate the
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transportation of G4 for remote control wer in vivo insulin synthes®. In another study,
light was employed to spatiotemporally generate hypoxic conditions to facilitate tkagere
from a hypoxiaresponsive formulatiomlelivered to thetumor site of a mouse modéf.
Moreovet implanted wireless biochip¥ or wearable devicé®2%° that dynamically monitor
physiological signals can further generate or amplify signals for achieviaigiprecontrolled

drug delivery

1.6 Dissertation Scope and Organization

The aim of this dissertation is tadevelop stimulresponsivematerials for delivering
therapeutics in dosespatial and temporatontrolled mannersvith a special focus diquid-

metal based transformable nanomedicine for enhanced cancer tredtmemisseation is
presented asour separate manuscrip{€hapter 25) with a comprehensive introduction
(Chapter 1highlightingrecent advances in the design of smart materials capable of responding
to the physiological environment, to biomarkers and to biokdgparticulates. Key design
principles, challenges and future directions, including clinical translation, of bioresponsive
materials are also discussel.summary (Chapte6) that concludes the primary findings

described in Chapter 2 &is also provided

Chapter2 reports a first of its kintiquid-metal based drug delivery system for enhanced cancer
treatmentln Chapter 3proteinstabilized liquidgallium nanoparticels were employed for the
combination delivery of chemotherapeutic and cytokine. lapidr 4 we describea light

powered liquidmetal nanotransformer that could transform from zBneensional
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nanospheres to ortBmensional microtubes upon photo irradiatibnaddition to liquidmetal
based drug delivery platforms, we akswplored stimli-responsive polymeric materials for
controlled drug deliveryChapter 5describes a dual responsive polymearanocarrier for
intracellular delivery of anticancer drufinally, conclusions were given in @pter 6with
further discussion, implications oprevious results, and the insights in developing
transformable nanomaterials agpealing platforms for the development of rgeheration

precision medications
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CHAPTER 2
ACID -TRIGGERED INTRACELLULAR ANTICA NCER DRUG DELIVERY U SING

TRANSFORMABLE LIQUI D-METAL NANOPARTICLE S

2.1 Introduction

The engineering flexibility provided by inorganic nanoparticles with tailorable shape, size,
surface ligands and physical properties has enabletkorand design of novel drug delivery
systems, contrast agents antbgrated systems for disease diagnosis and tregfiréfto®

263 The last decade has witnessed numerous efforts in developing inorganic nanoparticles
capable of effectively targeting different diseds&€542¢. However, these formulations often

fail to be useable due to systemic toxicity. For instance, targeted cancer therapy requires
nanoparticles with relataly large sizes to minimize cleararté and enhance tumor
retentiot?8, yet sich inorganic particles often remain in the body for a long time because of
their lack of biodegradability. To date, few studies have demonstrated how to engineer the
physicochemical properties of inorganic nanoparticles to satisfy both target ylediver
efficient eliminatior®®2°. This design bottleneck has long existed and is impeding the clinical

translation of therapy and diagnostics based on inorganic carriers.

We report here a novel liquid naébased nanoscale formulation for drug delivery to achieve
enhanced anticancer therapy. Taking advantage of the unique characteristics of a eutectic alloy
of gallium indium (EGaln, 75% Ga and 25% In by weight), this novel nanomedicine has a

variety of meits in terms of simple fabrication, facile surface bioconjugation and the capability
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of fusion and degradation in a mildly acidic environment. EGaln is aviseosity liquid at
room temperature. Unlike Hg, it has low toxicity and has thus attracted ecatsligl attention

for applications of microfluidic systems, soft robotics atibtchable electroni€s2” To
obtain EGalrbased drug nanocarriers, an emuldika ligandmediated procedure is simply
applied through ultrasonication at root@mperature. During sonicati§ffi the thiolated
ligands readily assemble onto the surface of the EGaln, competing withidlagiax process
and facilitating control of thearticle sizé’>?’%. The two ligands used here, thiolated (2
hydroxypropylyb-cyclodextrin (designated MUA&LD) and thiolated hyaluronic acid
(designated niHA), not only serve as capping agents during the formation of nanoscaled
liquid-metal spheres but also play roles of dlogding matrix and active targeting moiety,
respective}. The final formulation (designated LIMP/L) comprises three primary functional
constituents: a Cibased drugoading motif, the targeting ligand HA and an EGaln core. The
sevenmembered sugar ring of the CD provides faithful lagdites for doxorubici{fDox), a
model broaespectrum chemotherapeutic df(fg The HA moiety supports active tumo
targeting towards the receptors including tH24@ receptor, which is overexpressed on the
cell suface of a broad variety of tung) including human ceical cancer and breast carféér
After intravenous injection, LMNP/L is expected to accumulate at tumor sites as a result of
passivé’® and active targeting effects. Upon endocytosis, theNR&L are expected to fuse
with each other in the mildly &lic endosome microenvironméntleading to the dissociation

of Dox-containing ligands and therefore promote drug release. The aggregates ofMused L
NPsL are expected to degrade due to the synergistic effect of oxidative corrosion.

Furthermore, the main degradation product, Ga (lll), can serve as anticancer agent itself to
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reverse drug resistance dnugresistant cancer cetf8?®1, Taken together, this liquid metal
based nanomedicine is transformable: (1) it can be simply generated from a bulk material; (2)
fusion happens to promote drug release in an acidic cellm@roement; and (3) it can be

biodegraded to reverse drug resistance and avoid potential systemic toxicity.
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Figure 2. 1 Schematic design of Pesponsive shapeansformable liquidnetal
nanomedicine(a) Preparabn route of LMNP/DoxL. (b) The maincomponents of LM
NP/DoxL: thiolated CD with Dox, HAbased targting motif and an EGaln coréc) pH-
responsive delivery of Dox by LMIP/DoxL to the nuclei for the targeted cancer therapy. (I)
accumuléion of LM-NP/DoxL at the tumo site through passivand active targeting; (II)
specific binding to the ovekpressed receptors on the tuneells; (Ill) receptommediated
endocytosis; (IV) aciriggered fusion of LMNP/DoxL and endosomal/lysosomal escape of
Dox-containing ligands; (V) accumhation of Doxin the nucleus(d) Acid-triggered fusion and
degradation process of LIMP/DoxL. (e) Chemical structures of MUAD andm-HA.

2.2 Experimental Section

2.2.1 Materials

All chemicals were purchased from Sigiklrich (St Louis, MO, USA)unless otherwise
staed. Thiotpolyethylene glyceamine (HSPEGNH2) with the PEG molecular weight of
1,000 was purchased from SigiAldrich and Nanocs Inc. (New York, NY, USA). Dox

hydrochloride was purchased from BIOTANG Inc. (Lexington, MA, USA).

2.2.2 Instruments

H NMR spectra were obtained on a Varian Gemini 280€ctrometerlThe particle size and

Zeta potential were measured by the Zetasizer (Nano ZS, Malvern). The fluorescence intensity
was measured by a microplate reader (Infinite M200 PRO, Tecan). Transmissimanele
microscopy (TEM) images of LNMNPs were obtained on a JEOL 2000FX Scanning
Transmission Electron Microscope (STEM). Higdsolution transmission electron
microscopy (HRTEM) image of oxidized shell was obtained on a JEOL 2010 field emission
ultra-high resolution STEM. TEM images of cell sections were obtained on a JEOL 1200EX

TEM. Element mapping of single particles was obtained on a TITAN STEM. EDS (energy
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dispersive Xray spectroscopy) spectrum was obtained on a FEI Tite&808(@robe aberration
corrected STEM with SuperX EDS system:r&y imaging was performed on GE eXplore
CT120 micreCT scanner. Laser scanning confocal microscopy images were obtained with the
Carl Zeiss LSM 710 Laser Scanning Microscdgew cytometry study was performed using
CytoFLEX flow cytometerIn vivo andex vivofluorescence imaging studies were performed

with the IVIS Lumina imaging system (Caliper, USA)

2.2.3Synthesis and characterization of MGD

(2-hydroxypropyl}b-cyclodextrin (CD, 0.279 g), tthercaptoundecanoicia (MUA, 0.048

g) and 4Dimethylaminopyridine (DMAP, 0.002 g) were dissolved inrB8Q of dry N, N &
dimethylformamide (DMF), followed by the addition of N;Ricyclohexylcarbodiimide
(DCC, 0.041 g). The reaction was allowed to proceed at room temperagragbt. The
reaction mixture was first purified by filtration. After rotary evaporation, the resulting MUA

CD was characterized B NMR (Varian Gemini 2300).

MUA-CD:'H NMR (DMSO d6, 300 MHz-1.72{3.2¢889m3.39 1. 01,

5.05, 5.516.02.

2.2.4Synthesis and characterizationnetHA
Sodum hyaluronate (HA, 1.08g, 3 mgL™) was dissolved in 4mL of DI water. HSPEG
NH2 was dissolved in 4bL of DI water. Solutions were combined, EDC and NHS were

added as powder, and system pH was adjusted to 5.5 + 0.3 with NaOH/HCI solutions. After 45
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min, reaction pH was increased to and maintained at 7.3 = 0.3. The reaction was allowed to
proceed at room temperatuie 4 days. After dialysis against DI water for 48 h, the white
powder (m-HA) was obtained by means of freeding, and characterized By NMR

(Varian Gemini 2300).

mHA: lHNMR (D:0, 300 MHz, U-2p8310¢343, 346866, 2. 60

2.2.5Preparation and characterizatioiliquid-metal nanoformulations

Foratypical LMNPLpr epar ati on, a s nealwasaddedtaarcentrifage E Ga l
t ub emL), hichwasfiled o a t ot amLwiotl umet mdndl2 contai ni
CD and 0.5 mg thiolate HA. After sonication,
and the slurry was removed from tial. The remained solution was further purified by mild
centrifugation (1,000 r.p.m.) to remove relatively large particles. The resulting nanospheres
were collectedria centrifugation and resuspended in PBS buffer. To prepardPMEGaln

(80 was added t o mL),whchwas filléduogadotak ailbtemgmbdf 1 2
with ethanol containing 4 mg thiolate CD. A
within seconds, and the slurry was removed fromvtle The remained solution was further

purified by mild centrifugation (1,000 r.p.m.) tameve relatively large particles. The resulting
nanospheres were collected centrifugation and resuspended in PBS buffer. Giabglled
nanospheres were prepared by adding Cgbrjugated HIPEGNH2 (molecular weight:

1,000) into the ethanol containingi xt ur e . For Imb af M-NBL wag Do x,

i ncubat ed Llofriethanolamidebeated D& i n di met hy mL'3withf oxi de

56



stirring at room temperature overnight. The resulting-d@axded LMNP/L was extensively
washed with PBSia centifugation to remove the excess Dox. HNP/Dox, LM-NP/Rho and
LM-NP/RhcL were prepared following the same procedure. For TEM characterization, LM
NP/Dox was cast onto a TEM copper grid (300 mesh; Ted Pella). After drying in air, the sample

was observed byEM JEM2 000 F X, Hi tachi) operating at 20

2.2.6Determination of drug loading capacity
The loading capacity (LC) of LMNP/DoxL was calculated as: LC=(R)/C, where A was the
expected encapsulated amount of Dox, B was the free amount of Dox ii¢lsgaosolution

and C was the total weight of nanoparticles.

2.2.7Preparation of Dox loaded gold nanopatrticles

First, gold nanoparticle@iameter: 100 nm, purchaseare functionalized with MUAvia
ligand exchange reaction. The u#gng MUA functioralized goldnanoparticles were then
dispersed in DMF, followed by the additimi CD in presence of DCC ardMAP. The
reaction was allowed overnight. After the synthesis, the CBtifumalized gold nanoparticles
(GNPs) were isolated through centrifugatismashed with DI water and féred using PVDF
45e m f (Fisherbrand) to remove excess DCC. For loading of DanL1of GNP was
incubated with 10@ Lof 6 triethanolamine (TEAj)reated Dox in dimethyl sulfoxide (DMSO)

(5 mgmL™1) with stirring at roontemperature overnight. The resulting Dloaded GNP/Dox
was &tensively washed with PB@a centrifugation to remove the excess Dox. The surface

functionalization degee was fine tuned to achietree same LC as LNNP/DoxL (24%).
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2.28In vitro acidtriggered Dox and PTX release

LM-NP/Dox and LMNP/DoxL ( 0 mL) were added into a dialysis tube (10K MWCO; Slide
A-Lyzer, Ther mo Sci ent imlLofth¢ PBS bhuffer sbiuton aypH&EO agali
or 7.4, and gently shaken at 37 AC in a sha
predetermined i me i ntervals, the tot almLdffveShibaffer sol ut
solution with the same pH. The fluorescence
with an excitation wavelength of 4 8PRO,nm usi
Tecan). PTX release study was conducted following the same procedure. The concentration of

PTX was determined by higierformance liquid chromatography (Hewlett Packard 1100).

2.2.9Cell culture

HelLa cells were obtained from Tissue Culture FacilityJdlC Lineberger Comprehensive
Cancer Center and cultured in DMEMMMIi th 10
penicill im"sndedO®mggin in an incubator (The
atmosphere of 5% COand 90% relative humidity. Bh cells were subultivated

approximately every 3 days at 80% confluence using 0.25% (w:v) trypsin at a split ratio of 1:5.

2.2.10Intracellular trafficking

HeLa cells (1 x 19cells per well) were seeded in a confocal microscopy dish (MatTek). After

cutur e for 24 h, t he cePDsL we2eeMnbDobatedcant
37 AC for 1 h and 4 h, respectively, and th

the cells were stained with LyosTACidkoer 3®@r ard
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and Hoechstml'3334% e( Texxcdinol ogies) at 37 AC fc
washed using PBS twice at 4 AC and i mmedi at

microscopy (LSM 710, Zeiss).

2.2.11Determination of endocysis pathways

HelLa cells (1 x 1®per well) were seeded in thewgll plates and cultured for 48 h. In order

to investigate whether the cellular uptake of IN?/DoxL was energy dependent, the cells

were incubated with LMNP/DoxL at a Dox concentraton @ ¢ M at 4 AC and
respectively. To determine the endocytosis pathway, the cells weircpbated with several

specific inhibitors for various kinds of endocytosis [inhibitor of clatmiediated endocytosis:

sucrose (SUC, 5D mM) and chlorpromazin¢ CP Z, ;linbibiter ldf)caveolinmediated
endocytosi s: n y mltha inhibitor of MNidrdinocyEs: andoride (AMI,

1mM)4; inhibitor of lipid raft: methyb-cyclodextrin (MCD, 3 mM) at 37 °C, respectively.
Afterward, the cells were incabked with LMNP/DoxL at a Dox concentrat.
presence of inhibitors for additional 2 h. After washing the cells with 4 °C PBS twice, the

fluorescence intensity of Dox in the cells and the cell proteins were measured, respectively.

2.2.12Intracellular fusion and degradation
HelLa cells (1 x 19per well) were seeded in thewgll plates and cultured for 48 h, followed
by incubation with LMNP/DoxL. At different time points, the cells were thoroughly washed

and lysed. After centrifugation, éghmetal ion concentrations and total protein amounts in
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supernatants were determined by B and BCA assay, respectively. The pellets were

carefully washed with DI water and collected for TEM imaging and element analysis.

2.2.13In vitro cytotoxicity

Hela cells (1 x 16cells per well) were seeded inthe®® | | pl ates. After cu
cells were exposed to the Dox solution and Dmaded LMNPs with different concentrations

of Dox for 24 h, ¢ bdfthe &4, ddinethylthazbl@-y)2g5 2 0

di phenyltetrazoliuml'promitersdl btiobni aBumagt i
removed, and t he c e Lofdimethwesulghoxide. Xhe dbsovbancehwasl 5 0
measured at a test waveleagghhod6f5880nmmahbd

reader (Infinite M200 PRO, Tecan).

2.2.14Apoptosis assay

Apoptosis of HelLa cells was detected using the ARQU TUNEL Assay Kit (Life
Technologies) and Annexin-FITC Apoptosis Detection Kit (BD Biosciences). The cells (1

x 1 cells per well) were seeded in the-she | | pl ates. After culture
incubated with Doxoaded LMNPs f or 12 -l TANnexi 20 Vh ( TUN
Ssubsequent procedures were perfornoea Forn acc:
Annexin V-FITC apoptosis detection, the cells were analysed by flow cytometry (BD
FACSCalibur), while for the TUNEL assay the cells were observed by fluorescence

microscope (1X71, Olympus).
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2.2.15Animals and tumopxenograft models

All animals were treated in accordance with the Guide for Care and Use of Laboratory
Animals, approved by the Institutional Animal Care and Use Committee (IACUC) of North
Carolina State University. To sep thetumor xenograft model, the female nude mice (6
weeks, U, The Jackson Laboratory) were subcutaneously inoculated in the back with 1 x
107 HelLa cells. Theumorsize was monitored by a vernier caliper andttmorvolume {)

was calculated a¥=L x W?2, whereL and W were the length and width of titamor,

respectively.

2.2.16In vivoimaging study

The animal study protocol was approved by the Institutional Animal Care and Use Committee

at North Carolina State University and University of North Carolina at Chapel Hill. When the
tumors reached to 268 0 0 3, themice were intravenously injected by CyfL.8-NP/Dox)

and Cy5.5LM-NP/DoxL) at Cy5. 5 d blsleages fveredtdkenmomthd IVI% g
Lumina imaging system (Caliper, USA) 6t, 24 and 4 8. After theo48h I nj e
scanning, the mice werelled. Thetumors as well as major organs were collected, weighed

and subjected fax vivoimaging. Regiorof-interests were circled around the organs, and the

fluorescence intensities were analysed by Living Image Software.

2.2.17In vivoantitumorefficacy
Thetumorbearing mice were weighed and ranmdyp divided into different groups when the

tumorv ol ume r e a e day @ thenfice wene intravenously injected with Dox
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sol ut i oh?), WMNPWgD okxg (Y2 LM¥YNP/DRxd. ( 2 "“nand katine as a
negative control every other day for 12 days, and meanwhilenther size was measude At

day 14, the mice were killed, and thenor as well as the heart were collected, weighed,
washed with saline thrice and fixed in the 10% nedtudfered formalin. For the haematoxylin
and eosin staining, the formalfixed tumors and hearts were edided in paraffin blocks and
visualized by optical microscope (DM5500B, Leica). For the TUNEL apoptosis staining, the
fixed tumor sections were stained by the In Situ Cell Death Detection Kit (Roche Applied
Science) according t o. Hoechst 33842nwad wsedtfar nuelead s
counterstaining. The stainédmor slides were observed by fluorescence microscope (IX71,

Olympus).

2.2.18Determination of maximum tolerated dose

The maximum toleratedose (MTD) was defined as thighest dose thabés not cause major
adverse reactions in mice over 10 dagst single dose intravenous injectidn this study,
major adverse reactions were considerdgetonmediate death, impairewbbility or irregular
breathing that could not be recovered withirag,dver 10% weight loss oveontinuous days,

or histological evidence of organ toxicity.

2.2.19 Blood analysis and histologyaeninations
Fifteen fealthy female Balb/c mice were injected withl-NPsL at the dose of 45 mg Kg
(total nanocarrier dose ed in antitumuor efficacy studghd sacrificed at various time points

postinjection (3, 7, 20, 40, and 90 daytsreemice per time pointiNine healthyfemaleBalb/c
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mice were used as the untreated control and sacrificed at 3, 40, and 9ébslaygection
(three mice per time pointBlood samplefrom each mouse was collected for each mouse, and
the serum chemistry data and complete blood panel were measured #nithal
Histopathology and Lab Medicine Coa¢ theUniversity of North Carolina at ChapHlill .
Major organs fronthemice, including heartliver, spleen, lungsidneys,muscle and brain,
were harvested, fixedith 4% neutral buffered formalin, processed routinely paraffin,
sectionedstained with hematoxylin and eosin (H&E) and exsediby a digital microscope

(DM5500B, Leica. Statistics were based on standardat®ns of3 mice per group.

2.3Resultsand Discussion

2.3.1Preparation of transformable liqurdetal nanomedicine

To prepare the liquid metal nanocarriers, EGaln wasada a centrifuge tube filled with an
ethanolic solution of thiolate CD and thiolate HA (volumeoaf EGaln: ethanol=1:150,
Figure2.1 a,b,e). After sonication, the largest particles precipitated within seconds, and the
nanoscale colloids was removedrh the tule and resuspended in water (Figlr2a). Next,
Dox-loaded LMNPL (LM-NP/DoxL) was obtained by overnight incubation with
triethanolamindreated Dox. The mixture was washed to remove the excess Dox. The resulting
LM-NP/DoxL appeared as cdrshell structured nanospheres with a diametddbf0 7 n m,
which was consistent with the results determined by mymaght scattering tests (Figuge2

b). The Doxloading capacity could be tuned by adjusting the ratio between-KDAandm-

HA. In a typical formulation used in the following investigagpthe Doxloading capacity

was determined as 24% (Dox weight ratio of the total weight of nanoparticles). Interestingly,
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the addition of mHA could significantly decrease the average particle size of product as well

as enhance the systemic stability, whimould be attributed to the negative charge of the

anionicmHA (Table2.1).
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Figure 2.2 (a) EGaln was ultrasonically dispersed in ligand containing ethanoumixshown
schematically in Figurel.1a (b) The hydrodynamic size of LNNP/DoxL measured by

dynamic light scattering. Inset: TEM image of LENP/DoxL. Scale b@fthe 100
release profiles of LMNP/DoxL at different pH levels(d) Representative TEM images of
LM-NP/DoxL after different time immersed in acidic (pH 5.0) PBS buffer. Saalels , 100 nn
(for 5 min); 100( fnonr (4 ohr) ;1 4{6)®olydisettyimudex 7 2 h)
(PDI) of LM-NP/DoxL immersed in neutral (pH 7.4)nd acidic (pH 5.0) PBS buffe(f)

Changes of metal ion concentration under neutral and aciimaments(g) Optical images

of LM-NPs before and afteraci t r eat ment . (I§loghtltrensnbttance chadde & m.
over time.(i) X-ray images (left) of LMNPs immersed in neutral (pH 7.4) and acidic (pH 5.0)

PBS buffer (particles were imaged afterileatment). The images were taken in an@d

plate. Red lines indicate the areas quantitatively analysed. Grey value analysis (right) of
representative area in-bay images of LMNPs. Error bars indicated s.d=@).

Table 2.1 The zetgpotentials ad averaged hydrodynamic sized. ™M -NPs.

LM-NP LM-NPL LM-NP/DoxL
Zetapotential
-14.1+0.8 -24.7+2.1 -25.1+1.1
(mV)
Hydrodynamic
_ 125 104 107
size (nm)

To study the acidriggered conformational transformation and subsequently promoted drug
releasethe release prdé of Dox from LM-NP/DoxL (Figure2.2 c) under neutral (1 x PBS

buffer, pH 7.4) and acidic (1 x PBS buffer, pH 5.0) conditions were investightough the

dialysis metho##. A bur st rel ease of | oaded Dox was ¢
in the acidic buffer, significantly different from the release curve recorded in the neutral buffer.
Similarly, paclitaxel (PTX), which shows insignificant solubility changehe pH range of

2.5 8 (ref.?8?), was loaded to LMNP/L as a model drug. As expected, the release prdfile o

65



LM-NP/ L |

acidic buffer (Figure 2.3
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Figure 2.3 The release profiles of LNNP/PTX-L at differentpH levels. Error bars indicate

s.d. f=3).

The acidic buffer caused %2 o f

t he

|l oaded

PTX to release

higher than the 28% in the neutral environment. Id@ded gold nanoparticles (GNPs/Dox)

wi t h

an

average

di ameter

of

1 0 O-Chhligandswithe r e

the same Do}oading capacity as LMNP/DoxL, were also applied as a control. Compared

with GNP/Dox, LM-NP/Dox-L displayed a more potent agilomoted Dox releasa pH 5.0

(Figure 2.4.
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Figure 2.4 The release profiles of GNP/Dox at differgatl levels. Error barsndicates.d.
(n=3).

This phenomenon could be attributed to fusion ofNM/L triggered by the disruption of the

oxidized shell of LMNPAL, and the subsequent dissociation of surface ligands. Next, the
conformational change of LMIP/DoxLwi t h up t o 4 h acid treat me
using transmission electmtomicroscopy (TEM) imaging (Figur2.2 d). The initial fusion
behaviour was captured within the first 5 mi
by fusion increaseith size over time. These results were in good agreement with the significant

increase in size distribution upon acid treatment as measyrelyriamic laser scattering
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(Figure2.2 e). We hypothesized that the acid attacked #wized layeron the surfacef the
LM-NPAL to trigger fusion of LMNP/AL (Figure 2.5 and 2.6; Figu&2f), which further led to
the fusion of the liquid inner coré®. Furthermore, the degradation of ENP/DoxL at pH
5.0 was clearly observeda the ogical microscope (Figurg.2g) and TEM imaging (Figure

2.2d) over time; while negligible difference was observed in the case ofhbuffer. The

representative TEM image of LIMPs/DoxLi mmer sed i n acidic (pH 5.

showed evidence of degradation into the hollow polymeric shells dotted with shrunk metallic
cores in the inner wall evidenced the occurrence of degradation. To further verify the
degradation of LMNPs, the bange of Ga (lIll) ion concentration in PBS buffer over time was
monitored by the inductively coupled plasma optical emission spectrometry. The Ga (lll)
concentration in the acidic buffer displayed a notable increase over time; while the degradation
of LM-NPs in netral solution was moderate (Figu?e2f). The degradation process of LM

NPs was then tracked and quantified by monitoring the changénbfrigpsmittance over time
(Figure2.2h). The light transmittance of acidic l-MP solution increased from 26 66%,

which was in good agreement of the proposed degradation @fiEMin acidic environment.

Of note, the main degradation product, Ga (lIll) ion, has been reported to reverse drug resistance
in drugresistant cancer celleshich could potentially gemate synergistic effects and prevent

drug resistance.
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Figure 2.5 High-resolution transmission electron microscdpy\RTEM) image of the outer
shells of EGaln particléScale bar is 20 nm.
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Figure 2.6 EDS (anergydispersive Xray spectroscopyspectum of EGaln particles

Furthermore, the nature of the EGaln metal core and the verifiedragidred fusion might

also open the possibility of utilizing these transformable nanospheres for imaging contrast
enhancement. After RBSbuffer,pH 503 thethemogendodszZonthasti n
enhancement caused by ENPs was disrupted, replaced by heterogeneous contrast within the
imaged area with higher contrast at the locations of fused particles and lower cospats at

in absence of LMNPs igure 2.2i). The resulting changes in contrast were quantified by
studying the grey value profiles of represéimtareas in Xray images (Figur.2i). The grey

values of the imaging area were approximately constant before acid treatment, indicating

homogeneous imaging contrast. The disruptions of the homogeneous imaging contrast after
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acid treatment were supported by the appearance of peaks in the grey value plot. Similar fusion
of LM-NPs accumulated atimor site would potentially lead to enhanced cast oftumor

tissue during Xray imaging.

2.3.2Intracellular aciektriggered fusion and promoted Dox release

The intracellular delivery of LMNP/DoxL into HelLa cells was further explored using the

confocal hser scanning microscopy (Figure &.7The fuorescence of Dox was eldy
observed in HelLa cel |l s -&P/Doel, indlcatihg the fcellulam c u b a't
internalization of the nanospheres. When t he
highly localized within the nuclei of HelLa cells, as indicatgdilie magenta fluorescence

(Figure 2.8). The cellular uptake of LNNP/DoxL displayed an energgependent manner,

and LM-NP/DoxL mainly entered HelLa celisa macropnocytosis (Figure 2)8
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Figure 2.7Intracellular interaction and drug relea&®. Intracelular delivery of LMNP/Dox

L toward Hela cells at different time points observed by CLSM. The cells were incubated with
LM-NP/DoxL at 37°C for 1 and 4h, respectively. The late endosomes and lysosomes were
stained by LysoTracker Green, and the nuclei were stained by Hoechst 33342. Scale bar is 10
em. (b) Representative TEM images of HelLa cells incubated witiNEVDoxL for 1 and 4

h. Redarrows show fused nanospheres; green arrows show dispersion of single nanosphere in
cytosol . Sc &lementmapping redults ofintraceliclar ENPs/DoxL collected

from Hela cells after different incubation time. Scale b&rsin, 1h and 4 h100nm; 24h:

200 nm(d) Flow cytometric analysis of HeLa cell apoptosis induced byNIRIDox-L for 12

h using the Annexin \FITC/DAPI staining. (e) HelLa cell apoptosis induced by-NR/Dox

L for 20 h using the AP@rdU TUNEL assay. (f)n vitro cytotoxidty of LM-NP/Dox and
LM-NP/DoxL on Hela cells for 24 h. Error bars indicate smet4(). Note: The concentration

of LM-NPL is equal to the nanocarrier concentration of Dox loaded formulations in each
corresponding group; the error bars in Fig(@bup LM-NP/Dox-L at concentration 1.25, 2.5

and 5mg L) are small. (g)n vitro cytotoxicity of LM-NP/Dox-L on Doxresistant HeLa cells

for 24 h. Error bars indicate s.ch=4). Note: the concentration of LMIP/L is equal to the
nanocarrier concentration of Rtnaded formulations in each corresponding gré@és 0.05,

** P < (0.01 compared with the Dox solutiongroup @va i | ed t&stludent 6s
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Figure 2.8 Study ofcellularuptake mechanisnfa) Relative uptake efficiency of LNNP/Dox

L on HelLa cellsta4 °C and 37 °C. (birelative uptake efficiency of LNNP/DoxL on HelLa

cells in the presence of various endocytosis inhibitors. Error bars indicata s.8).(*P <

0.05, **P < 0.01 compared with the control group (fvea i | e d $estu ldhibiotob st
clathrirmediated endocytosis: sucrose (SUC) and chlorpromazine (CPZ); inhibitor of
caveolinmediated endocytosis: nystatin (NYS); inhibitor of macropinocytosis: amiloride
(AMI); inhibitor of lipid raft: methytb-cyclodextrin (MCD). Compared with the cellular
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uptake of LMNP/DoxL at 37°C, the significant decrease in uptake of-NM/DoxL at 4°C
indicated an energy dependent uptake mechanism. Compared with the cellular uptake of LM
NP/DoxL without inhibitors asa control, the significant decrease and increase in uptake of
LM-NP/DoxL with inhibitors confirmed the corresponding endocytosis pathways of the
nanoparticles

Next, the endocytosis process of tNP/DoxL was alsovisualized by TEM imaging (Figure

1.1c,d and 2.7b). HeLa cells were treated with LMP/DoxL for different time durations.
After 1 h i nc u-bRstwasacleatlyolbsensed imtine acdic eddddomes, agreeing
with theinvitror esul t s di scussed above. AfteMNPs4 h in
were spotted, together with few siagLM-NPs dispersed in the cytosol. Furthermore, we
guantified and visualized the fusion process intracellularly by lysing the cells incubated with
LM-NPs/DoxL at different incubation time points. The intracellular Ga/ln ion concentrations
were then quarfied by inductively coupled plasma mass spectrometry. Importantly, the
structures formetia fusion were also further validated using TEM and analysed with the titan
scanning/TEM at an atomic scale. Similar to the-NWs/DoxL treated with acid (Figure

2.2d), the initial fusion behaviour was captured immediately upon cellular uptake, followed by
the formation of larger aggregates and the eventual degradation, which was in good agreement

with the significant increase of intracellular Ga (lll) ion concerdrativer incuhtion time

(Figure 2.9.
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The element mapping results revealed the fusion of the polymeric shells during the
conformational changes of LIMP/L (Figure 2.¢). The scatteringf Ga signal after Bnin
incubation indicated the fast di sruption of
increase of S and O signals in the background suggested the dissociation of thiolated surface
ligands. The timef-flight secondary ion mss spectrometry was further utilized to analyse the

surface of LMNP/AL and intracellular LMNP/L collected by lysing the cells internalized with

particles (Figure 2)9 The coexistence of thiols and oxides was well evidenced by the overlap

of the signalof GaO and GaSin LM-NP/L. The increase of HSsignal in the background

after 5 min incubation visvualized the disso
initial stage of fusion behaviour. The remarkable increase in the backgrolrglgd& and

the significant decreases in the signals of Ga@ GaSclearly indicated that the intracellular
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fusion behaviour of LMNP/L was a result of the synergistic action of the dissociation of

thiolated surface ligands and the disruption of oxides.
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The Annexin VFITC/4,6-diamidine2-phenylindole apoptosis detection and the terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay were performed to
compare the apoptosisducing capabilities of LMNP/DoxL and free Dox solution. Annexin
V-FITC labels the phosphatidylserine translocated to the extracellular memb@néhep
initiation of apoptosi&3, while 4,6diamidino2-phenylindole has significantly higher staig
efficiency with cells where the plasma membramtegrity has been compromig€ll This
combination allows the differentiation among the early apoptotic cells, the late apogligtic
and theviable cells, which can be quantitatively determined by the flow cytometry. The total
apoptotic ratio of HeLa cells incubated with ENP/DoxL was 68%, which was significantly
higher than 43% of HeLa celiscubated with LMNP/Dox (Figure 2.d). In addition, the cells
treated with LMNP/DoxL showed extensive apoptotic DNA fragmentation stained by the
Alexa Fluor 88 as green fluorescence (Figuree}, Bubstantiating that LMIP/DoxL is an

effective intracellular delivery vehicle for enhan@gabptosisnducing activity.
Next, the cytotoxicity of Doxoaded nanospheres towards HelLa cells was evaluated with 3
(4, 5dimethylthiazoi2-yl)-2, 5diphenyltetrazbum bromide assay (Figure 2)7 Cell

viability was dependent on both Dox concentratow incubation time, as expected. The-half
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maximal inhibitory concentration (Kg) of LM-NP/Dox and LMNP/DoxL towards HelLa

cells for 24 h tr eatLheespectively. .dNP/Dox8 displayadd 0. 2 3
higher cytotoxicity thanree Dox solutiof | C5 0 = 1 "1)3while biank LMNPsL without

Dox showed insignificant cytotoxicity within the range of tested concentrations. At low Dox
concentrati ong '@ 0M-NB/Doa asd had highdr cymtoxicity than free Dox

solution. It was suggésd that the acippromoted release of Dox achieved by liquid metal
nanospheres provided higher cytotoxic activity towards cancer cells. It should be noted that
LM-NP/DoxL showed significantly enhanced cytotoxicity 3.5 1 d f or 24 h t
compared wh LM-NP/Dox towards HelLa celthat overexpress CD44 recepfSywhich can

be attributed to the HAargeting moiety.

We further investigatech vitro cytotoxicity d LM-NP/DoxL towards Doxresistant HelLa
cells. The results showed that ENP/Dox-L displayed significant cytotoxicity towards Dox
resstant HelLa cells (1= 2 . 4 6'1),mpile free Dox solution did not show any obvious
cytotoxicity even at the concentiat of5 m'd (Figure 2.7). This result is encouraging and
offers guideline for future applications of l-MPs in the combination treatment of cancer drug

resistance.

2.3.3Tumortargeting and arttimorefficacy of LM-NP/DoxL
To evaluate theumortargeting capability of LMNP/DoxL (Figure2.1c,d), Cy5.5labelled
LM-NP/DoxL (Cy5.5(LM-NP/DoxL)) was administrated intravenously into the Hela

tumorbearing mice. Within a short time period, CygL® -NP/DoxL) presented a stronger
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fluorescence signal ithe tumor region compared with Cy5Babelled LM-NP/Dox (Cy5.5
(LM-NP/Dox)) withoutthe HAtargeting moiety (Figure 2.4). As time increased, elevated
fluorescence signals of Cy5(EM-NP/DoxL) were observed at theamor site as compared
withthenormat i ssues within 48 h powrmortargeiing eféect o n , [
of the nanospheres. After 48 h tumossaswell@sj ect i ¢
normal tissues were collected for ex vivo imaging study. The intensity of faesres signal

of Cy5.5(LM-NP/DoxL) at tumor site was significantly higher thamat of Cy5.5(LM -

NP/Dox) (Figure 2.18). On the basis of the quantitative regmfrnterest analysis, the
fluorescence intensity of Cy5(M-NP/DoxL) at thetumorsite wasl.82fold that of Cy5.5

(LM -NP/Dox) (Figure 2.14d). In addition, the fluorescence signal at tin@or site was three

times higher thanhtt in the liver or kidney (Figure 2.khk). The potentumortargeting

capability of LM-NP/DoxL can be attributed ttné combination of an enhanced permeability

and retention effect and active targeting mechanisms.
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different formulations at Day 14. The numeric label forhgamoris as follows: 1Saline 2,
Dox; 3, LM-NP/Dox; 4, LMINP/DoxL. Scale bar is 1 cm. (h) Histological observation of the
tumortissues after treatment. Themor sections were stained with hematoxylin and eosin.
Scale bar is 100m. (i) Detection of apoptosis in the@mortissues after treatment. Thanor
sections wer e s t-@UTh (@rden)vior &apbptodsuandr Hoaclese for muclei
(blue). Scale bariS0 & m.

The timedependent biodistribution of LMIPsL was furtherquantified by inductively
coupled plasma mass spectrometry. Halraor-bearing nude mice were killed at 6, 24 and

48 h after i ntr a-MNRsiDoxL for tissmejcalecton. dme results furtivér

substantiated the potetimortargeting capabilit of LM-NPs/DoxL (Figure 2.12.
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Figure 2.12 Time-dependent biodistribution of LNIP/DoxL in Helatumorbearing nude
mice at 1 h, 6 h, 24 h and 48 h after intravenous injection ofNEWDoxL. (a) Time
dependent biodistribution of LMIP/DoxL determired by gallium concentration. (b) Time
dependent biodistribution of LNIP/DoxL determined by indium caentration. Error bars
indicates.d. =3).
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The pharmacokinetics of LMIP/DoxL administered intravenously into mice was evaluated

by quantitatively mortoring the Dox concentration in blood plasnmiagire 2.13. The

elimination halflife (ti2), the mean residence time and the area under the curve depicting the

plasma drug concentration versus time were significantly higher than those of the free Dox

solution, suggesting the capability of l-MP/DoxL to maintain a high drug concentration

during a prolonged systemic circulation.
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Figure 2.13Pharmacokinetics of Dox after intravenous injection of the Dox solution and LM
NP/Dox-L into mice at Dox dose &mgkg™. (a) The plasma concentration versus time curves
of the Dox solution and LMNP/DoxL. Dox/Plasma (% IDnLY) is the ratio of the Dox
amount in the plasma to the total injected dose (ID). Error bars indicaten s=d3)( (b)
Pharmacokinetic pamaeters of the Dox solution and L-MP/DoxL. Data are means + s.d. (n

= 3). *P < 0.05,** P < 0.01 compared with the Dox solution group ((fwva i | e d

test).

tSt uden

The antiumor efficacy of LM-NP/DoxL was further assessed in the Helanorbearing

xenggraft mice. Different Dox formulations displayed significaatnor inhibition effects
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compared with saline as a negative control after successive intravenous administration into the
HeLatumorbearing mice (Figur2.11d, f, g). Both LMNP/Dox and LMNP/Dox-L displayed
remarkably higher inhibition efficacy towards Hetusnorgrowth than the free Dox solution,
which primarily resulted from théumortargeting capability of these nanospheres. More
importantly, a noticeable difference tamor volume inhibitionbetween LMNP/DoxL and
LM-NP/Dox was observed (Figure 2difi,g), further demonstrating the enhanced active
targeting capability of LMNP/DoxL. No significant change of mice body weights was
observed during the treatment of EINP/Dox-L (Figure 2.1%). The histological images using
haematoxylin and eosin staining showed that a massive cancer cell remission occurred in the
tumortissue (Figure 2.1) after LM-NP/Dox-L administration, with no obvious pathological
abnormalities in normal organs, includingrdiamyopathy, the major toxic effect of Dox

cancer tratment (Figure 2.14%.

Figure 2.14 Histological observatiof the normal organél. Heart, 2. Liver, 3. Spleen, 4,
Lung and 5. Kidneygollected from the mice after treatment with PBSandLM-NP/Dox-L
(1) at Day 14. Scale bas 100e m
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Moreover, the images obtained using the in SIWNEL assay showed the highest level of cell
apoptosis in theumor collected from the mi treated with LMNP/DoxL (Figure 2.11),
indicating that the suprentamorinhibition activity was attributable in part to the increased
apoptosis induced by LMIP/DoxL. The anticancer behaviour of L-MPsL was also
explored intumorbearing mice, where no significant anticancer effects were observed after
intravenous injection of blankM -NPsL (Figure 2.1%. Collectively, these results verified that
HA-conjugatel LM-NP/Dox-L efficiently accumulated at themor site, indicating effective
receptormediated intracellular transport, and thereby achieved the optimainaotiefficacy

in vivo.
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Figure 2.15 Antitumor activity of blank LM-NPA. (a) The tumor growth curves after
intravenous injection dflank LM-NP/L. Error bars indicate s.dh£5). N.S. (no significance)
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2.34 Toxicology evaluation of LMNP/DoxL

The toxicology of LMNPL to female Balb/c mice wasvestigated over 3 months (Figure
2.16). The female Balb/c mice injected with EMPL ( 4 5 h)gverk kdlled at 3, 7, 2G40

and 90 days post injection for blood collection. The levels of important liver function markers,
including the alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase and
the albumin concentration weadl within reference rang&€2®’, indicating that no obvious
hepatic toxicity was induced by LIMP/L treatment (Figure 2.56b). As an indicator of the
kidney functions, the urea levelsthe blood of treated mice weresalwithin the normal range
(Figure 2.18). For the haematological assessment, we selected white blood cells, red blood
cells, haemoglobin, mean corpuscular volume, mean corpuscular haemoglobin, mean
corpuscular haemoglobinoncentration, plalet count and haematocrit (Figure 211K).
Although a vibration of platelets concentration was observed on day 3, the value itself still fell
into a referenc@ormal rangeln addition, a steady recovery in platelets level was obderve
over time. The platelets level fully recovered on day 20, with no significant difference
compared with that of the age control group. All of the above indices in thRRAttreated

groups were normal compared with the control groups. We also perforneabay of the
sacrificed mice, and no noticeabtegan damage was observed (Figure R.1®issues
collected from the heart, brain and muscle were also investigated, and no obvious tissue injury
was observedqigure 2.17. Taken together, we concludedtth&-NP/L displayed no obvious
toxicity at the treatment dose, which was highly encouraging for the application-0fR/M

as nanomedicine.
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Figure 2.16Blood biochemistry and haematology data of female Balb/c mice treated with LM
NPsL at the dose of 4B g "k(tgtal nanocarrier dose used in antitumuor efficacy study) at
3, 7, 20, 40 and 90 d: (a) alanine aminotransferase (ALT), alkaline phosphatase (ALP) and
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aspartate aminotransferase (AST) levels in the blood at different time points afHePsM
treatment. (b,c) Timeourse changes of albumin concentration and blood urea nitrogen
(BUN). (d-k) Time-course changes of white blood cells (d), red blood cells (e), platelets (f),
haemoglobin (g), mean corpuscular volume (h), mean corpuscular haemogjpliredn
corpuscular haemoglobin concentration (j) and haematocrit (k) from control mice (CK) and
LM-NPsL-treated mice. Error bars indicate su.k3). () Histology evaluation of the major

organs (liver, spleen and kidney) collected from the control atetdemice and LMNPsL-
injected mice at different time points post

Heart Brain Muscle

3d Control

7d

Figure 2.17Histology evaluation abrgangheart, brain and muscle) collected from the control
untreated mice and LNIPsL injected mice (dose45 mg kg') at day 3 and day 7 post
injection. Scale bars: 100 & m.
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The singledose, acute toxicity of LMNPL and LM-NP/DoxL to female Balb/c mice was
investigated by identifying the maximum tolerated dose (MTD). The estimated MTD of LM
NPL was determned t o b%sugyésiling lovgacktegtoxicity. The estimated MTD
of LM-NP/DoxLwas f ound t'oDok dosel 5.75atughighegthan that of free
Dox solution. In addition, no obvious increase in IgE production was observed-MRMM

injected mice, revealing no sign of allergic reactiofig(re2.18).
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Figure 2.18SerumigE levels in female Balb/c mice injected with PBS and-NKsL (dose:
45 mg kg'). Error bars indicate s.dn#3).

Moreover, we have also monitored the tidependentexcretion to study then vivo

metabolism of LMNPsL (Figure2.19. The results suggested that the clearance oiNRL
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was possibly through both fecal and renal excretions. The excreted concentrations of both

gallium and indium were steadily decreasgdrdime.
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Figure 2.19LM-NPsL levels in feces and urine determined by gallium (a) and indijnm (b
the first week aftemnjection. Error bars indicated. (=3).

2.4 Conclusion

We have developed a new liquid mebalsed drug delivery platform fonticancer therapy.

The formulation can be easily formed and tailovéligand-mediated setassembly using
facile ultrasonication. The resulting liguidetal nanospheres are able to fuse for promoting
drug release and eventually degrade under a mildcaeivironment. After fusing, these
nanospheres also display a contrast enhancing capability when imagedhpysxiggesting
potential as a theranostic reagent. Systematic investigation of toxicology-biRAMrevealed

no obvious toxicity at the treatmiethose favoringits biomedical applications. Although there
were no obvious signs of toxicity in these studies, we will further evaluate the systemic toxicity

of the developed formulations, as well as other promising candidates made from different
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liquid metal, such as pure gallium. Moreover, considering other physical properties of liquid
metal, including capability of dissolving iron or other metals, mechanical flexibility towards
tissues and electrical conductivity, many new materials and scaffoldsatee with liquid

metal for drug delivery and tissue engineering can be envisioned.
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CHAPTER 3
COMBINATION DELIVERY OF CHEMOTHERAPEUTIC/CYT OKINE USING

LIQUID -METAL NANOPARTICLES

3.1 Introduction

Resistance to chemotherapy, including intrinsic and aeduesistance, represents a major
challenge for current cancer treatment and res&&rElor instancethe clinicalpotencyof cis-
diamminedichloridoplatinunglil) (CDDP), an extensivelgmployed chemotherapeutic that
induces cell apoptosis mainly by hindering DNA replication, frequently suffers from
chemoresistance and trseibsequentialesponse failuré€®?%0. Even with positive initial
response, CDDJesistance are often developed along with the increasedhé&eadoses,
resulting in failure in clinical practice. Acquired CDDP resistance is found to be correlated
with the upregulation of the antioxidant glutathiéfieand the decreased intracellular drug
accumulation caused by the dreffjux2%?, which provide potential start points to postpone the

development or to overcome drug stance.

Another appealing approach to address dagistance is to eadministratemultiple drugs

with distinguished functioning mechanisms and active si@smpared with treatment with a
single therapeutic, eadministration lowers the dosage of individual agents to delay the
development of dig resistance as well as minimize the risk of complete response failure in
the means of multiple action sites and mechanisms. In light of thisgepeet here aliquid

gallium-basednanaformulation for cedelivery of chemotherapeutic/cytoking® overcome
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drug resistance in cancer cells, aiming for an enhanced anticancer effiakog advantage

of the unique characteristics of gallium, this novel nanomedicine has a variety ofimeris

of simple fabrication as well abe capability of fusion andegradation in a mildly acidic
environment More importantly, in addition toimultaneouslydeliver membranassociated
cytokine and intracellular active CDDP, the nanomedicine can intracellularly transform into
ribosome inhibitoiGa (I11) ionsand facilitde the reversenent ofdeveloped drug resistariée
Known as a lowmelting metal, galliumappears adow-viscosity liquid underbody
temperature, thus in ordey dbbtainliquid-gallium based drug nanocarriee emulsiodike
ligandmediated procedure is simpgpplied through ultrasonicatioimeatment in aqueous
environmentat physiologicaltemperatureDuring sonication, the thiolated ligands readily
assemble onto the surface of galliupompeting with the oxidation proceasd facilitating
control of the particle sizénterestingly, aqueous solution that is generally considered as poor
solvents for liquidmetal based micknancfabrication and typically fails to emerate
nanoscaled formulations, functions well here for gallium nanosphere preparation with the
presence of thiolated HS@esignatedn-HSA)?’4 It is noticeablethat in this designn-HSA

not only serve asapping agents during the formation of nawaled liquidgallium spheres,

but also play roles of drug loading matrix capable of absorbing CDDP and tumor necrosis
factor (TNF}related apoptosisiducing ligand (TRAIL). TheHis and Met side chairns the

HSA provides faithful loading sites f@DDP, while its negative net charge enaldésorption

of positively-charged TRAILvia electrostatienteraction The ynal for mul ati o
cNP) comprises three primary functional constitueGBDP-loaded HSA shellTRAIL and

a galliumcore.To be noted, apart from inducting cell apoptosis, TRAIL also functions as
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active targeting motif for enhancéamoraccumulationAfter intravenousnjection, tcNPis
expected to accumulate taimor sites as a resutif the enhanced permeability and retention
(EPR) effectind TRAIL-mediatedactive targeting effect&irst, TRAIL acts on the membrane
death receptors iaduce apoptost€3. Upon endocytosis, thecNPsare expected to fuse with

each other in the mildly acidic endosome microenvironment, leading to the dissociation of
CDDP-containing ligands and therefore promote drug release. The aggregates ¢fdig=d

are expected to degrade duéhe synergistic effect aixidative corrosionin the meanwhile,

NPs and aggregates escaped from endosomes provide surface sites forgbgombedlular

thiols, whose upregulation is generally considered as associated with resistance development
towards several chemotherapeutics, including CDB#thermore, the main degradation
product, Ga (lll), can serve @abosome inhibitor as well agversedevelopedirug resistance

in drugresistant cancer cellif a nutshell this liquid gallium-basedco-delivery systentan

fight drugresistance in cancer cells and generate enhancego anticancer effectsl) it
delivers TRAIL protein that aatates death receptors to induce apoptdigusion happens

to promoteCDDP release in amcidic cellular environment to inferenBNA replication 3)

its main degradation product Ga (lll) ions can serve as ribosome inhibitor as well as reverse
drug resitance; 4) NPs and aggregates escaped from endosome work as intracellular thiol
scavengeand5) the overall formulation is fully biocompatible and biodegradable, thus can

avoid potentialmmune responses asglstemic toxicity.
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3.2 Experimental Section

3.2.1Materials

All chemicals were purchased from Sigmadrich (St. Louis, MO, USA) unless otherwise
stated. His-ILZ-TRAIL (residues 11481) (denoted as TRAIL) was produced from
Escherichia coli by the pET23dWis-ILZ-hTRAIL vector and purified as described

previously in detail

3.2.2 Instruments

The particle size and Zeta potential were measured by the Zetasizer (Nano ZS, Malvern). The
fluorescence intensity was measured by a microplate reader (Infinite M200 PRO, Tecan).
Transmission electron microscopy (TEM) imagesdfPswere obtained on a JEOL 2000FX
Scanning Transmission Electron Microscope (STEM). TEM images of cell sections were
obtained on a JEOL 1200EX TEM. Laser scanning confocal microscopy images were obtained
with the Carl Zeiss LSM 710 Laser Scanning Microscopew cytometry study was

performed using CytoFLEX flow cytometer.

3.2.3 Preparation and characterization-aiNP

For a typicat-cNP preparation, a small amount @& (10 pL) was added to a centrifuge tube
(2.7mL), which was filled to a total volume of mL with aqueous solutionontainingl0 mg
thiolateHSA. After sonication, larger than100 nm were separated by mild centrifugation (1000
rpm). The resulting nanospheres were collesiedcentrifugation and resuspended in PBS

buffer. Cy5.5 labelled nanospres were prepared by adding Cy5.5 conjugHiteA into the
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ligand containing mixture. Fodrugloading of TRAIL, 1 mL of NP was incubated with 100
¢ Lof TRAIL or CDDPwith stirring at4 °C overnight. The resultingrugloaded NPwas
extensively washed with PB&a centrifugation to remove the exceBRAIL or CDDP. For
TEM characterizationi-cNP was cast onto a TEM copper grid (300 mesh) (Ted Péfsr

drying in air, the sample was observed by TEM (JBEMOFX, Hitachi) operating at 200 kV.

3.24 Synthesis of fluorescenthabeledmHSA and TRAIL

2 mL of mMHSA was added with FITC d&y5.5 NHS ester (Cy5-BIHS) (KeraFAST) (20ng

mL™) in DMSO and reeted at 4 °C overnigh® mL of TRAIL (1 mgmL™) in 50 mM sodium
carbonate buffer (NaHCG (pH 8.5) was added with 56 Lof rhodamine NHS ester
(rhodamineNHS) (Thermo Scientificlh DMSO and reacted at 4 °C overnigihhe resulting
rhodamineTRAIL was purified by the repeated centrifugal filtration (10K MWCO) at 10000
rpm for 15 min and washing with PBS. The fluorescentnsities oFITC-HSA, Cy5.5HSA

and rhodamind RAIL were determined at the excitation/emission wavelength of 552/585 nm

and 673/707 nm by the microplate reader, respectively.

3.25In vitro acidtriggered CDDP release

t-cNP (0.5 mL) were added into dialysis tube (10 K MWCO) (SlidA-Lyzer, Thermo
Scientiyc) and mddfthd PBS uffer salgtianianpsl 6.0 dr 4.4, and gently
shaken at 37 AC in a shaker (New Brunswick

intervals, the total iter solution was replaced with ML of fresh buffer solution with the
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same pH. The concentration GDDP was determined bthe inductively coupled plasma

optical emission spectromet(hCP-OES).

3.26 Cell culture

MDA-MB-231 cells were obtained from ¥®ise Culture Facility of UNC Lineberger
Comprehensive Cancer Center and cultured in DMEM with 10% (v:v) fetal bovine serum
(FBS), mLt®&®nW ci | | i nmmL"astreptontyd@n0in @rg incubator (Thermo
Scientific) at 37 AC ;andt2% relatwehunaiditynthe qells weree o f
sub-cultivated approximately every 3 days at 80% confluence using 0.25% (w:v) trypsin at a

split ratio of 1:4.

3.2.7 Intracellular trafficking

MDA-MB-231 cells (1 x 1Dcells per well) were seeded in a confocal nwscopy dish

(Mat Tek). After cul ture f dluorekdntlylabeled-dNEBatc el | s
37 AC for 2 h, and then washed twice using 4
free culture medium f or lydcklisweéreostaiadd byHodthsto r 4
33342ml(*YY ¢€bife Technologies) at 37 AC for 1C

4 AC PBS twice and i mmediately observed usin
3.2.8 In vitro cytotoxicity
MDA-MB-231 cells (1 x 19cells per well) were seeded in the-88ll plates. After culture

for 24 h, the cell s wNPwihdéereptceeatratiors of CDOP, t NP
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or TRAIL for 24 hgloffoltlhoeweMT To ysiidd)dldtstutygthe2(05 mg
in vitro cytotoxicity towards drugesistant cellsPDP-resistant MDAMB-231 cells (1 x 19

cells per well) were seededinthe®@e | | pl ates. After culture fo
to the CDDP solution and c¢cNP wit Holovedfby er ent
addi rdgof20t he MTT esb).dfitem @5 hmepf incubation
removed, and t he c e Lofdimethwesulghoxide. Xhe dbsovbancehwasl 5 0
measured at a test wavel engtoh df3 05 7nOm rbny aan dni

reader (Infinite M200 PRO, Tecan).

3.2.9 Apoptosis assay

Apoptosis of MDAMB-231 cells was detected using the AnnexiAFN'C Apoptosis

Detection Kit (BD Biosciences). The cells (1 X bells per well) were seeded in the-gigll

pl ates. After cul ture f odi f4f8e rhe n tt hfeo rcreei |l ast iwoe
Ssubsequent procedures were performed in acc:
Annexin V-FITC apoptosis detection, the cells warealyzedoy flow cytometry (BD FACS

Calibur)

3.2.10 Animals andumorxenograft models

All animals were treated in accordance with the Guide for Care and Use of Laboratory
Animals, approved by the Institutional Animal Care and Use Committee (IACUC) of North
Carolina Sate University. To set up thmor xenograft model, the female nude mice (6

weeks, J:NU, The Jackson Laboratory) were subcutaneously inoculated in the back with 1 x
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10" MDA-MB-231 cells. Theéumor size was monitored by a vernier caliper andttheor
volume (V) was calculated a¢=L x W?/2, whereL andW were the length and width of the

tumor, respectively.

3.2.11 In vivoimaging study

The animal study protocol was approved by the Institutional Animal Care and Use Committee

at North Carolina State Univety and University of North Carolina at Chapel Hill. When the

tumors reached to 268 0 0 3, rthe mice were intravenously injected by CyB:8NP) at

Cy5. 5 dos e "olhages eratakenlon thkedVIS Lumina imaging system (Caliper,
USA) at 1, 4, 12, 24 and 48 h poseeuthanizekect i on
Thetumors as well as major organs were harvested, weighed and subje@edifmimaging.
Regionof-interests were circled around the organs, and the fluorescence intensities were

analyzed by Living Image Software.

3.3 Resultsand Discusion

3.3.1Preparation of-tNPs

To prepare the liquid metal nanocarridigid-phase Gavas added to a centrifuge tube filled
with aqueousolution of thiolateHSA (volume ratio ofGa solution=1:99). After sonication,
the supernatanbanoscale collai was removed from thi@beand resuspended RBS buffer
Next, TRAIL and CDDP loadedNP (t-cNP) was obtained by overnight incubation with
TRAIL, followed by overnight incubation with CDDP solutiofihe mixture was washed to

remove the exceSRAIL and CLDP. A decrease in the zefmtential was observed after the
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loading of positivelycharged TRAIL protein, indicating the successful absorption of TRAIL
onto the surface of NR&igure3.2b). The resulting-cNP appeared as coshell structured
nanospherewith a diameter of approximatehO0 nm which wasin consistenceavith the
hydrodynamic diametedetermined by dynamic lasecattering (DLS) testéFigure 3.2a,

Figure 3.3.

a . b NP tNP t-cNP

20+

-10 1

-15

Intensity (%)

-20 4 T

Zeta potential (mV)

L -254
T T

100 1000 10000
Hydrodynamic diameter (nm)

Figure 3.2 Characterization of Ga nanosphef@y.The hydrodynamic size ofdNP measured

by dynamic light scatterindgnsert: coreshell structure of the¢NP observed using TEM, scale
bar is 50 nm.l) Changes in zeta potential of NP after drug loading. Error bars indicate s.d. (
=3).
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Figure 3.3Representativ8 EM image & t-cNP. Scale bar is 100 nm.

3.3.2 Acid-triggered shape transformation

The conformational change 6ENP with up tol0 dacid treatment (pH 5.0) was visualized
using transmission electron microscopy (TEM) imagihlge aggregates formed by fusion
increagd in size ovetime. Compared with the our previous system described in Chapter 2,
the fusion of &tNP was significantly slowekVe hypothesized that thdelayed fusion could

be attributed to the protection from the evenly coated protein. shefthermoe, the

degradation ot-cNP at pH 5.0 was clearly observeth TEM imaging over timewhile
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negligibledifference was observed in the case of neutral buffex representative TEM image

of t-cNP immersed in acidic (pH 5.0) PBS buffer for 10 days showel@eee of degradation

into hollow shells dated with shrunk metallic core=videnced the occurrence of degradation.

Of note, the main degradation product, Ga (lll) ion, has been reported to reverse drug resistance
in drugresistant cancer cells, which cdyotentially generate synergistic effects and prevent

drug resistance.

Incubation time

Figure 34 Representative TEM images eoENP after different time immersed in acidic (pH
5.0) PBS buffer. Scale barsd0 nm

3.3.3Intracellular behavior

The intracellular delivey of t-cNP into MDA-MB-231 cells was further explored using the
confocal laser scaing microscopy (CLSM)Kigure 353). The fluorescence signals of FITC
labelled HSA and rhodamidabelled TRAIL clearly cdocalized in MDAMB-231 cells after

1 h of inculation with fluorescenctabeled {cNP, indicating the cellular internalization of the
nanosphere®ext, theintracellular behavioof t-cNP was visualized by TEM imagin$yIDA -

MB-231cells were treated withcNPsfor different time duration@fter 4 h incubation, fusion
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of NPs was clearly observed in the acidic endosomigslar tothein vitro results discussed

above Additionally, few single NPsvere founddispersed in the cytosol.

a FITC Rhodamine Hoechst Merged w/ Phase

Figure 3.5 Intracellular interactiorand drug releasga) Cellularinternalization of {cNP
observed by CLSMb) Representative TEM images MDA -MB-231cells incubated witl-
cNPfor 4 h.Scale bar: E m.

3.3.41In vitro anticancer efficacy

Next, wefurtherinvestigatedn vitro cytotoxicity of cNPtowardsCDDP-resistantMiDA -MB-
231 cells. The cytotoxicity ofdrugloaded nanospheres towarcsncercells was evaluated
with 3-(4, 5dimethylthiazoi2-yl)-2, 5diphenyltetrazolium bromide (MTT) assagell
viability was dependent on botlirug concentration and incubation time, as expeciédt:
results showed thalNPdisplayed significant cytotoxicity towar@DDP-resistaniViDA -MB-

231cells (IGo=10.8uM L), while freeCDDPs ol ut i on di dndét show any
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even at the concentration ®® uM L. This result is very encouraging anftfers guideline

for future applications oNPsin the combinationtreatment of cancer drug resistanées.

previowsly mentioned, w hypothesizedth@ NP6s capability of rever.
resistance could be attributed to the increased intracellular drug accumulation caused by the
minimized efflux, the absorption of intracellular thiols as well as the susteatesse of Ga

(1) ions.

120 T
Bl CDDP solution
—EE @ Ga-NP/CDDP

100 -

o)) Co
o o
1 1

1N
o
L

Cell viability (%)

2 4 6 8 10
CDDP concentration (uM)

Figure 3.6 In vitro cytotoxicity ofcNPon CDDP-resistanMDA -MB-231cells for 24h. Error
bars indicate s.dn€3). *P < 0.05, *P< 0.0l (twet ai | ed t&stludent 6s

3.3.5In vivotumor targetability
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To evaluate theumortargeting capability of-cNP, Cy5.5labelledt-cNP (Cy5.5(t-cNP)) was
administrated intravenously into tDA -MB-231tumorbearing micgFigure 3.6). Within

a shorttime period, Cy5.5t-cNP) presented a stmlonnthetumopuor es
regon As time increased, el e(lcP) waeobsarcedathe enc e
tumorsite as compared with the normal tissues within 48 h post injection, indicating a notable
tumortargeting effect of the nanospheresteAf48 hpost injectim, the mice were euthanized,

and thetumors as well as normal tissues were harveste@xXorivoimaging study. Based on

the quantitative mgon-of-interest analysis, thuorescence signal at th&mor site was

aboutthree times higher than that the liver or kidneyThe potentumortargeting capability

of t-cNPcan be attbuted to the combination of a passer@anced permeability and retention

(EPR) effectand TRAIL-mediated active targeting mechaniém
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Figure 3.7 In vivotumar targetability. (a) In vivo fluorescence imaging of tidDA-MB-231
tumorbearing nude micat1, 4, 12, 24and 48 hafterintravenousadministratiorof Cy5.5(t-
cNP)(30 nmol/kg Cy5.5). Red arrow indicates the tumor fifgEx vivofluorescence imaging
of the tumor and normabrganscollected fronthe miceat 48 h after administratiod: heart;

2: liver; 3: spleen; 4lung; 5 kidney; 6 tumor.(c) ROI analysis of florescent signalsf the
tumorand normabrgans

3.4 Conclusion

In conclusion,we have desloped a new liquid galliurbased calelivery platform for
overcoming drugesistance and achieving enhanced anticancer potency. The formulation can
be easily formed and tailored biofriendly aqueous solution with the facilitation of thiolate
ligandsusing facile ultrasonication. The resulting ligenaetal nanospheres are able to fuse for
promoting drug release and eventually degmattetransform into ribosome inhibitor Ga (111)
ions under a mild acidic environment, while the loaded chemotherapeutkifeyto
combination provides synergistic anticancer effé€ctmsideringhe composition diversity and
unique physicochemicalroperties of liquid metaf®, we believe that this platformill start a

new generation ofiquid-metal based namwaterials withthe capability of programmably

releasingmultiple drugs to fightlrugresistance in cancer therapy

106



CHAPTER 4 ENHANCED ENDOSOMAL E SCAPE BY LIGH T-FUELED LIQUID -

METAL TRANSFORMER

4.1 Introduction

Limited endosomal escape of cargo molecules during intracellular drug delivery remains as a
major challenge in both regeh and clinical practic@$2%42%42% To date, most strategies
involve small molecules such as chloroquine, cationic polymers such as polyethylenimine
(PEI), and bacteria and virus dexd poreforming protein$>2%6297 Despite their efficiency,

the broad application and clinical translation of cationic polymer based approaches and
protein/peptide dependent strategies are limited due to their systemic toxicity and lack of
specificity. More recently, researchers have taken advantage of the photothermal therapy
(PTT) and/or photodynamic therapy (PDT) to achieve tghgered spatialteporal control

over endosome sliuption and cargo esca&f®. In these strategies, liglgenerated heat or
reactive oxygen species (ROS) could facilitate sodwmal escape of cargo molecules.
Compared with traditional moleculeased approaches, such extestahulus controlled
systems have several advantages, including the capability of remotely controlling drug release
and enhancing spatial precision for miming off-target drug rele&s and systemic
toxicity!433%%, Nevertheless, PTT based straesgbften suffer from relatively low efficacy due

to the limited efficiency of liglitheat conversion and the heat loss during the energy transport.
In addition, the large thermal excursions make them unsuitable for thermosensitive cargos,
including a wide ange of protein therapeuti®8 The effectiveness of PDT based strategies is

also restricted by the short lifetime (below 0.1 ms) and the shoohaetnge (usually witn
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10 to 20 nm) of the RG4S, In addition, the ROS generated during PDT could cause oxidation

damages to cargo molecuf843%,

Herein, we report a lightesponsive liquiene t a | Ainanotransfor mer o
efficient endosomal escape. In our previous demonstration, the eutectic alloy of gallium indium
(EGaln, 75% Ga and 25% In by weight) displays low toxicity anaddnocompatibilityin

vive>>. Here, we discover that EGabased nanostructures can undergo dramatic
morphological transformation in an aqueous environment with appropriate external
stimulation, such as heating. To this end, a sonicdtésed approach is sim@pplied to bulk

EGaln in an agueous solution of graphene quantum dots (GQDs) to generate transformable
liquid-metal nanoparticles (tNPSY72274306 The resulting particles appear as uniform
nanospheres coated with GQDs. In this formulation, the GQDs not oplybetrol particle

size during nanosphere formation but also serve as energy collectors and converters to absorb
photoenergy and generate locahhand ROS (Figuré.1a,b}°2%, The locally generated heat

and ROS can be consumed by the liguieltal core to drive the phase separation of the alloy
due to the transition of Ga into (GaO)OH, which leads to the subsequent morphological
transformation from nanosptes into hollow rods (Figurd.1b)*1%3% Such a remarkable
transition of aspect ratio can physically disrup endosomal membrane to achieve efficient
intracellular delivery of cargo molecules (Figdréc). Additionally, the efficient consumption

and elimination of heat and ROS mediated by GQDs can avoid potential and undesired damage
to payloads. Collectivelyhis liquidmetal nanocarrier is transformable in terms of both energy

conversion and morphological change. It can efficiently absorb photoenergy and convert the

108



absorbed energy to heat and ROS, which can be consumed by therlgfalccore to achieve
morphological transformation, leading to the physical disruption of cellular structures. This
unique energy conversion mechanism could minimize potential photo, thermo, and oxidation
damages to cargo molecules. Moreover, with incorporation of fluorescens GiggPdelivery

vehicle can simultaneously serve as imaging agents for spatiotertimyealosticd?
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Figure 4.1 Schematidesignof light-fueled liquidmetal transformei(a) Preparation route of
tNPs. p) GQDs generate localized heating effect and ROS upon light irradiation, enabling the
transition of Ga to (GaO)OH, which leads to the morphological transformation from
nanospheres to nanorods. (c) GQaated tNP<an be usedor light-triggered endosomal
escape. (i) tNPs enter the ceilh endocytosis. (ii) tNPs undergo intracellular morphological
transformation to physically disrupt endosomal membrane upon light irradiation.

4.2 Experimental Section

4.2.1 Materials

All chemicals were purchased from Sigklrich (St. Louis, MO, USA) unless otherwise
stated. Thioclpolyethylene glycemine (HSPEGNHS) with the PEG molecular weight of
2000 were purchased from Nanocs Inc. (New York, NY, USA). Doxorubicin hydrochloride

was purchased from BIOTANG Inc. (Leximgp, MA, USA).

4.2.2 Instruments

The particle sizewas measured by the Zetasizer (Nano ZS, Malverhg fluorescence
intensity was measured lay microplate reader (Infinite M200 PRO, Tecahjansmission
electron microscopy (TEM) images of tNPs were oigd on a JEOL 2000FX TEM. TEM
images of cell sections were obtained on a JEOL 1200EX TEM. EDS (etispgrsive X
ray spectroscopy) elemental mapping of single particles was obtained on a FEI 73@D 80
probe aberration corrected scanning TEM (STEMj)goed with ChemiSTEM syste-ray
powder diffraction (XRD) analysis was performed on a Rigaku SmartLatayX
Diffractometer Laserscanning confocal microscopy images were obtaividdthe Carl Zeiss
LSM 710 Laser Scanninijlicroscope Flow cytometry stdy was performed using CytoFLEX

flow cytometer.
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4.2.3Preparation and characterization

For a typical tNP preparation, a small amount of EGaln (80 pL) was added to a centrifuge tube
(50 mL), which was filled to a total volume of I8L with GQD contained Divater. After
sonication, the largest particles precipitated within seconds, and the slurry was removed from
thevial. The particles larger than100 nm were separated by mild centrifuga6o0 rpn).

The resulting nanospheres were colleatedcentrifugaton and resuspended in PBS buffer.

For loading of Dox, InL of tNP was incubated with 1@0 Lof triethanolamine (TEAjreated

Dox in dimethyl sulfoxide (DMSO) (5 magnL1) with stirring at room temperature overnight.

The resulting DoxXoaded tNP was extenaly washed with PBS8ia centrifugation to remove

the excess Dox. BSA loaded nanospheres were prepared by addiiREGIOIHS conjugated

BSA into the sonication mixture. For TEM characterization, different formulations were cast
onto a lacey carbon TEM pper grid (300 mesh) (Ted Pella). After drying in air, the sample

was observed by TEM (JEG2000FX/ JEOL 2010F/ FEI Titan 8800) operating at 200 kV.

4.2.4Electron tomography
The highangle annular dark field (HAADF) STEM images of the samples wereatedl using
a STEM (FEI Titan 800) at tilt intervals of 1° froma70° to 70°. The tilt series were aligned

and reconstructed using IMOD 4.7r(ersity of Colorado, Boulder)
4.2.5Cell culture
Hela cells were obtained from Tissue Culture Facility of@JNneberger Comprehensive

Cancer Center and cultured in DMEM with 10% (viw\)fa| bovi ne semlidm ( FBS
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penicillimandep006mygin in an incubator (The
atmosphere of 5% COand 90% relative humidity. The cells were sulftivated

approximately every 3 days at 80% confluence@8i25% (w:v) trypsin at a split ratio of 1:5.

4.2.6Determination of endocytosis pathways

HelLa cells (1 x 1®per well) were seeded the 6-well plates and cultured for 48 h. In order

to investigate whether the cellular uptake of tNP was energy deperdencells were

incubated with tNP at 4 °C and 37 °C, respectively. To determine the endocytosis pathway, the
cells were prencubated with several specific inhibitors for various kinds of endocytosis for 2

h [inhibitor of clathrirmediated endocytosisucrose (SUC, 450 mM) and chlorpromazine
(CP2z, 10 & M)caveolinmeidbiat ed ehdocytosi mL?), nystat
inhibitor of micropinocytosis: amiloride (AMI, 1mM); inhibitor of lipid raft: metHq

cyclodextrin (MCD, 3 mM)] at 37 °C, respecly. Afterward, the cells were incubated with

tNP in the presence of inhibitors for additional 1 h. After washing the cells with 4 °C PBS

twice, the fluorescence intensity of the cells was determined by flow cytometry.

4.2.7Preparation of rhodamidabeled BSA/tNPs

Rhodamindabeled BSAPEGSH was synthesized in 50 mM sodium carbonate buffer
(NaHCO3) (pH 8.5) by adding 50 Lof rhodamine NHS ester (rhodamiNgdS) (Thermo
Scientific) in DMSO and reacted at 4 °C overnight. Rhoda#tdheled BSA/tNPs (Rho
BSA/tNP) were prepared by dissolving B#&GSH conjugates in GQD solution during the

sonication.
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4.2 .8Intracellular traficking

HelLa cells (1 x 19cells per well) were seeded in a confocal microscopy dish (MatTek). After
culture for 24 h, the cells were incubated
using 4 AC PBS, foll owefrdechltyr ¢ nmeidiat inofno wi a dd
or 4 h. For visualizing subcel l ul ar struct
LyosTracker Green (50 nM) (Life Technologi e
(1mY (Life Technologi@a)l!|l gt B3heACel bs wWerm

PBS twice and immediately observed using CLSM (LSM 710, Zeiss).

4.2 9Intracellular ROS detection
HelLa cells (1 x 19cells per well) were seeded in a confocal microscopy dish (MatTek). After
cul t ur e f osrwergidcubated withhithePs forelh ih dark, followed by the addition of

DCF-DA. The cells were incubated withDEIFA s ol ut i on f or 45 min at

4.2.10In vitro cytotoxicity

HelLa cells (1 x 19cells per well) were seeded in the@éliplates. A t er cul ture for
cells were exposed to the different formul a
power density of 100 mW chifor 10 min. Afta& 24 h i nc u bsalbfithe MTTi n dar
sol ut i onh'!) waB added to each welhf t er 4 h of i ncubation
removed,and he <cel | s we redof dmethy suiphexide. The hlisd@bance was
measured at a test wavelength of 570 nm and

reader (Infinite M200 PRO, Tecan).
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4.2.11Animals andumorxenograft models

All animals were treated in accordance with the Guide for Care and Use of Laboratory
Animals, approved by the Institutional Animal Care and Use Committee (IACUC) of
University of North Carolina at Chapel Hill aihtbrth Carolina State University. To set up the
tumorxenograft model, the female nude mice (6 weeks, J:NU, The Jackson Laboratory) were
subcutaneously inoculated in the back with 1 ¥HéLa cells. Théumorsize was monitored

by a vernier caliper and themorvolume {/) was calculated ag=L x W?/2, whereL andW

were the length and width of themor, respectively.

4.2.12Determination of maximum tolerated dose

The maximum tolerated dose (MTD) was defined as the higbsestthat does not cause major
adverse reactions imice over 10 days post single dose intravenous injection. In this study,
major adverse reactions were considered to be immettath, impaired mobility or irregular
breathing thatould not be recovered within a day, over 10% wdigg over continuous days,

or histological evidence afrgan toxicity.

4.2.13In vivoantitumor efficacy

The HelLa tumor-bearing mice wee weighed and randaLy divided into different groups
when thetumor volume reached 50 minand were subjected to thelfabing treatments: 1.
salinewith light irradiation 2. Dox with light irradiation 3. intravenous injection of Dox/tNPs
only; 4. intravenous injection ddox/tNPscombined vith light irradiation.The mice were

intravenouslynjected with different formukionsevery other day fot2 days, and meanwlei
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thetumor sizes were measured. In the light treatment groupguther sites were irradiated
with 635 nm light 1h after eveigtravenous injection at a powder density of 100 mW?dor

20 min.

4.3 Resuls and Discussion

4.3.1Preparation ofight-responsivéNPs

To prepare the tNPs, a small amount of EGaln (80 uL) was added to a centrifuge tube filled
with aqueous solution of GQD. After sonication, the largest particles precipitated within
seconds, and éhnanoscale colloid was collected from the tube. The resulting tNPs appeared

as coreshell structured nanospheres evenly coated with GQDar@H4g).

Figure 42 Repr esdmtaantsimiessi on el ect magesmsmi of 0 EODBY

and tNBD Gregh arrows show GQD shel D. fn@acal
t NP (right)
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These nanoparticles displayed good stability in PBS buffer with no significant change in
hydrodynamic diameters for up to two weeks (ffegt.3). To be noted, GQDisehaved like a
surfactant during the sonication to help control the particle sizer@4gd). Like the GQDs,

the tNPs also exhibited the excitatidapendent emission behavior (Figdrs).
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Figure 4.3 Hydrodynamic size ofNP and Dox/tNRn PBS buffer
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Figure 4.4 Hydrodynamic sizeof particles formed with and without GQDEhe results here
show the hydrodynamic diameters of particles collected after removing the largest particles
participated right after sonication, but previous to further centiikigdased purification.
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Figure 4.5 Fluorescence spectrum of GQD and tNP at different excitation wavelength.

4.3.2 Light-triggered morphological transformation

To study the lightriggered morphological transformation, we irradiated tNPs with light at
power density of 100 mW cfa Considering the efficient tissue penetration depth, we chose
635 nm as the irradiation wavelengifh Transmission electron microscopy (TEM)aging
helpedto visualize the morphological change of tNP with up to 20 min of lightuf€id.6 b).

We classified the differentnorphologiesobserved during this process into four stages
(designated M1, M2, M3 and M4L.onversion of M1 stage M2 stageappeared within the

first 5 min of light irradiation. We spotted the initial sign of phase separation at this stage, in
which nanofragments grew from the spherical nanoparticles (M1). During the following 10

min, these nanofragments gradually assembleéd ovalshaped nanosheets (M3). The
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nanosheets then transformed itttie rod-like nanostructures (M4) witthe continuous light
irradiation. The calculation and statistical analysis of large quantities of TEM data also

revealeda remarkable increase theaspect ratio of nanostructures (fig4.6 a).

Figure 4.6 Light-induced morphological transformation. (a) Schematic changes of aspect ratio
of the tNPs over light irradiation time. Grey spheres in M2 and M3 represent remaining
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