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Abstract

In this study, a templatassisted method for the synthesis of polydopamine nanotubes is
developed. By altering the amount ratio between dopamine and template, a robust tubular structure
is obtained. This unique process allows modification of the outeinaed layers of the nanotube
in separate steps. The outer layer of the nanotubes is coated with polyethylene glycol to enhance
its biocompatibility. Then the inner layer is modified with thernsensitive poly(N
isopropylacrylamide) to increase the nanostrt ur e6s t her mal responsi v
nanotubes show better stability in an aqueous solution than the pristine nandieeser,the
photothermal effect of polydopamine allows the remote contrplobf(N-isopropylacrylamide),
which presents d&ydratedor dehydratedstate under different temperaturéaurthermore, the
abundant catechol groups present as the reductive sites to immobilize zthe nkagnetic
nanoparticles, which endows magnetic response to the nanotubes. To investigate thedcontrolle
releaseof nanotubesapability to payloadsjoxorubicin a cationicsmall molecular drugs used
as a payload modeThe release rate in different pH, magnetic field, ametarinfrared lasers
tested. As aresult, a mulimear regression model eéstablished to describe the impacts of various
stimuli on thedoxorubicinrelease rate from the nanotube.

Besides the nanotube, synthesis of hollow polydopamine -SBloaded nanocapsules
(nanobowils), as small as 80 nm in diameter, via goahéemplateree rapid method is developed
in this study. The addition of dopamine to a solution of 0.606 mg/ml Tris(hydroxymethyl)
aminomethane in an ethanol/water mixed solvent results in hollow spherical formation

nanocapsules within two hours. At longer reactiones, the formation of conventional solid



nanospheres dominates the reaction. The nano
dopamine concentration in the reaction medium increasedudfidientoxygen supported. Under
dehydrated status, the nanpsales with thirwall thickness and prepared with deficient oxygen

were prone to collapsdloreover,the degreef collapse of individual nanoparticles changes from
complete to partial to no collapse as the wall thickness increased. Varying the ethaeati con

af fects the nanocapsul es6 «ees notregult in B noticeablen d 0 Vv ¢
change in their wall thickness. The largest cavity and dimension appear with 20 vol.% ethanol
contained in the reaction medium. The formation mechanisthedfiollow nanocapsule structure

related to the lower solubility of dopamine in alcohol solvent is then provided
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Chapter 1

Introduction and Literature Review

Cancer is the second leading cause of death in the United States. In 2017, 24% of deaths
were due to cancedoweverpeople have achieved remarkable progress in the batitleancers.
The concealment of cancer makes the early diagnosis challeRgitlgermoregffective therapies
for medium and terminaktage patients are still limited.

The difficulties lie in manyaspects. The application of conventional anticancer medicines
is usually bothered byroblems likelow water solubility, degradation in the physiological
environment, severe adverse effects. Due to the high specificity, bioactivity, sophisticated
functions macromolecule therapeutics have attracted significant attentiomever, the
vulnerability in structure and activity, high personalization cost, andatjer dimension than
small molecular medicines put forward rigor requirements in manufacturingdanahistration.
Afterthe drug is administrated, there are several biologaalers before active ingredients are
delivered to the ultimate targ&ombinedwith the reticular network in the liver and spleen, the
mononuclear phagocyte systéMPS) can efficiently capture and clear foreign substances. The
heterogenicity of the Enhancpdrmeability and retention (EPR) effect may diminish the medicine
delivery to tumors.The increased interstitial fluid pressure and the dense physical barrier
composedofel | agen and cancer cells also prevent dr
Evenafter the medicine is delivered in cancer cells, the altered intracellular envirgramétte

antineoplastic resistance may impair its therapeutic activity.



The snart drug delivery nanosystem is a strategy to enhance the dediif@igncy of
anticancer medicines. Extensive studies have been conducted to develop such sydtehing
but not limited to micelles, liposomes, polymeric nanoparticles, mesopsilmasnanopatrticles,
metalorganic frameworkd\Neverthelesghere is still a great distance from clinical application. A
nanomaterial with good biocompatibility, facile functionalization approach, responsiveness to
stimuli, and accessible excretion or detgaon route is still highly desirable. Polydopamine (PDA)
is a promising material that can fulfill these requirements. The mdlkainmaterial shows
excellent biocompatible properties. The abundant catechol and amino residual groups on the
surface maké possible teefficiently attach the chemical groups and magnetic nanopartidhes
material also has an apparent photothermal effect. Furtheninoas, been reported thizte PDA
could be degraded ygactive oxygen species (ROS), which can be pratldceing metabolism

This work focuses on using PDA to fabricate nanoparticles for drug delivery. Three
projects are included and stated in chapter 2, 3, and 4. In chapter 2, a tasgkitzinethod to
fabricate PDA nanotubes established. The thickness of the nanotube playtieal role in the
final morphology of the structure. The morphology, chemical composition, and photothermal
efficiencyof the tubular structur@long withits doxorubicin loading and release perforneiace
characterized and comparedth the conventional polydopamine nanospheres. Next, in chapter 3,
given the cruciatole of the dopamine concentration in PDA formation, a fabrication method for
bowl-like PDA nanocapsules is developed in water/alcolohlt®n. Theprior precipitation of
PDA forms the nanocapsulext the interface between alcohol and wateurthermore,the
morphology of the nanocapsules can be changed by varying reaction parameters, including the
ratio between alcohol and water, theeyq alcohol, and oxygen support. Finaliy,chapter 4,

further modification of PDA nanotubes was conducted to make it a multifunctional drug delivery



system. During the templatessisted fabrication of nanotub#se outer layer and inner layer of
PDA nanotubes are exposed in different steps, makireyseparate modification of both layers
possible. Therefore, PEGylation and in sipwlymerization of thermaensitive poly(N
isopropylacrylamide) (PNIPAM) were performed on theuter and inner layerts The FeOs
nanoparticles were then in situ synthesire@ndow magnetic responsiveness to the nanotubes.
The nanot ubes & pérformahdetog madel dgent, enétleylane blue, was then tested
in different condiions,i.e., the different pH, various nemfrared laser power, and the presence

of a magnetic field. A mukiinear regression model is then established to predict the release rate.

1.1. Drug Delivery Nanoplatforms

Drug delivery systems can carry therapeutic agents as 1) encapsulated payloadiyphysi
confined in a nanocapsule, 2) bound constituents covalently conjugated on nanocarriers, and 3)
absorbed molecules stabilized via noncovalent interactions. It is important to note that these
classifications are not exclusive; for example, drugs caprbsent as absorbed species in an
encapsulating nanocarrier. For nanocapsules, release occurs via breakage of the membrane or more
slowly via diffusion. For conjugated systems, cleavage of the covalent bond releases the active
agents. In contrast, desarpt, followed by diffusion, is the primary release mechanism for
compounds loaded via noncovalent interactions. In this section, we discuss the major classes of
materials, the general synthesis and drug loading strategies for each, the material ptbperties
can be leveraged to imbue stimrgsponsive release, along with the advantages and disadvantages

for each.

1.1.1. Major Drug Delivery Nanoparticles



1.1.1.1. Polymeric Micelles

Micelles, Figure 1.1, are seHassembled structures formed when the amphiphilic molecules'
concentration exceeds the critical micelle concentration (CNID].The coreshell structure of
micelles is maintainedoy a thermodynamic equilibrium resulting from hydrophobic and
hydrophilic interactions Micelles are small in size; hydrodynamic diameters are typicallg(®

nm. [11] Due to the mild conditions required, the payload can be encapsulated during micelle
synthesis[12-13] However, stability in physiological environments remains a concern. When the
concentration of the amphiphilic molecules that comprise the micelle is lower than the CMC, the
micelles will dissociate. When injected into the body, the significant dilutibimexhicellar system
coupled with an increase in the CMC due to changes in temperature, pH, and salinity and other
amphiphilic molecules such as plasma proteins can destabilize the micelles and induce the release
of the payload. Methods used to stabilizeeties include increasing the length of hydrophobic
blocks and reducing the length of hydrophilic blofl4-.16] These methods can lead to increased
micelle size, which is unfavorable fextendingthe halflife and EPR effect. Unstable micelles

are formed if the hydrophilic block is too shfi#] More common methods fatable micelles
incorporatecovalent crosslinking andnhancingintermolecular interaction (such as optimized

topology,*” interaction, and hogjuest complexation) in the core or shell of micellés25]
When pH[26-28] redox[29-32] enzyme33] or photd34] sensitive bonds are used to stabilize the
micelle, the corresponding stuli can cause micelle swelling or dissociation and release of the

payload,Figure 1.1 (a-c). Alternatively, processes such as protonation or tempetiatineed

hydrophobicity changes carweaken intermolecular interactions and destabilize the systems



Figure 1.1 (d-f). [35-40] Micellar stability can also be impacted by exogenous stimuli such as
ultrasound (US)Figure 1.1 (g). [32, 4147] Drugs can also be conjugated to the amphiphile,
usually to the hydrophobiddxk, via stimuliresponsive bondsgijgurel.1 (h). [48]

In addition toamphiphilic polymer fabricatethicdles, micelles have also been formed
from supramolecules. In a supramolecule, noncovalent interactions are used to produce

amphiphilic structures[49-50] In these materials, the hydrophilic and hydrophobic chains

Fi gulrSeg i mwelsiponsi ve stihatsed ®DSsor Chieae b étet
hydrophobic backboné@ydftbphabi d heo rhryalcrtoipohni,
amphiphilic molecules. Breaking these bond
nature of the matetriatl scqmune bty by @dra&kpmgbbor
bl ocks, omewpansitvenu(le) hydrophobic or (f)
coll apse. (9) Mi cell es can be disruptdeedd m
amphiphilic molecules. Breaking these bond



terminate in groups that forstrong noncovalennteractions such as hosguest interactions and
electrostatic attraction between ionizable substituents. The amphiphilic structure arises due to
conjugation between these groufsl] Drug loading can be facilely conducted through-self
assembly as the micelles are formed. All of the previously mentioned techniques to stabilize
micelles and stimulate drug release can be applied to supramolecular micedtures[52-55]
Specifically, the noncovalent conjugation could be disrupteddmyperature elevatiormpH-
reduction inducegbrotonation, competitive binding, and metal ion chelating in supramolecular
based systemg56-57] As a result, the drug release is enhandesithese are relatively new
materials, he investigation of toxicity, biodegradability, and pharmacokinetics is limited. The
stability of the noncovalent joints also remaiasconcern, especially in the complicated

physiological environment.

1.1.1.2. Liposomes

Liposomes,Figure 1.2, are glf-assembled vesicles with bilayer membranes composed of
lipids serving as vessel walls. Because they are composed primarily of pimdghtposomes
tend to be biodegradable abwcompatible They initiate little to no immunogenic response. The
similarity between this structure and that of cell membranes suggests their use in DDSs. l-iposome
based DDSs are primarily produced by twdimoels; hydration of a lipid film and reverpbase
evaporation. In the first method, a lipadntaining solution is dried to form a film, which is then
hydrated while being agitated to assemble liposdB®59] Inthe second processlif@d solution
in an organic solvent is mixed with an aqueous solution to form adtpidilized watein-oll

emulsion. As the organic solvent is evaporated from the system, it transforms into lipid bilayer
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aqueous phase used during liposome produ@ibjDrugs can also be loaded after the liposome

is formed as long as a suitable chemical potential gradient is established across the lipid
bilayer[62-67]As t he payloads diffuse into the |iposo
already present in the liposome preventing rtheunter diffusion and leading to their
accumulatiorj68-70] This technique, known as remote loading, can increase the loading capacity

and reducdeakageissueqg71-72] Compared with other DDSs, a unique advantage of liposomes



is the capability to deliver both hydrophilic compounds loaded in the core and hydrophobic
compounds loaded in the bilayer. This featwgnables the edelivery of combinational
formulations to achieve a synergic eff(t8)]However , | i posomes6é utility
or amphiphilic drugsis more limited #seytend to diffuse across the lipid bilay@#]

Like micelles, sability is a concern in liposordeased DDSs. Many lipids have a relatively
low melting point (), and body temperature increases thembrane's fluidity enhancing
payload leakagf’5] Liposomes also have a relatively short stiédf due to fusion, aggregation,
and duog leakage during storadjg3] Lyophilization can enhance liposome shelf stability and
simplifies preparation when administerfg®] However, unsaturated phospholipids are vulnerable
to oxidationin vivo, leadingto the disruption of lipid bilayefg3] Increasing the amount of
saturated phospholipid in the system can mitigate this [$8,&.7~78] The addition of cholesterol
has been found to enhance dratention and stability and to reduce the rate of opsonization in
physiological environmen{39-82] However, too much cholesterol may impair stimuli
responsive behavior. | -respGnaive doehavert\gamnbst efinsinatedo r k , t
when 30 mol% cholesterol was ug&8] A reduction in liposome aggregation and fusion can be
achieved by decorating the outer surface with a protective component such as poly(ethylene glycol)
PEG[84-85] Modification is typically accomplished viacorporatinga lipid conjugated withhe
appropriate protective group during flpsome formatioror by modifying the lipids in the outer
layer of the bilayer after liposome formatif86-88] However, in the first technique, some
protective lipids may be inserted into the inner bilayer, where it does not reduce liposome
aggregationbut reduce the payload capacity. The membrane fluidity is also impacted by the
incorporation of protective lipidé both techniquesProtective lipid micelles and unprotected

liposomes are incubated together at a temperature close to the lipid meltingUoalet these



conditions, the protective lipid can spontaneously transfer from the micelle to the outer lipid
layer[89] This method efficiently inserts protective lipids on only the outer layer of the lipid
membrane, preserving the membrane fluidity and limiting issues with residual reactive groups
associated with chemical modification of the lipj@6, 90]This technique can also be applied to
achieve a wideange of other functional modificatiof88-89, 91]

The instability of liposomes suggestsee primarymechanisms for initiating drugrelease:
1) the creation of pores or cracks in the bilayer to enhance permeabitiiyre 1.2 (a), 2)
destabilizing the liposome by mechanical disturbance, via chemical degradation, or gas disruption,
Figurel.2 (b and c), and 3) initiating thei$ion of the liposome with other liposomes or biological
membranesfFigure 1.2 (d and e€). When low melt point lipids are used in the formulation, body
temperature or local hyperthermia can be sufficient to melt the bjag2e34] As the bilayer
transitions from a gel to mefpores form, signifiantly increasing the diffusion rates across it. Pore
formation can be enhanced Imgorporating lysolipids, lipids with thermally responsive polymer
groups attached, arttie inclusion of peptides in the bilayer. US and alternating magnetic fields
(AMF) are commonly used strategies to disrupt liposomes via mechanical ad®atiboo]
When AMF is used, appropriate sensitizers such as iron nanopatrticles need to be incorporated into
the liposomes. Perfluoropentane emulsions can be encapsulated in liposomes to generate gas under
US disrupting thetsucture[101-103] Incorporation of lipids that degrade under appropriate pH,
redox, enzymatic, or other conditions calso be used to destabilize the bilayer under those
conditiong[96, 98, 100, 104.07]

The payload can also eleased when liposomes fuse with each other or with biological
membranesFigure 1.2 (d and e]108-112] Compared with the endocytosis pathway, liposome

fusion with the cell wall bypass the extracellular excretion and edgspsomal escape issues



and releases payloads directly into the cytopldsiB:-115] This process avoids endosomal
degradation of the payload, which can be significant for omclecular biologic§116-117] A
widely accepted mechanid$moporot hi spbebavihars,
Sz ok a6 4118d19JoSeyeral strategiehave been demonstrated to improve the fusion
efficiency, such as using cationic lipids18, 120]utilizing lipids that can adopt neilayer
phases (like 1;2ioleoylsnglycero3-phosphoethanolamine (DORE21]), decorating the cell
penetrating peptidesn the surfacdlike KALA[113]and TAT122]), including phage fusion
proteinsf123] and incorporating aromatic compoufit®] in lipid bilayers. Reshtnyak et al.
utilized a fusogenic peptide enhance liposomes and cell fusion. At low pH, the conformational
charge of the peptidenhance fusion between liposomes and c§lla5-129] Alternatively, the
fusogenic compounds can be deactivated via covalent bonding and reactivated vianstuatil

cleavage of the bond08-112]

1.1.1.3. Polymeric Nanoparticles

Nanoparticles formed from high molecular weight wjMpolymer can encapsulate
therapeutic agentBjgure 1.3. They are typically produced during a polymerization process or via
precipitation from polymer solutiorj$30] Emulsion or microemulsion polymerization can be
used to create solid polymer nanoparticles. However, residuakanjtstabilizer, and catalyst can
remain and poses safety concerns. Therefore, precipitation and coacervation techniques are more
widely used for biomedical applications. In these processes, the dissolved polymer undergoes
precipitationto form solid polyneric nanoparticlestypically adding neutralizingelectrolytesor
nonsolven{131] Polymeric naoparticles are generally more stable than micelles and liposomes,

particularly those based on covalently bonded networks. However, they are usually susceptible to
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the rapid formation of a protein corona on their surface that enhances clearance by the immu
systen[132] PEGylation of the surface can reduce this issue.

In addition to solid polymeric nanopatrticles, hydrogel nanoparticles, also called nanogels,
have also been investigated as a nanopatiededDDS. Nanogels are composed of networked
hydrophilic polymers and can be prepargging similar method#or traditional solid polymer
nanoparticle$133-134] In emulsionbased synthesis, a multifunctional monomer is included to
allow the formation of a covalently crosslinked structure. In contrast, for precipitation and
coacervation techniques, precursors with functional groups capable of forming physslaiksos
are used. Typically hydrophobigydrophobic interactions and electrostatic interactions allow for

self-assembly of the hydrogel nanoparticle via precipitation techni@3&$. Generally, the
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networks formed via physical crosslinking are not as stable as those formed via covalent
crosslinking.

Therapeutics can be loaded into solid polymeric nanoparticles and nanogels via two
approaches, incorporation during nanop#tiqproduction and adsorptigh35-137] One
advantage over micelles and liposomes is that moisemsitive payloads can be loaded from
nonaqueous phases during the synthesis of polymeric nanopartiakectipg them from
degradation during DDS preparation and transport within the bieaiyher discussion of the
principles, preparation and biomedical applications of polymeric nanoparticles and narawgels
be found inseveral excellent review$38-141]

Conventionally, polymeric nanoparticles have been used for sustained release
applicationg142] When biodegradable polymers are used, the release can lagef@month as
the polymer hydrolyzes or is enzymatically degrad&87] When stimuliresponsive groups are
used, payload release can be significantly faster. Similar to micellegjngredeavable bonds can
be used to initiate the disintegration of polymeric nanoparticles and narfeigalg 1.3 (a and d).
Various stimuli, includig pH, [143-144] enzymes,[145-151] redox agent4152-157] and
photoirradiation[158-161] havebeen used to cleave bonds located on the polymer backbone or
crosslinking site. When polyelectrolytes are used, protonation under acidic conditions weakens
ionic bonding resulting in the dissolution of nanoparticles and drug relE@gee 1.3 (b).[145,
162-164] For nanogels, protonatieror dehydratioinduced osmotic pressurd65-166] and
hydrophilicity changefl67-168] canlead totheir swelling or collapse and promote drug release,
Figurel.3 (e). Recently, Liu et al. incorporated MHCOsin poly(lacticco-glycolic acid) (PLGA)
nanoparticlesFigure 1.3 (c). [169] CO: gas was generated with sufficient pressure to rupture the

nanopatrticle and release the payload under acidic conditions. Finally, remote heating via AMF or
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nearinfrared (NIR) irradiation can increase the diffusion rates of payload from these systems,

Figure 1.3 (f).

1.1.1.4. Inorganic Porous Nanocarriers

Mesoporous silica nanopatrticles (M3N)0] and metabrganic frameworks (MOF)171]
Figure 1.4, are the most studied porous inorganic nanostructures. MSNs are synthesized via the
condensation of tetraethyl orthosilicate (TEOS) in the presehsarfactant as templatgd.72-
173] These nanoparticles have a large surface area and tunable pore size. Issues with
biodegradability hinder the development and lepgon of MSN systems[74] Degradation
typically takes several weekl4,74] and nanopatrticlesanaccumulate in organs like the liver and
spleen175] MSN accumulation due to repeated administration may lead to liver irjjLirg]
Several strategies have been exploreénhance biodegradabilitghen et al. syntheed large
pore, thinwall MSNs with a high &Q*silicon ratio (the ratio of silicon in (HO)Si(OSiyersus
in Si(OSiy).[177] These materials exhibited higher proton mobility in mesopore channels and can
be degraded entirely in 24 hours in simulated body fliLit8] MSN degradation can also be
accelerated byncorporating biodegradabld79-188] or watersoluble componentd.89] Pores
can be blocked by gatekeepéosminimize premature releas&hree gatekeepestrategies have
been developed: 1) nanoparticles attached to the pore openings via covalentl 861182] 2)
organic molecules, usually having a large dimensior l#ayclodextrin and pillararene, anchored
at pores via covalent bonding or noncovalent interac{ibrid, 193199] and 3) membranes
surrounding the MSNR00-202] Systems that use temperature chanfg@4] magnetic field$203]
ultrasound204] photoirradiatiof201] pH change$l92, 196]redox agent§l90-191, 197, 200]

and enzymd&95, 198, 202]to break the bonds attaching the gatekeeper or to disrupt the
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membrane have been developédqure 1.4 (ac). Silica shells can also be degraded or

mechanically disrupted to release payload encapsufagede 1.4 (d).[188, 203]
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and organic ligandg.71] These systems have a highly ordered @&unable porous structure

endowing them with a large surface area for drug adsorf#206] Drugs can be incorporated
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during207] or after synthesiR08-209] Payload release can be controlled via gatekeepers
similarly to the approaches uskd MSNs,Figurel.4 (e and f). Stimuli such as p87, 170171]
glutathione  (GSHJ)170] salinity[56-57, 210] temperature chang§s7, 210]
photoirradiaion,[211] and AMH212] have all been studied to trigger the detachment of
gatekeeper from MOFs. Membrane gatekeepers have also been explored for MOF systems,
Figure 1.4 (g). Payload release can also be stimulated by dismyphe MOF structurethrough
weakening the metal ieligand interactionsthat hold the system togetheFigure 1.4 (h).
Techniques that use pH labile bond213-216] redoxcleavable ligands,[217-219] and
azobenzendearing organic ligand20] have been explored. This approach has been extended
tothesystems that use dryg21] prodrug[222-223] or another therapeutic agent (photothermal,
[224] photodynamic[225] or imaging [226]) as the organic ligarsdn the MOF structureThey
eliminate the need for a gatekeepandany stimulus that disrupts the ligand metal coordination

acts to release the drug from the MOF.

1.1.1.5. Systems not based on encapsulation

In somesystems, the drug is not encapsulated bad gorbedo the nanopatrticles, typically
to the surface, via noncovalent interactions or covalent linkagigsire 1.5. The payload is
released as the adsorption equilibrium is shifted by stimuli such as prot¢22fijpsr temperature
elevation[3] Figure 1.5 (a). Mechanical disruption has also been used to drive desorpigume
1.5(b)[212] Payloads attached by covalent links ateased with the bonds are broken by stimuli
such as pH12, 228] redox reaction§}8, 229230] enzymatic attack231-232] and
photoirradation[233] Figure 1.5 (c). Systems based on covalent bondiag avoid prenature

release and achievegh-fractionreleaseat the target sitgl8, 155, 234235] However, the design
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of DDSs based owovalent bonding introduces the additional requirement that complementary
conjugatable groups be present on the payload and thegBIDS.
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Therapeutic agents have been loaded onto inorganic nanopastialesoncovalent
interactions such as noble meta[236-239] carbonrbased nanomaterialR40] black phosphorus
[227, 241]and boron nanoshee{242] The adsorptiompproach habeen evaluated for organic
systems as well, like dendrimg2d40-242] and polydopamine nanoparticl¢3, 243244] One
major issue with DDSs based on adsorption isatabrbinghe drug via noncovalent interactions
leaves the drug exposed to the physiological environment and susceptible to degradation or
premature release, paiarly in the case of solid nanoparticles where loading only occurs on the
outer surface.

Covalently bonding reduces premature release and has been used to attach payloads to the
surface of organic nanoparticles such as dendrif@é 245247] and polymeric nanopatrticles.
[248-249] Covalent bonding has also been used to prepare prodrug conjugates bonding therapeutic
agents to free polymer or proteifig33, 250253] The small size of these prodrugs, typically less
than 10 nmin diameter, endows them with long circulation Hé&# and enhances their
extravasation via the EPR effeft4] However, the drug remains exposed to the physiological

environment where it is subject to degradation. Conjugating the payload to palaies in a
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nanogel[155, 235, 25455] or micelles[48, 229230, 256258] reduces premature release and
protects the payloads from physiological environments.
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1.1.2. Targeting DrugDelivery
1.1.2.1. Passive Targeting

Tumor tissue is substantially different from normal tissuégure 1.6, where the
endothelial cells are orderly amdmpactlyarranged. In contrast, the microvasculature in tumor
tissue contains enlarged endothelial gaps, and the membrane separating theoestsistfimor

is discontinuoug259] Thi s mor phol ogy results in numerous
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tumors rendering them leaky. In typical vasculature, the gaps in the endothelial cells Hoe 5
nm. Those intumor vasculature are typically 100780 nm, enabling more oxygen and nutrients
to reach the tumor resulting in rapid groWid, 260] On the other hand, the dysfunction of the
lymphatic drainage system reduces the clearance of therapeutics from the tum@2@isstiee
combination of enhanced extravasation from the capillaries and reduced clearance via the
lymphatic systenms known as the enhanced permeability and retention (EPR) effect, iebidb
in the accumulation of macromolecules and nanoparticlagmors. [262-263] Passive targeting
usesthis effect by carefully controlling the dimeos of the DDS. If it is too small, the DDS can
be rapidly cleared through the kidney. If it is too large, it is difficult for the DDS to extravasate
into the tumor tissue. It is generally accepted thaR@® nm in diameter is the appropriate
dimension foDDSs to exploit the EPR effef264] However, the heterogeneity of tumors means
that the proper DDS size may vaignificantly between patients and tumor typ265-267]large
differences are seen even within a single tuf268] Even a 10 nm difference from the optimal
size can result in a distinct reduction of internalization efficig@6@] Therefore, determining the
size required to optimize therapeutic efficacamindividual patient is critical and requires a trial
and-error approach. Another issue whether the EPR effect exists and can be utilized on
metastatic tum@{270-272] Finally, it is essential to note that noancerous pathological sites
such as those associated with inflammations can exhibit the EPR effect as well. The acaumulatio
of DDSs carrying antineoplastic compounds in those tissues is und@sigear4]

While the EPReffectis enabled by the unique structure of vasculature in tumors, other
characteristics of tumor tissue counteract this approgah.nost significant is that many tumors
have an increased interstitial fluid pressure (IFP), impeding mass transport deeper into the

tumor[275] The IFP in some tumors is sufficient to push cancer cells and growth factors out into
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surrounding tissue, facilitating tumor progresd@n6] Similarly, IFP can reduce the amount of

drug delivered to the target cells and increase systemic toxicity by pushing therapeutics into
surrounding tissud®77-278] Often the pressure gradient rises as the tumor core is approached,
making deep tumor penetration difficul264, 275]Otha anatomical and physiological barriers,
composed of several cell layers and a dense extracellular matrix (ECM)PDIBNISE 6 s @bi | ity
reach cancer cells in the tunj@iz6] Therapeutic agentsan be included in the DDS formulation

to alleviate these issuesuch as nitric oxide, histamine, TNF vascular endothelial permeability

factor (VEGF) These agents calower IFP, improe vascular permeability, and enhanc
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extravasatiorfi268, 270, 27281] Also, tumor ECM can be degraded by hyaluronidase, enhancing
the ability of DDSs to reach the cancer cgBO] Finally, a combination of TGF inhibitor,

ECM degradation enzymes, and the hormone relaxin can be used to reduce fibrosis and normalize
ECM.[282-284] While a full discussion is beyond the scope of this review, Attia et al. and Narum

et al. have prepared excellent reviews of these technjg88286]

1.1.2.2. Active Targeting

Advances in molecular biologlgave revealed multiple ligands capable of bindingthe
receptors These receptom@re overexpressed on cancer cells or by the periphery endothelial cells
bounding the tumor287-288] Examples of ligands include large mono antibof2&8] small
molecules such as folate and SV1197, 289]glycoproteins that can intte receptemediated
endocytosis,[290] oligosaccharides[164] peptides,[198] and nucleic acid aptamd91]
Extensive targeting studies have revealed a myriad of targeting ligamddivertherapeutics to
heterogeneous tumor ggs. [264] The binding between these targeting ligands and the
corresponding receptors is via noncovalent interactions, such as electrostatic forces, hydrogen
bondsand Van derWaals forces. Multiple studies have demonstitaeshhanced cellular uptake
and tumor accumulation wittarget ligands decorated on a DDS surf§@8, 170, 202, 29298]
The strong affinity between ligands and receptors can promote the accumulation of nanocarriers
in tumors, essentially enhancing the EPR eff#8{.299300] Furthermore ligand-target binding
can facilitate cellular internalization of DD®hich also benefits the deliverj801-302] The
technique can targangiogenic endothelial celiss well, which camlestroy théumor vasculature
and deprive the tumor of oxygen and nutrients. Chase et al. presentediegmhiroverview of this

strategy{303]
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A few factors are critical in promoting cellular uptake via ligand bindixigure 1.6 (c),
e.g., the strength of the binding interactions, the density of the ligand coverage on the particle
surface, and the orientation and distribution of the ligands on the DDS surface. Aybogkis
of the typical cellular internalization process is provided here to elucidate these effects. According
to Nel et al., liganemediated uptake of nanoparticles initiates with the binding of ligands on
nanopatrticles that diffuse close to the celface with their corresponding receptors on the cell
membrané3%4] Next, more receptors migrate to the connected region and bind with more ligands.
The cell membrane then wraps the nanopartasid internalizes it. During the process, specific
ligand-receptor binding affinity, nospecific nanoparticleell membrane affinity, and the
formation of a clathrin coat on the developing endosome promote nanopatrticle wrapping. The
entropic cost of regaor migration to the nanoparticle, cell membrane bending, and diffusion of
the nanoparticle away from the cell downregulates endocytosis. Strong binding affinity minimizes
the net energy costs of the process, increasing endocytosis. The choice in ligandhis attached
to the DDS also affects performance. Accordin
stretching of ligand tethers lead to entropy loss, which increases the required energy for
internalization.305] The binding site of the ligand should be readily accessible, i.e., face outwards
from the particle surface and not be sterically hinddrngather surface groua91, 306307]
Ligand density s also critical; in general, higher density promotes end od@@8i309] However,
high density can result in multiple ligands competing for each binding site reducing overall binding
strengthl310] Once a ligand has bound a receptor, ligands from other nanoparticles are prevented
from bindingthereceptor. Thus, high liganrdensity may overecruit receptors, maximizing the
endocytosis of one particle but overall diminishing the cellular internalization of the [BID.

When administratea vivo, the clearance effect of ligand density should also be considédred
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high density of target ligands on a surface may diminish the density of a stealth component, like
PEG, therefa increasing clearance by the mononuclear phagocyte system [BOBEkinally,

some receptors are expressed on cancer cells in clustered pdB&ir314] and similarly
clustered ligands enhance nanoparigg#é# binding[315] Therefore, ideal ligand decoration
should have a relatively high density, proper orientation and distripu®well agethers with
appropriate length.

Although a tremendous amount of work has been conducted to optimize target ligands, the
improvementof using targeting ligands modest316-317] This strategy works best when the
DDSiis effectively transported to and accumulates in the tumor near the cancéteaitheless
the decoration of targeting ligands weakens their clearance by MPS ine\jBably318]Thus,it
is of interestto endow DDS switchable characteristics, which reduces its clearances P8

but enhances its uptake by cancer céllsd some studies have been conducted for this object.

[319]
1.1.3. EffectsofNanoparticlesd6 Physicochemical Propert
1.1.3.1. Size

Long circulation time enables individual DDfanoparticles to have multiple chances to
exit the vasculature at the tumor site. Thus, techniques to enhance circulation time can improve
EPR based targeting. The clearance of foreign bodies from the bloodstream primarily occurs in the
kidneys, the spleerthe liver, and the MPS. Filtering mechanisms in the kidneys, spleen, and liver
primarily, but not exclusively, remove foreign bodies based on size. The normal renal function
typically clears particles smaller than ~6 nm. For nanocarriers inittfgerénrange, Longmire et

al. reported that clearance depends on size and surface [3#0ph€hus, to avoid clearance by
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the kidney, nanocarriers should have a hydrodynamic diameter above 10 nm. However, the
nanocarrier dimensions cannot be too large due to the significant physicabfiltapacity of the

spleen and liver. The tight reticular mesh in the spleen can trap nanocarriers larger than 200 nm,
and the liver can effectively capture particles larger than 150321-322] Nanopatrticles trapped

and degraded by hepatocytes are eliminated via biliary excrédimmnever, this process is slow
compared to other clearance mechanisms, theduildup of nanomaterials in the liver is a
concern74] In addition to the clearance by the kidney, spleen, and liver, the mononuclear
phagocyte system (MPS), whidgh broadly distributedn the circulatoy system and highly
concentrated in the liver and spleen, can effectively clear foreign nanoparticles as small as 10
nmJ[320] While particles of 10 150 nm can avoid clearance by thdney, spleen, and liver,
additional strategies are needed to reduce recognition and clearance by the MPS.

Size can also significantly impact cellular uptake. Regardless of the binding mechanism,
whethernon-specific or ligandmediated, the cytoplasmic mbrane engulfs a nanoparticlgia
invaginaton. Then the patrticle is encapsulatecaimendosomandtransporedto lysosomes for
degradatior}323] After that, endo/lysosome escape strategies are requieliter medicine to
organelles or the nucleus. The readers can refer to several reviews for more débatstion
on these issudg824-325] It is important to understand that endocytosis is-dzgendent. A
threshadl of particle size exists, ~ 5 nm, below which endocytosis does [3&&jrThe optimal
size for both inorganic and polyniemanoparticles seems to be in the range of 40 to 6[32rh.

332] When the size is larger thanetloptimal size, the endocytosis efficiency is reduced
gradually[333] These effects are related to the gyerequirement for membrane bending and the
free energy released by the particle adsorbing or binding to the suffiaeeenhanced cell

membranenanocarriersaffinity canincrease the free energgleased fromadsorption, promet
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endocytosis and redeathethreshold size[333] Furthermoreit should be noted that nanoparticle
aggregation may increase the effee size of nanoparticle§or particles smaller than the optimal
size, clustering can promote cell uptake. While for particles larger than the optimal size, clustering

may block cell uptakg334]

1.1.3.2. Surface Properties

DDS surfaceproperties, such as charge and hydrophobicity, also impact circulation time
by mediating interactions with the MPS system. Generally, the cell membranes are negatively
charged. Thus, a higher endocytosis efficiency is expected from positively chargedrtielesp
and one would expect that a negatively charged surface would enhance circulation time. However,
while this trend is observed in carefully controlled experimg885;338] a noticeable impact is
not observedduring in vivo tests[339] Becauseboth positive and negatively charged particles
attract proteins to the surface that activate the MPS. Hydrapbkuolfaces can also enhance the
formation of @ MPS activating protein cororjd40-342] As a result, a neutrglor weakly
negatively chargexhydrophilic surface is favorable for losigrm circuition. PEGylation of outer
surfaces is the most used mechanism to enhance circulation time. Knop et al. prepared a systematic
review of the application of PEG to nanopartid@4$3] They concluded that a short polymer chain
(1-5 kDa) and a high surface denstffectively extendtirculation time. However, a significant
Immune response can be initiated if a large dose of RB&ed nanocarriers is used or after
repeated dosinfp43] Other drawbacksef PEGdecorationinclude poor degradability and toxic
sideproducts during PEG synthesis and graf{B¥3-346] Also, after nanocarriers enter tumors,
the hydrophilic PE@ich surface may block theellular uptake by cancer cells. The release of

payloads in the tumor extracellular matrix nmagtuce therapeutic efficacy aresult in their return
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to the bloodcapillariesvia the increased IFP, potentially inducing systemic tox{@®#] Though
alternative synthetic polymers have been explored to replace PEG, most of them do not exhibit
equivalent performance nor havedepth biocompatibility or longerm safety studies dhem

been performe@343] In contrast, bienspired natural materialsuch agpolysaccharides, albumin,

and red blood cell membrane, can not only extend circulation life but also mediate selective cancer
cell uptake of DD§347-350]

The effects of sudce roughness on cellular internalization are not apparent. Schrade et al.
attached 12 nm silica nanoparticles on polystyrene-@S3d nanoparticles to fabricate rough
nanoparticles and reported that uptake by HelLa cells was more significant for thighnesmoo
nanoparticles regardless of surface chfi3§é] Piloni et al. reported greater uptake by murine
macrophages, breast cancer cells, and fibroblasts of smooth nanoparticles than 150nm micelles
with 20nmradius protrusion352] In contrast, Niu et al. found that the attachment of 20nm silica
particles on smooth 230nm silica nanoparticles enhatimduptake by breast adenocarcinoma
and squamous carcinoma cetgardless of hydrophilicity of particle surfaddey attributedtis
to the enhanced protein aggregation in the void spaces between protrusions. Verma et al. explored
t his behavior by preparing A [358Ju Théy orepost uhratf a c e s
nanopartices wih randomly distributed Apitso exhibit:
dendritic cells versus smooth nanoparticéile nanoparticles with a striated surface, prepared
with alternating regions of anionic and hydrophobic gro@xibited the highasuptake rate.

Overall, the effect of surface roughness on cellular uptake is still in dispute. Part of the reason may

be the different experimental conditions, material compositions, and size ranges explored.

1.1.3.3. Shape
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The $ape also influencesellular upteke, circulation time, and EPR based accumulation
in tumor sites. High aspect ratio (AR) particles exhibit different cellular uptake than isotropic
particles.The results on cellular uptake seem contradictory: some studies indicate higher uptake
for high AR nanoparticles[234, 354355] while others suggest a higher uptake for spherical
particles.[356-357] Other nonspherical particles like nanodiscs and nanocubes have also been
explored. Endocytosis simulatioref these shapes show that the internalization efficiency was
reduced as the energy required by the cytoplasmic membrane for nanoparticle wrapping
increased358] Wrapping a nanodisk has the highest energy cost, followed by nanorods,
nanocubes, and nanospheres. Some experimental observations agree with simulations and indicate
that nonsperical shapes exhibited lower endocytosis rE828, 359360] However, in other
studies, nonspherical nanoparticles exhibit enhanced cgtwkis[361-362] Mitragotri et al.
suggested that internalization initiation depends on the local dimension of the nanopatrticle in
contact with the cell883-3641Generally, the smaller the local dimension, the more likely the process
is initiated. They evaluated several geometries and found significantly pvagocytosis rate
for wormlike nanoparticles giolystyrene than for nanosphefd57] Both particles had the same
volume, but the aspect ratio of the wormlike particles was greater2®. Geng et al. found that
wormlike micelles also exhibited a prolonged circulation time, up to 5 [@8%$ They attributed
these results to macrophage capture being overcome by the large hydrodynamic forces these
particles eperience. They also noted that this long circulation life was reduced when they added
crosslinks, suggesting stiffness is a factor in the behaS@reral studies have reported lower
internalization for high AR nanoparticlés tumors, where hydrodynamiorces are minimized
compared to the circulatory systel®66-368] Interestingly, the opposite result has been reported

for particles decorated with target ligandsr which high AR nanoparticles exhibitmore
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internalization tha their spherical cousirf855, 369370] This contrast is attributed to more
ligands available on high AR nanopatrticlaipwing multivalent binding of nanopatrticles to cells.

The effect of AR on tumor site accumulation via the EPR effect seemerci8averalin vivo

studies have demonstrated higher accumulation in tumors and reduced liver capture for high AR
nanoparticle$356, 371372] While high AR nanoparticles seem to accumeilgk the lung and
spleenmore frequently234, 373]Overall, more work isstill needed to address the effect of

anisotropic DDS on cellular uptake, circulation and tumor accumulation.

1.1.3.4. Stiffness

As a f | e xnanoparicleintéracts With a cell membrane, it can spread on the
membrane enabling more binding at the interface. This effect suggests that low modulus
nanoparticlesmay promote the initiation of endocytosis amdducethe thresholdsize for
endocytosis. On the other hand, as the cell m
can deform into conkke shapes with a relatively sharp tip and curved cap, followed by an
ellipsoidal shape oriented perpendicular to the cell mang These deformations require
additional energy and deformation of the cell membrane to wrap the nanoparticle and complete
endocytosis. As a result, softer nanoparticles undergo slower endocytosis than stiffer ones. Both
effects wereobservedn the sinulations developed by Yi et §874-375] and Shen et al[376]
where the endocytosis of flexible nanoparticiegiated earlier but completed later than the
processof more rigidparti cl es. Shen et al . 6s simulation
nanoparticle and the lower the affinity between the nanoparticle and cell membrane, the more
significant effect the stiffness exhibits during endocytosis. Experimental studies anetsime

contradictory, with some reporting faster endocytosis for softer nanopaj@i¢ie879] In contrast,
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others suggest stiffer particles are more readily internalj38@] and Banquy et al. reported that

t he nanoparticles wi t h an intermedi at e Y oun
efficiency[381] It should be noted that the stiffness ranges tested in these studies are different, and
there is evidence that other properties modify the effect of stiffness on cellular uptake. Banquy

al. suggest that stiffness and size are interrelatdthe stiffness effect olarger particless not

as significant as osmaller particles[381] The interactioneffectbetween shape and stiffness on
endocytosidor different cells was explored by Alexander et[a62] They found cellular uptake

to be highly dependent on flow conditions, shape, rigidity, and cell lines.They alsmsteated

that clearance via the MPS was reduced for soft nanoparticles. Soft nanoparticles can also more
easily penetrate capillary walls during circulatidB62, 382]suggesting that soft DDSs could

better take advantage of the EPR effect. Enhanced tumor accumulation and reduced clearance by

the MPS sgtem of soft DDSs have also been demonstrateyo.[383-385]

1.2. Polydopamine as a Drug Delivery Material

Various biocompatibl@anddegradable polymers have been explored for drug delteery
alleviate undesirable effects and improve the performance of chemotherapRolyesterssuch
aspolylactic acid(PLA), poly (lacticco-glycolic acid) (PLGA), polycaprolactones (PCL), are the
earliest and mosstudied degradable polymers. Since then, lots of degradable polymers have been
developedln 2007, inspired by the adhesive versatility of protein (Mefp5) secretéuelmgussel,
Messersmith et alused dopamine teynthesizea polymertemed polydopamine. Due to the
richness of two crucial functiongloups(catechol and amine group®und in the protein, PDA
also shows superior adhesive properties to nearly all kinds of mafg@&]sSimply immersing

substrates in a dopamine solution with a basidronment (2 mg of dopamine per 1 ml of 10 mM
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tris buffer, pH 8.5), a PDA film could be spontaneously syrntkeds Alsq because of these two
groups, functionality and modification could be easiycomplished based on PDA. Therefore,
PDA has been a promisinPDS material, for whichthe amplefunctional group and facile

synthesis approach are favoi@87]

1.2.1.1. Biocompatibility and Biodegradability

As a material to be injected intohuman body, biocompatibility and biodegradibare
the fundamental requirements. Dopamine is an important chemical, which involved in many
biological processes. Howevarhigh concentration of dopamine is hazardous. Superflue®s H
could be produced when there is too much dopamine. As a result, cytotoxicity can be generated
from H202.[388] Neverthelesstheactivity of dopamine isnuchweakenedafter poymerization
Furthermore with a similar chemical construction as natural melanin distributed wideigein
body, PDA is expected to show good biocompatibility and be biodegradable in the human body
without inflammation or other side effedaused by folign substances.

Many studieaveinvestigated the cytotoxicity of PDA. Almar, et al. initially did the (3
(4,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on PDA capsji89]
Afterincubation of LIM1215 cell (a colon carcinoma cell frdtahuman colon) in PDA capsules,
the presence d?PDA was foundo havenegligible effects on cell proliferation. Then Ku, et al.
tested the surface modified by PDA with mammalian ¢896] The surface coated by a thin layer
of PDA showed several foldscreasein cell viability. Furthermore these coated layers were
observed t@romote thegeneral cell adhesion process substantiallySi mi | ar | y Luods

observed the promotion of cell adhesion praliferation on PDAcoated surfacg391] Moreover,
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Luds group assessed t helTldseadstocancekcells.iThe yesutisfturnedd A
outthateven the PDA dose is as high as 1.2 mg/ml, theviility remairs around 90%2]

However, norcytotoxicity cannot guarantd@ereliability of application in vivo. Liu, et
al. tested the biocompatibility of PDA nanospheres in yRlBY injecting these nanospheres into
mice intravenously, the loAgerm biocompatibility of PDAwas evaluated using five hepatic
indicators: alkaline phosphatase, alanirn$aminase, aspartate transaminase, total prar&n
albumin/globin ratio. The results turn out that after one month of injection, all indicators fell into
normal ranges without sign of liver injury. Inthe same study, they tested the blood of natedinje
with PDA nanospheresThe blood parametersrere comparedefore and after one month of
injection However, no noticeabldifferencewas presented-urthermore,in the histological
anal ysi s of t he mi ceds organs, nted excellents u e
biocompatibility of PDA

As an indicator of toxicity, the median lethal dose ¢bJof dopamine was measured. After
polymerization, the LB of PDA is as high as 483.95 mg/kg, which is almost double that for
aspirin and col§392] In addition,the preliminary studies found out that after PDA nanopatrticle
injection, the treated animals didtshow abnormalities in their activities like breathing, drinking,
eating, moving, urination, exploringnd neurological stasj387]

Other than acute toxicity, loAgrm influence ané metabolic pathway should also be
considered. Adealnanocarrier should be completely metabolized or degraded without releasing
any toxic substanc&hough there is no systemic evaluatioritebiodegradability of PDA, there
are studies about melanimhich has similar structures and properties as PDAaMelis a natural
chemical widely distributeéh animas, plans, and even microorganisms. It could be degraded

througha normal metabolism pathwd$93-394] And the biodegradability of melanin implants
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wasproved byL a n g grau@ In 8 weeks, the implants were completely degraded if394].
Furthermore, degradatiasf PDA in the presence of hydrogen peroxideaswbservedin two
studieg2, 396] Given that thechemical could be generated by an oxidase widely distributed in

phagocytes and orgartieoretically,PDA is biodegradablg97]

1.2.1.2. Responsive Pperties of PDA

Two PDA featuresnake it an appropriate material for control reledsgh photothermal
conversion efficiency (~40 %) and alteration of zeta potential as pH ch§g898] The
photothermal effect could raiseetemperatur@inder NIRandtriggerdrugrelease via approaches
introduced beforeAdditionally, the change of zeta potential can be used aspomnse to pH

change in tumors.
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Figure 1.7 Photothermal performance of PEMS.(a) Temperature elevation of water and PDA
nanoparticles agueous solutions with differembcentrations as a function iofadiation time. (b) The

photothermal response of PDA nanoparticleg u e o us s o | u™) fiordc00 s (vith@ OlIRdager mL
(808 nm, 2 W cmi), after whichthe laser washut off.[2]

Liuds group firstly reported [2A (Fgurerld)v el p h
According to their study, PDA has a highgrotothermal conversion efficiency (40%) than Au
nanorods (22%). In addition, after IR irradiation, the PDA nanopatrticle showed good stability with
nearly no change on UVis absorption spectrum and under TEM. Howetrex,UV-vis absorption
spectrum was rearkably changed for Au nanorods, and their morphology eesroyed.

Furthermore, Dinget al. fabricated unique coiled PDA nanofibers via lipid nanotube as a template.
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[399] Compared withihestraight nanotubes they fabricatékis coiled nanofiberesults in nearly

double the temperature raised under infrared irradiation. Their study indicates that with
sophisticated designed structutbe photothermal effecof PDA could be further elevated.
Furthermore, the stimulation dfiR can also accelerattrugrelease. Under tHeIR laser a burst

release of drugs was observed in a series of stydlje%5, 243,400 n addi ti on, in
phaosensitizer was immobilized on PDA nanoparsckea iron coordination of both chemicals.

Such a modification endowed PDA nanopatrticle photodynamic th€RIPT) property, which

means under laser

irradiation, reactive oxygen species (ROS)Iddbe generated and coordinate with phibtermal

effect to enhancthetherapeutic effecf401]
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Figure 1.8 States of PDA in different pH conditior{g) Structure of PDA in diff:'rent pMA02] (b) Zeta
potential of PDA particle and hexadecaid droplets in watej403]

The other attractive propertf PDA is the pHresponsive release of charged molecules.
The pH value drops from around 7.4 to 5.5 as nanoparticles are delivered from blood to lysosomes
of cancer cells. At the acidic conditiathe protonation of aminand hydroxyl groups on catechol
could raisethe zetapotential of PDA Figure 1.8 (b). Zhou et al. preparednalectrochemical
interfaceusing this property tgovern ion permeabilityj404] By immersingthe PDA membrane

in differentpH conditionsthe ionization states of tlemine groups and phenolic hydroxyl groups

on PDA made the membrane present differentgghstrates. As a result, the permeability of cations
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and anions can be alteretheir furtherstudymanifested the PDA capability to selectively adsorb
and releasenethyl orange (cationic iacid) and rhodamine 6G (anionic in base) in different pH
conditiors. [402]

By measuring the zeta potentimhlue of PDA under different conditions, was
demonstratethatPDA chargedrom negatively to nearly neutrally from pH 7.4 tq403, 405]
Il n Wang et a DOXavasrekdsad drgm PDAnodified Au nanoparticles in acidic
condition (pH 5) than neutral condition (pMA.4). [406] Then some other studies further
demonstrate the possibility of directly using PBok pH-responsive drug releasi, 400] All

these features make PDAdeomising pHresponsive material

1.2.1.3. Modjification of PDA
1.2.1.3.1. Michael addition and Schiff base reaction for catechol and amino groups

Other than thesuperior properties as a biomedical matetiaé abundant catechol and
amino groupon PDA make it possible to further modify the mater@linctional groups and
targeting ligand could be simply grafted on PDA via Michael addition or Schiff base reactien
alkaline conditions Figure 1.9.

Unlike some reactions requiring harsh conditions, this modification can be easily
conducted at room temperature imégd aqueoux ondi ti on (~pH 8. 5)a Mess
comprehensive investigah on PDA coating synthesized by splblymerization.[386] They
coated PDA on a series of substrates, involving polymers (PTelycarbonate,and
nitrocellulose), metal oxideSiO2 and TiC), and metals (Cu and Au). Then these PDA coatings
were modified with alkanethiol and aminer thiol terminated methoxpoly(ethylene glycol)

(MPEGNH2 or mPEGSH) via immersing PDA coating in base solutions of such chemitiaés.
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following contact angle test indicatéhe alkanethiol modified surfaces all have a large contact
angle, which means they have similar and strong hydrophobicity. While the iNPEGr MPEG

SH modified surfaces alhad a small contact anglegeflecting the hydrophc property For

&x\" $
9“-\‘)
\'\‘c‘
Wi eak base .R
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%/:{’4’ HO |

Figurel.9 Michael addition and Schiff base reaction on PDA
biomedical application, cell adhesion of PDA coatings modified with miREZ and
glycosaminoglycan hyaluroni@cid (HA) were studied. The results suggest that through
conjugation with functional groupspmpared with bare substrates, mREB. modified surface
has negligible cell adhesion, which is consistent with the stealth effect of [B&£%5.407408]
While for HA modified surface, the cell adheswas significantly enhancedheir further study
demonstrates that tmeethodcould immobilize biomolecules without influencinidneir activity.
Furthermore, nolike EDC/NHS coupling, theeactionis unaffected by watef409]

Such a facile method has been widely usethemodification of nanopatrticles for drug
delivery. For example, lots of reseaeshuseamine or thiokterminated mPEG to enhance the
physiological stability of nanoparticles[l, 3, 244, 399100, 406] Besides improving
biocompatibility, such a facileeactonc an al so be used to synthesiz
synthesized a PDA/PEG hydrogel by the Michael addition reaction bethaenPEGSH and
PDA. [1] The hydrogels show good compatibilitfhen during the in vivo assay, the chemo
photothermal treatment using the hydrogel showed the most efficlghitive effect on tumor

growthcompared witlthecontrol group.
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This method can also be usedattachtargeting ligandio nanopatrticles[410-411] After
the nanoparticles were prepared, arvemal target ligand could likecoratedothesurface of PDA.
With drug loadedthe PDAnanoparticles showeamarkale cytotoxicity during in vitrotests
Furthermorejn vivo tests indicatethat these nanoparticles ¥Yahigher accumulation in tumors

afterinjection

1.2.1.3.2. Grafting via Nucleophile Acyl Substitution
Also, because ofOH and-NH2, chemicals with acydroups could reaatith PDA tograft
chemicals. Such a method is used to immobilize of initiator and further in situ polymerization
Figure 2.28Messer smit hds gr oup .[41D] mheéyustatted dith enodifymga r | y s
dopaminewith aninitiator, 2-bromopropionyl bromideThen the modified dopamine molecules
were then absorbed on a metal substiBte atom transfer radical polymerization {STRP) of
oligo ethylene glycol methyl ether methacrylate (OEGMEM)s therinitiated on themodified
surface of metal substrates. Compared witb unmodified substratesthe modified metal
substrates showsignificant antifouling propertyrurther,a cell array with celadhesive and cell

resistant regionsvasfabricatedusing the photolithography technique
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Figurel.10 Synthesis and anchoring of the DOPA mimetic Initiatortae®l-ATRP[412]
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Similar research was conducted by Li et[dlL3] They used theatecholgroups on PDA
coating to reactvith carboxylic groups on-Bromoisobutyryl bromide (BIBB)which was later
used to initiate the adcrylic acid on the PDA modified surface. This method prodwuceH
responsive membrane which showed different permeability of aqueous solution due to different
charge states of carboxyl groups in various pHrthermoreby replacing differensubstrates
initiators and monomers, such a method made in situ polymerizatiotheosurface ofother

materials possible

1.2.1.3.3. Immobilization of Metal

Other thartheorganic functional group, metals are widely useth@&functionalization of
nanoparticlesThe catechol groups &*DA provide reactive sites for metal immobilizatidvietal
lons froma solution canimmobilize on PDA via two approaches: coordination wahtechol

groups angrecipitation as metal nanoparticles via the reduction of catecbops Figure1.11
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Figure1.11 Interaction between PDA and metgla) Interfacial catechol bonding to metal oxide
surfaces changes with pH. (b) Valency increases of roatathol coordination with p[14] (c)
Polymerization of dopamine on grapteeoxide and in situ deposition of noble metals, metal oxide
nanoparticles on its surfadd.15]
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By incorporating metal on PDAC h e n 0 s falgicatedugpmultifunctional therapeutic
platform. The labeled 64Cwas coordinated onto the PDA nanopatrticles for positron emission
tomography (PET) in this works] The obtained nanoparticles showed high tutodvackground
contrast in PET imaginglhe temperature elevation induced by the phwohal effect of PDA
did not kad to copper leakage from the nanoparticle. In addition, magnetic resonance imaging
(MRI) and photoacoustic imaging (PAIl) were also demonstratetheRDA nanopatrticles by
anchoringgadolinium (Gdpn PDA. In addition, herewas noapparentytotoxicity observen
the system

Luds group al s otopreparsahMRI bontsast agent usimdie icprol 16]

By repeatedlyimmersing PDA nanoparticles in FeGolution and benzerk 3,5tricarboxylic

acid (HsBTC) solution, aTi/T2 duatmode contrast agent with chelated iron ions and iron
carboxylate were prepared. The chelaited ions could work as longitudinal relaxation @)

contrast agent, giving high tissue resolutiéarthermore the latter could serve astransversal

relaxations (%) contrast agent for MRI, which has a high capacityesion detection during

imaging softer tissug417] By the sameapproach other functional metal elementanalso be

immobilized on PDA[418]InLiuetd . 6s st udy, t hhetuaordowd enhanceo nd i t |
MRI based on Featechol coordination, which further improves the contrast of ima¢ii®]

Besidesthe fabrication of nanostructure, the interaction between metals and PDA
(specifically, the catechol on the surface) can also be used in drug delivery. As mentioned above,
metal ions could be immobilized on catecholuge from PDA via coordination bondinin
addition,there is also coordination interaction between the metal ions and the oxygen atom on
C=0and GO bonds in drugwetaldd Thbge anfiembethoh is ex

for drug control releas Zheng et al. fabricated PD&ated mesoporous silica nanoparticles with
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Fe3* or Zre* attached (MSN@PDA™). [420] Dox was used as model drug molecules to load
and release on this nanoparticle. Compared with nanoparticles without metal ions coordinated
(MSN@PDA), MSN@PDAM"* showed smaller release in neutral conditiokighile the
condition was weakly acidic, a fast and relatively complete release was observed in a short
incubation time. Such a mechanism was also useth&elease of bortezomib (BTZ) by Liu et

al. [421]

The coordination of F& and catechol could be another route to fabricate a gel. In Xu et
al . 6s wor k, a ca«pbDOPMAM was syqhesizgd(witht dgpareine as pendants.
[422] In the presence of Fé in basic condition, such a copolymer formed a reversible gel very
fast. When transferred theacidic condition, the gel dissolved in 5 minutes. Then the coordination
betweenF€and catechol was invest i gp@23dndhepHrangeei 6 s
from 3.0 to 9.0, the dominant ¥ecatechol complexes ithe medium gradually change from
monao-catechotFe to dicatecholFe and finally triscatecholFe. Such a transition could be
observed on UV/Vis absorption spectra, on which the peaks at 715 nm, 58ddAD0 nm are
corresponding to monpdi- and triscatecholFe complexes. And the complexatistability also
increases progressively as pH increasing

Taking use of such a transition, Jiang6s
release via coordination between metal and PPWR4] In their research, Dox was firstly
encapsulated inta ZIF-8 MOF template. Then a thin film made of dopammnedified alginate
and Fé*was synthesized on the tplate. In a mild condition, the Z8 template was removed.
During the in vitro release experiment, the nanocapsule was stable at pH higher #hdn pH
5, the nanocapsule wdecomposed due to the weakeneec&chol coordinatiorgndthedrug

was releasedompletely
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For the metal nanoparticles immobilized by phenolic group reduction, the morphology is
tunable as theoncentration othemetalsalt solution, temperature, and solvent changed. Such a
feature could be applied thefabrication of high superficial area catalyand sensors. The study
i n Cai 6s gr oup cbnoeatratibn a mdtal ibns solutiona(ldAuincreased the
morphology of metal particle generated BDA surface changeftom sparse large particlds
homogenous small particlethenback to largearticles againf425] The temperature and solvent
can also influence the immobilization. By tuning sbparameters, Ma, et al. prepared-RDA
nanoparticles with different morphologid4.26] The structuresaried from coreshell large Au
agglomerate structure to strawbelike uniformly dispersed tiny Amanoparticles (< 5nm). Due
to the high stface area of the tiny Au nanoparticles, such synthesist@wberrylike

nanostructurehowed excellent stability and catalytic activity than other nanostructures

1.2.1.3.4. Magnetic Functionalization

Magnetism is widely applied in nanotechnolog$#27] The spatial distribution of
nanoparticle can becontrolled via magnetic attractioklagnetic nanoparticles can also be used
to improve MRI. Inaddition, heat can be generated in an alternating magnetic field by magnetic
nanoparticles[428] Gener al | y, there are two approaches
encapsulating magnetic nanoparticles in PDA and immobilinragnetic nanoparticles on PDA.
For the first methodthe magnetic core was dispersedan alkaline dopamine solution. After a
while, PDA film was generated on the core by oxygediated selpolymerization. Many core
shell structure magnetic nanopartcheere fabricated in this wajl29-432] After PDA coating,

other modificatios can be applied to fabricate a multifunctional platform
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The other method is letting iron ions precipitate on PDA to form magnetic naictgsar
Figure 1.11 (c). Guo et al. addec mixed precursor solution containing Feand Fé* to
PDA/reduced graphene oxi@& O) dispersion in an alkali condition (pH 1{(%15] Subsequently,
the medium was preserved at¥Din ambient conditions for 30 min. After théte mixture was
cooled downand FeOs-depositedDA/RGO wagollectedby centrifugation and washing. Such
synthesized F®4 modified PDA/RGOshowed superparamagnetism and good responaa to

external magnetic fid.

1.2.1.3.5. Fluorescent PDA capsules

There areamplearomatic rings antl bonds on PDA, and eumelanin is knoterhavethe
fluorescenm property. Considering the similar structure between eumelanin and PDA, it is also
expected to observe fluorescence on PDA. The first report was published by Zharig38]al.

They obtained worrtike PDA-based fluorescent nanopatrticles (PIPANS) ly adding BO2in a
Tris-buffered solution of dopamine. Under irradiation in the range of 360500 nm, emission

from 490 nm to 560 nm can be observed. Then in vitro test was conducted. The results showed
that PDAFON has excellent biocompatibility (> 90 éell viability with a concentratioof 160

“ g/ml).

Such a technique was used by Chen ett@lfabricate a fluorescent shell on PDA
nanoparticlesFigure1.12. [434] The PDA shell was firsgynthesized on a template cotieen the
template was removed by hydrofluoric acid (HF) etching. Subsequently, a second PDA shell was
synthesized on such obtained PDA nanopasitteen HO2 was added to generaddluorescent
layer. Under fluorescenamicroscopy, the nanoparticle showed strong fluorescence. They also

optimized the fluorescence via varying the reaction time and pH of the suspeAsten.
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processing the nanoparticles witt2O2 for 15 hr, the PDA nanoparticlesshowed the highest
fluores@ncein the pH 3 bufer.
¢
PDA

Core-shell
Particle

5 o® F-PDA
S""’(.’“'ai\"“ Capsule

Template PDA

Figurel.12Scheme fothesynthesis offluorescceal'f-‘g:;; (FPDA) capsules. The insetshows a fluorescence
microscopy image of4PDA capsuleft 34]

Regarding dopamine as an important indicator for many nervous diseasesmYaidal.
developed a dopamine sensing method basébdedtuorescence of dopamingl35] Via a series
of optimization, they dablished a sensitive, selective sensing method for doparnhime.
dopamine sample firstly went through 30 min oxidation in 20 mM NaOH soluTio& oxidation
was terminated bthe addition oexcess hydrochloride acid (HCIhe maximized emission was
thenfound with370 nm excitation. Through this method, the dopamine detection limit could be
as low as 40 nM

By investigating the mass spectracfidized PDA nanoparticles, Lin et al. proposed an
explanation folPDA fluorescence[436] They found out after oxidation withJ®: in a strondy
alkaline solution The PDA nanoparticles were degraded into much smaller PDA dots TR®)
thermogravimetric analysis also confirmeébat there were fewer crodmking among PD
remained Furthermoreaccording to the mass spectrum, the m/z of PD decreased nearly one order
of magnitude than PDA nanoparticleehey also found additional-8l deformation vibration on
the FTIR spectrum of PD. Based on these resultsy tépeculated that the hydroxyl radicals

produced by HO2 and NaOH weakenedl “ interactions in PDA As a result, PDA
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nanoparticles broke down into PO%e conversion decreased fluorescence quenchimegefore
strong fluorescenceasobserved.

Zhao et al. prepared fluorescent PDWough another approachy weakening its
intermolecularinteractions.[437] In their method, polyethyleneimine (PEI) was added during
PDA synthesis. The obtained polymer (FEDA) showed similar fluorescence as oxidized PDA,
exceptfor asmall redshift of theemission. In additiorgs increasing the amount of PEI, the size
of synthesized nanoparticles decreastil. was supposeib blockthe conjugation of PDA, and
they can also form hydrogen bond-fidnd) withoxidative produce dopamin&herefore intra-
and intermolecular couplys wereweakened, ahfluorescence was enhanced. Furthermore, they
also found out metal ions, especially which haJeigh affinity to PEI or PDA or bothcould
counteract the PEPDA interaction Therefore fluorescence was quenched again by adding these
metal ions.

Other than fluorescent material, PDA could also be usadlasrescence quencher. Qiang
et al.d6s study found out-strand ®NA ($3DNA), Whichl coddn af f
guench the fluoresceiabeled on DNA[438] Adopting this interaction, they developed a DNA
and protein sensing platform. In this strategy, probe DNA with a strong fluorescence emission was
guenched whebound with PDA As thetarget DNA or protein was introduced, the interaction
between probe DNA and ¢harget overwhelmed the affinity between probe DNA and PDA. As a

result, the probe DNA was released and recovered its fluorescence.

1.2.1.3.6. HydrophobieHydrophobid nteraction

This modification can be conducted by simply mixing PDA and the functional gtoap. 6 s

group mixed BUtocopheryl polyethylene glycol 1000 succinate (TPGS), an amphiphilic chemical,
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with PDA nanoparticles in a neutral buff@39] After 24 hrs stirring, the TPGS modified PDA

was obtained by centrifugat and washing. Due to the presence of aromatic rings on PDA, TPGS
was integrated tightly on PDA via intermolecutar “ interaction and hydrophobltydrophobic
interaction. This hypothesis was proved by the differences of naked PDA andFP&B TGA

and zeta potential test. Furthermore, &gdingacetone, & * stacking breaking solventhe
zetapotential of TPGSPDA changed back to negative, which is similamaked PDA. These
results confirmed thatit wés “ interaction and hydrophobltydrophdic interaction loading
TPGS on PDA, instead of chemical bond. In addition, they also developed a method to fabricate
mesoporous PDA nanopartislewhich effectively increasedhe surface areaf the PDA

nanostructurg440]

1.2.1.3.7. Modification via Molecular Structure

PDA modification can be achieved via a botteup approach, through which the
monomer 6s st rlnmthis way,elymess withthé déferentrepeatinginits could be
prepared, and distinct properties could be expe®&A is derived from the mussetibesive
protein. The excellent adhesive capability and active chemical properties are attributed to abundant
catechol and amino grougSiventheirfunction Figure 1.13 summarizes several mussetpired
materials. Besides the features of PDA, they also possess biodegradabititijferehtad hesive
properties.

Though melanin and its analogs are considered biocompatible, the inert chemical property
and crosslinked structure make them hard to be degraded by enzymes. Therefore, thealack of
metabolism pathway leaves a potential concern. Hong et al. designed a biodegradablghPDA

disulfide bond. [442] In this study, two EDOPA molecules were firstly connected via a disulfide
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bond The L-DOPA disulfide dimer (DOPASS) wagshen coated on a substrate in Tris buffer.
Similar to PDA, all substrateturned hydrophilic after coating.he presence of disulfide bond
was confirmed byH NMR spectra. Undea high concentration of glutathione (GSH), the
thicknesses of PDA coating rapidiecreasedThe signal of coating on FTIR disappeared, and the
DOXloaded in PDA filmwasquickly releasedOn the spectra of quartz crystal microbalance with
dissipation (QCMD), the mass reduction of the film was also obsendidhese resultsndicate
therapid degradation dhe film synthesized viBOPA-SS. This study solved the biodegradation

problem for PDA and itanalogs andlemonstrated the power of molecular design on PDA

modification.
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Figure1l.13 Ovewiew of musseinspired materials and proposed polymer strufidi]

Repenko et al. proposed another noveltstyy to synthesize excludable PD#.3] The
basic idea of the study s avoidcrosslinking during dopamine polymerizatiomopamine was
firstly brominated then the hydroxyl and amine groups were protected using- tert
butyloxycarbonyl (tBoc). Following tha#, linear PDA was obtained by Kumada couplifzi4]
After further oxidation inan aqueous solution, linear melanin was prepared. Due to the defined

backbone, the UV/Vis sperum of linear melanin presented two distinct peaks instead of a broad
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band.lts fluorescence spectra (excited at 785 nm) showed a peak around 900 nm. Based on the
spectra informationthe photoacoustic excitation spectrum of the melanin was investigéed.

the spectrum, a strong signal was found where blood had low absorption. Later, during the in vivo
and in vitro experiment, the linear melanin showesll biocompatible, low detection limitand

high detection depth.

Though melanin has been studieddecades and PDA has been widely studied for over
ten years, therarestill limited types of melanitike polymers. Huet al.synthesized a series of
dopaminelike molecules, which have catechol and amine groups, but the lentibadkyl chain
linking the amine is varied441] They alsostudiedthe noncovalentlinked catechol and amine
combinationsi.e., the chemicals with onlgatechobr aminewere mixed to reacBy adding these
molecules inalkaline agueousor hybrid solutiors, polymerization all occurred. The UV/Vis
spectra were westigated for products. It was found that the molecules with two or three carbon
on alkyl chains had ring formed during polymerization, while molecules with longer alkyl chains
had no ring formed. For noncovalent systems, thesalgo no ring formed. Rgmerization was
more dependent on Michael addition. UV/Vis spectra also displayed ditestsgtween produst
synthesized from aqueous solution dnyibrid solutions, which implied different polymerization
mechanisms, though the mechanisms are stillv&ugturthermore, they also found that polymers
had similar adhesive strength, regardless of alkyl chain length and whether catechol and amine
were chemically bonded. While for the coating capability, noncovalent systems were significantly
weakened. This sty shed light othe mechanism of dopamine polymerization and provided a
reference for designing new PBike polymers.

Because several interactions aihdings were included in polymerization, the

functionally modified dopamine molecules could also ramiporated in PDA. Gao et al. mixed
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Dox, dopamingand lactosylated dopamine (on which a lactobionic acid was linked to amine),
then synthesized Dox loaded PDA nanoparticle via apmepolymerization[400] The linked
lactobionic aail worked as a target making PDA nanoparsicépecifically bind withricinus
comunis agglutinin (RCA120)he targeting efiiency could bédurthertuned by chanigg the

ratio between dopamine and lactosylated dopaniihe.in vitro experiment confirmethatthe
modified PDA nanopatrticles had damage taell viability, while the drugloaded modified PDA

nanoparticle had enhanced cytotoxicity.

1.2.1.3.8. Directly incorporationof functional group

Though simple chemical modification had been extensively stuldiectjonal groups, like
amine or thiol, are still needed forodificatiors. Recentl vy, Leebs group de
facile surface modification method with fewemitationrs based on PDA[445] In this study,
agents were cdissolved with dopaminegndthendue to the broadpectrum affinity between
dopamine and materials, agents were immobilized on PDA film during PDA coating. This method
was successfully applied thfferentsubstrates and various chemictiat could be calissolved
with dopamineFor ingdance, an atom transfer radical polymerization (ATRP) initiator was mixed
with dopamine in anethanol/watesolution Then theATRP-PDA film wasgenerated on a series
of substrats like noble metal oxides ceramics,and PTFE After that, the plymerizaton was
successfully initiated on athese surfacesmmobilization of cetyltrimethylammonium bromide
(CTAB) on silica substrate creatadexcellent antibacterial surfad&hile by embedding sodium
hyaluronate (HA) on silica, cell adhesion was effectivieiproved. Due to PDA can also be
prepared in alcohol, the method could even expand to some hydrophobic molecules. However,

water stillmust be introduced during the proce3herefore,they further investigated to initiate
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dopamine polymerization ia pure organic solvento deal with the calissolution problem of
dopamine and hydrolyzable or hydrophobic molecU&46] The organic base,geridine, was
regardedasessential during the process. Compared wWithwidely used Tris and other organic
basa, piperidine showd an efficient and universal catalytic effect in protic solvents, which made
immobilization of wateiinsoluble molecule in PDA possible. In addition, this system was failed
in an aprotic solvent In other words, the@resence of protons wassentialduring dopamine

polymerization.
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Chapter 2

Fabricationof Polydopamine Nanotulzd PreliminaryControl Releas&tudy

2.1 Introduction

Extensive studies have been conducted exploring the effect of nanopatrticle size, surface
chemistry, and composition on cellulaptake and drug delivei47-45(0 Recent studies indicate
that particle shape also plays a key mleontrolling cellular uptake, with rods exhibiting reduced
uptake by circulating phagocytes, leading to prolonged circulation time as compared to spherical
particles.[234, 357, 365, 45854]In addition to the prolonged circulation exhibited by nanorods,
studies have demonstrated that high aspect ratio rods exhibit greater tumor accumulation and
deeper tumor penetratiof868, 372]In vitro investigations have demonstrated low specific
[357, 366367, 455]and highspecifig369, 456457] cellular uptake of nanorods. While the
interaction between nanoparticle shape and physiological environment is not cltymplete
understoogand there are some studies implying the potential negative influence-li{e@thape
on biocompatibility,[373, 458459] nanopatrticle shape undoubtfully plays a role in biodistribution
and cellular uptake. This dependence suggests enhanced performance of anisotropic materials in
targeted drug delivery.

Several methods have been developed for producingploercal micro/nanostructures
including microfluidicg452, 460462] projection photolithographjd52, 463]Jparticle replication
in nonwetting templates (PRINTA64] film-stretching465] self-assembly371, 466469] and
templateassisted fabricatiofd70] Despite the advance in shape control of micro/nanostructures,

there remain significant limitations in the application of these techniques to cancer therapy. For
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example, to avoid clearance by the MPS, liver, spleen, and kidney; and to capitalize on the
enhanced permeability and retention of these particles by tumsy edl optimal nanopatrticle
sizes are believed to be in the range 6280 nm[74] Methods such as microfluidics, projection
photolithography, PRINT method, and templating with porous anodic aluminum oxide produce
nanoparticles outside this desiredesiangd452, 464, 474473] In addition these methods carry
relatively high synthesis cost8] Film stretchng is a versatile technique capable of producing
several geometries of polymeric nanoparticles. However, the nanopatrticles obtained through film
stretching are all solid, limiting the ability to load therapeutic ag@®ts] Self-assembly
technigues utilize the formation of micelle and vesical shaped nanostructures in a liquid colloid,
and are capable of producing patrticles in the requisite size range. However, the spgmfiensha

size dispersity can be difficult to cont{db2] Particles derived from sedssembly, can be used

as soft templates for synthes$ polymeric nanotubes as can other hard templdi®&s475]
Carbon nanotubes can be surface modified with a wide variety of organic materials using both
physical adsorption and chemical graft[dg6-478] However, the CNTs remain in the obtained
nanoparticles In templateassisted methods, the shape, size and polydispersity of fabricated
nanostructures are largely dependent on the template utilized. These methods have been used to
produce nanomaterials with various shapes, such as nanocubes,llipsate and
nanopeanutgl79] Recently PDA nanorods have been fabricated via the use dikeoemplates

such as curcumin crystals and ZnO nanolld86:482] However, the rods obtained are larger than

the 30200 nm range desired to avoid clearance and enhance accumulation at tumor sites. Thus,
while theshape is potentially a powerful factor to enhance cancer treattinefdrmation of high
aspect ratio polymeric nanopatrticles, particularly polymeric nanotubes, in the appropriate size

range is not a simple task.
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Naturally occurring silicate nanotubes, most notably halloysite, have been used as a
template for inorganic nastructures such as nanorods, formed in themen and there are
numerous reports of grafting polymers to their surf§¢83:485] Halloysite nanotubes (HNTS)
are formed by the rolling of kaolinite resulting in a hollow lumen with a diameter-&bX#n and
an overall diameter of 560 nm[486-487] The tubular structure, low cost, and biologically
inertness of halloysite ka driven its developn@ as a controlled release reseryé88-490]
Unfortunately, HNTs are not biodegradable and are not removed from the circulagteyn sya
the kidneys limiting suitability for direct drug deliveld91] More recently halloysite has been
used to produce polymepated nanotubesa surface copolymerization of propyl methacrylate,
ethyleneglycol dimethacrylate, and methacrylic acid, and by the deposition of polypyrrole from
HCI solution[492-493]

This work leverages the simplicity of preparing conformal coatings of PDA and the
availability of the lowcost natural nanotube halloysite for the facile preparation of high aspect
organic nanotubes that combine the benefits of PDA with the increased circulation time and tumor
uptake reported for nanorod®esidual catechol and aminoogps were used to further modify the
PDA surfaceThe pH and photothermal behavior of the particles can be used to ¢betelease
rates of therapeutic compounds loaded either during or after fabrication. The morphology and
photothermal behavior of thesulting PEGcoated PDA nanotubgas well as the loading and
release characteristics of a model chemotherapeutic compound, doxorubicin (DOX), from these
nanotubesare reported. Results are compared with PDA nanosplisslts are compared with
PDA nanospheresThe resulting PDA nanotubes have potential applicatesanisotropicdrug

delivery systems
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2.2 Experiments
2.2.1 Materials and Instrumentation

Dopamine chloride (DA) was from Beantown Chemicals. Tris(hydroxymethyl)
aminomethane (Tris) was obtainedrfro/WR Life Science. Hydrochloric acid (HCI, 10 % v/v),
potassium phosphate monobasic @), ammonia (NH in water, 2830%). Halloysite
nanotubes (HNT) were obtained from Bonding Chemical. Hydrofluoric acid (50%, v/iv ACS grade)
was obtained from BDH Cheoal. All chemicals were used without further purification.
Deionized (DI) water was used in all the experiments. Morphology was obtained using
transmission electron microscopy (TEM; Zeiss EM10). Samples were prepared by evaporation of
dispersions onto a0® mesh formvar/carbon film from Electron Microscopy Sciences. Fourier
transform infrared spectra (FTIR) were obtained via a Shimadzu IR Pr24tigEIR spectrometer.
KBr pellets were prepared at a sample to KBr ratio of 1:100-MiB/spectra were obtaideon an
Agilent Cary 60 U\WVis. Thermogravimetric analysis (TGA) was conducted on a Thermal
Analysis TGA Q500. For every test, around 10 mg powder sample was used. The sample was
ramped to 108 with a rate of 2@ /min. Thenthe samplevasheld isothermally at 108 for 2
minutes. The sample was then heated to 808ith a rate of 138 /min. The zeta potential of
PEGylated polydopamine nanoparticleasmeasured in 1 mM phosphate buffer (at pH 7.4) and
1 mM acetate buffer (at pH 5.0) on a @8izer Nano ZS90 sizing instrument (Malvern,

Worcestshire, UK).

2.2.2 Synthesis of Polydopamine NanotulfE®A-NT) andits PEGylation(PEGPDA-NT)

In the first step PDA-HNTs were obtained via deposition of PDA from an aqueous

dopamine solution. In a typical sghesis 20 mg HNT was added in 70 ml of 10 mM THCI
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buffer and dispersed ultrasonically for two minutes at 100 W (QSonica LLC, Q500). The
dispersion was then continuously stirred as 20 mg DA was added. The dispersion color quickly
changed to pink in ~Bin., and then to dark brown over about 30 min. After 24 h stirring, the
medium was completely opaque. The product (PBMTS) was obtained via centrifugation
(21,9649) on a Heraeus Megafuge 8 centrifuge (Thermo Scientific). The product was washed and
recdlected by centrifugation until the supernatant was colorless and transparent. The resulting
PDA-HNTs were lyophilized on a Freezone freeze dry sygteahconco corporation). The typical

mass otheproduct was 22.3 mg.

PDA-HNTs were surface coated witPEGNH2) via Michael Addition. In a typical
synthesis20 mg of PDAHNT was ultrasonically dispersed (100 W, 10 s) in 20 ml of 10 mM Tris
HCI buffer (pH 8.5). Subsequently, 20 mg of mPBRBE: was added to the dispersion under
constant stirring. After 24 hours, PERDA-HNTs were obtained by centrifugation and washing
via DI H20 repeatedly until the supernatant was colorless and transparent. The typical thass of
product was 19.98 mg.

To remo\e the halloysite template, 200 mg PBNTs or PEGPDA-HNTs were added
to 1.52 ml HCI with mild stirring, then 0.76 ml 50% HF was added dropwise. After 24 aburs
stirring at room temperatuyréhe product was centrifuged and washed by ROHepeatedly,
typically six cycles, until the supernatant pH was over 5. The collected precipitate was lyophilized

prior to subsequent use. The typical mastheproduct was 40.09 mg.

2.2.3 Synthesis of Polydopamiri¢éanospherePDA-NS) and its PEGylation (PEGDA-NS)

PDA-NSwere synthesized via the method reported by Liu g¢RhIn a typical synthesjs

2 ml of ammonia aqueous solution (MBIH, 2830%) was added dropwise to an ethanol : water
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solution (40 ml ethanol : 90 mIDI4#®) wunder constant stirring at
dissolved in 10 ml DI HO was added. After 24 h, the product (PDIS) was obtained via
centrifugation andwashing by DI HO repeatedly until the supernatant was colorless and
transparent. The product was lyophilized prior to further investigation. The typical méss of
product was 95.04 mg.

PDA-NS were surface coated with PENGH2 via Michael AdditionA similar method was
used to produce PEBDA-HNTs. In a typical synthesibetween 20 mg of PDAS was
ultrasonically dispersed (100 W, 10 s) in 30 ml of 10 mM-R@I buffer (pH 8.5). Subsequently,
40 mg of mMPEG\H: dissolved in 4 ml DI water was added to thiepersion under constant
stirring. After 24 hours, PE®DA-NS were obtained by centrifugation and washing via BD H
repeatedly until the supernatant was colorless and transparent. The typical thepsoafuct was

30 mg.

2.2.4The photothermal effect of PEEEDA-NT and PEGPDA-NS

The temperature rise of dispersions upon irradiation was used to evaluate photothermal
conversion efficiency. PEGDA-NT or PEGPDA-NS were placed in 1 ml DI #D ina 10 mm X
10 mm quartz cuvette. The temperature of the solutionmaastored until the sample was at
thermal equilibrium with the room. The cuvette was then irradiated with 808 nm wavelength light
using afiber light guide. Intensity at the cuvette surface was ~1 \R/enthermocouple was
inserted into the medium and alftthe laser path. The temperature of the dispersion was recorded

every 10 seconds.

2.2.5Drug loading of Doxorubicin on PEBDA-NT and PEGPDA-NS
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Loading wagperformedby adsorption of doxorubicin by PEBDA-NTs or PEGPDA-NS
from solutions (1.5, 1, 0.5, 0.25, 0.1 mg/ml) of doxorubicin in phosphate buffer (PBS; 10 mM, pH
8). PEGPDA-NT or PEGPDA-NP was dispersed into the solutions at a concentration of 0.5
mg/ml undemagnetic stirring at room temperature. After 24 hours, the doxordbaited PEG
PDA-NT or PEGPDA-NS (PEGPDA-NT/Dox or PEGPDA-NS/Dox) was collected via
centrifugation and washed via fresh PBS (10 mM, pH 7.4) three times to remove extra unloaded

Dox.

2.2.6 Stimuli-Responsive Drug Release

The effect of irradiation and medium pH changes were evaluated by monitoring the amount
of doxorubicin released into the dispersion medium over time. In a typical experiment, to examine
the effect of pH, 2 mg doxorubicipaded nanoparticles were added to 30 ml PBS (10 mM, pH
7.4 or pH 5) with mild stirring at room temperature. Periodicaly3 ml release medium was
collected and centrifuged (21,964 g for 1 min). The concentration of doxorubicin in the supernatant
was determmed by U\AVis absorption at 480 nm and used to determine the total amount of
doxorubicin released from the nanopatrticles. The precipitate was dispersed in 3 ml of fresh PBS
and returned to the sample. The influence of NIR on drug release was investgiaged similar
methodology. In a typical experiment, 0.2 mg of doxorubliwaded nanoparticleseveadded to
3 ml PBS (10 mM, pH 7.4 or 5) with mild stirring at room temperature and placed in a quartz
cuvette. NIR irradiation (808 nm, ~1 W/émat sample wrface) was applied to the top of the sample
for 10 minutes every 50 min. Just prior to and immediately after each irradiation cycle, a 0.2 ml

sample was collected and centrifuged. After the doxorubicin concentration in the supernatant was
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determined by UW:is, the precipitate was redispersed in the same supernatant and returned to the

cuvette.

2.3 Results and Discussion

2.3.1 Synthesis of Polydopamine Nanotubes and Nanospheres

Dopamine

¢

Tris buffer HF

pH 8.5 etching
Tris buffer
H 8.5
o ’
PDA-HNT PEG-PDA-HNT PEG-PDA-NT
« Dopamine NH3H,0 in mPEG-NH,
EtOH + H,0
Tris buffer
pH 8.5
PDA-NS PEG-PDA-NS

Fi g2¥Sey nt hes iNsT, 0 fP EFADIA. RBA -PEM&S

Figure 2.1 depicts the nanotube fabrication pegs. Dopamine undergoes a-gafidation
process in weak base conditions. Through a series of oxidatiolization, and isomerization
reactions, dopamine molecules conjugate and form a conformal polydopamine coating on the
suspended particles. By susgeérg HNTs in a dopamine solution ifris buffer, a conformal
coating on the halloysite surface was formed as the reaction proceeded. In this work, halloysite
was suspended firdbllowed by the addition of dopamine under rapid stirring. Affteraddition
of dopamine, theolor of the medium quickly changed to pink, indicating oxidation of the catechol
groups andheformation of indoles. The solution gradually turned dark brown as polymerization
proceededrigure2.2 (a) and (b) are TEM images of unmodified HNTs, and PDA coated halloysite,

PDA-HNT. As compared to the unmodified halloysitee coated halloysite had a larger diameter
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and a roughesurface. Further modification of the nanotube was achievéddagl dition of amine
terminated PEG (Mi 1000).The eaction between the ansiterminal group and quinone groups

on the PDA coating effectively grafted PEG to the tube surfagere2.2 (c) is a TEM image of

PEG grafted PDA coated halloysite nanotubes, F&-HNT. In general, the tubes had a similar
diameter to PDAHNT with similar surfaceoughness. Removal of the halloysitas achieved by

HF etching.Figure2.2 (d) is a TEM image of the resulting PERDA bilayer nanotubes (PEG
PDA-NT). The tubes had considerably lower stiffness than halloysite, as evidenced by the
appearance of bent, wrinkled, flattened, or otherwise distorted ra®tdNTs have both an outer

and inner surface available for PDA deposition. Based on TEM images, only a single layer of PDA
was left after HF etching of PD-8oated HNTSs. Thus, either there was no PDA deposited on the
inner surface ofhe halloysite, possily due to diffusion limitations, or the PDA deposited on the

inner surface othe halloysite is removed with the HNT upon etching. The diameter of pristine
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HNT was 5160 nm, the diameter of PDA coated HNTs was ~25% largei7566m. PEG
modification resukd in a small additional increase in diameter787nm. After HF etching,
possibly dueto partial collapse of nanotubes into less cylindrical shapes, the width measured under
TEM was 104127 nm small enough for transport through the leaky vessel wpitatyf tumors
(< 200 nm) and large enough to avoid clearance by the kidneys (>1U4jnhengths obtained
for the tubes ranged were 582709 nm; the aspect ratios were in the range of 4.7 to 5.9. For
comparison PDA spheres, PDAS, and PE&oated PDA spheres, PEHEDA-NS, were
producedSolid spheres were selected as a comparison as they are the most studied form of PDA
nanoparticles. In addition, the inner surface of hollow spheres is not directly accessible. In contrast
the inner surfacefan open tube such as those produced in this work is accessible via the tube
ends. The PDA spheres producEjure2.2 (e) and (f), had diameters of 23130 nm and 145
160 nm respectively. The thin PDA layerdicatedonly a single layer of PDA left after HF etching
of PDA coated HNTs. Thus, either there was no PDA deposited on the inner surfidoee of
halloysite, possibly due to diffusion limitations; the PDA deposited on the inner surfacehef
halloysite is removed with the HNT upon etching. The diameter of pristine HNT wé8 Bfn,
the diameter of PDA coated HNTs was ~25% larger/BHmm. PEG modification resulted in a
small additional increasin diameter, 678 nm. After HF etching, possibly due to partial collapse
of nanotubes into less cylindrical shapes, the width measured under TEM wh271.8 small
enough for transport through the leaky vessel walls typical of tumors (< 200 nm)gadrdaugh
to avoid clearance by the kidneys (>10 riid)] Lengths obtained for the tubes ranged were 532
I 709 nm; the aspect ratios were in the range of 4.7 to 5.9.

For comparisonPDA spheres, PDAS, and PE&oated PDA spheres, PERDA-NS,

were praluced Solid spheres were selected as a comparison as they are the most studied form of

57



PDA nanopatrticles. In addition, the inner surface of hollow spheres is not directly accessible. In
contrastthe inner surface of an open tube such as those produttes work is accessible via the

tube ends. Th®DA sphereproducedFigure2.2 (e) and (f), had diameters of ~3180 nm and

145 160 nm respectively. The comparatively thin PDA layers in the prepared nanotubes versus
the size of the PDA nanospheres is explained by thetufation of PDA growth in Tris buffer as

seen in the work of Della Vecchia et 894] Under TEM, the hollow nanotubes were semi
transparent, most notably for the PEB®A-NT, while the solid nanospheres were opaque.
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Fi g23FeTI R spectra of halloysite and nan
Representative FTIR spectraigure 2.3, show typical peaks for HNT in not only the
pristine halloysite but also the PRINT and PEGPDA-HNT tubes. These peaks include the O
H stretching of hydroxyl groups at 3694 and 3620'caswell as the deformation and stretching
of SO, Al-O-Si, and OH in the range of 4@3.14 cmt, consistent with previous studig83]

However, after HF etching, these peaks disappeared, indicating complete removal of template.

Compared with pristine halloysite, a widech was present in the spectra from about 1850 to 3650
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cnt! after the PDA coating was formg8l,. 495] This archwas more obvious after HNT etching.

The peaks at 1283 chand 1502 cnd correspond to the stretching vibrations ofNG C=C, and

C=NC of aromatic rings, while the peak at 1726%crorresponds to the stretching vibration of
C=0, all indicate the presence of P&\9] After PEG modification, smhlpeaks appeared at

2922 cm! and 2871 cm. These are attributed to the asymmetric and symmetric stretching
vibrations ofCHzin PEGJ[8, 495496]The peak at 1086 cfattributed to the stretching vibration

of CH2-C-0, also suggests the PEGylation of PDA. There were also two peaks at 2836 and 2960
cnt! found on PDAHNT and PEGPDA-HNT, which disappeared after HF etching. The authors
believe these peaks are associated with aliphatld @oups interacting with the halloysite
surfaces. This interaction disappears after halloysite removal. Similar features are noted in the

spectraof PDA-NS and PEGDA-NS.

Thermogravimetric analysis (TGA) was performed to study the composition of nanotubes,

Figure 2.4. The sampl e wei gh tastherepreteatative of sanmples watholt e c t e «
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adsorbed wateo eliminatethe interference of moisture with the analysior the unmodified

HNT, around 151 % of the sample mass was lost between 450 andG5feak loss occurred at
508 C, Figure2.4 (b). This peak is typically assigned to the dehydroxyteof structural AIOH

groups of HNT[496-497] Conversely polydopamine coated halloysite exhibited mass loss

bezween 200 and 600 ) Pure PDA exhibits a mass

testing supporting the assignment of this loss peak to the presence of RBA2% of the mass

was lost for PDAHNTS. Two events were responsible for this behawaure2.4 (b). The first,
related to PDA degradation, was at 3@5and the second, related to dihydroxylation of HNT, was
at 494 C. Analysis indicates that dehydroxylation accounted for 30.2% of the lost ks

PDA degradation accounted for 69.8%. This sutggésit the PDAHNT tubes are roughly 26 wt.%
PDA. Similar results were obtained after modification with polyethylene glycol; dehydroxylation
accounted for 29.8% of the total weight losthile the combined PDA and PEG degradation
accounted for 70.2% of éhtotal weight lost. The total loss was 37.5% suggesting theHEA

HNT tubes are 26.3 wt.%. After etching of the halloysitee dehydroxylation peak largely
disappearsand almost the entire mass of the sample is degraded during TGA testing, 3.9% residu
mass for polydopamine nanotubemd 3.3% residual mass for polyethylene glycol coated
polydopamine nanotubes indicating the halloysite template was completely removed. This result

is consistent with the TEM and FTIR analysis.

2.3.2 Photothermal Behavior danoparticles and Nanotubes
Previously, Liu et al. demonstrated the high photothermal efficiency to PDA nanospheres,

suggesting their applicability to photothermal therfgy.In this work the photothermal

performance of PE@DA-NT wascompared with PEGPDA-NS pr epared via Li
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Figure2.5. Asexpected, the healp rate of NIR irradiated dispersions was largely dependent on
the mass concentration of PDAjgure 2.5 (a) and (b). At high concentrations, 1 mg/ml, the
dispersions displayed a 43C temperature rise ovet5 minutes. While dispersions at
concentrations of 50 mg/ml only exhibited an increase of €1tHowever, for both PE®@DA-

NT and PEGPDA-NS, the maximum temperature increase is not a linear function of concentration,
Figure2.5 (b), the apparent photothermal efficiency decreases. This decrease is possiblheue to

agglomeration of the nanopatrticles.
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The results inFigure 2.5 (a) suggest that PEBDA-NT has a higher photothermal

efficiency than PEGPDA-NS. For example, a t 250 ¢ g/-RDA;NS didplayed RRE G
tempeat ure change of @PPANT r eswhlitleed tihre & E45. 3

change, 39. 3 , under the same conditions.

evaluated. The photothermal conversion efficiergygf both PDA nanopécles were measured

to elucidate this differenc&fficiency was calculated from:

_ Ber 0 2.1
Op pm

where"Qis the heat transfer coefficiert,is the surface area of the containgry is the

maximum temperature change of PDA nanoparticle dispersiarssestdy staté(s the irradiation
power,d is the absorbance 808 nm, andis the heat associated with the light absorbantheof
solvent[2] 0 was calculated fromd  ®3"Y , Where 3"Y is the maximum
temperature change of water irradiated by the same light sautice same power intensity.
The parameter sé&® was determined by fitting temperature tisie data to the equation:
Ba ®

where, & is the mass of componentcpi is the specific heat capacity of componegrttis time,

0 a &— 2-2

and —is calculated at each time increment as)"MJY . The summatiorB & @ was

approximated by the mass and specific heat capacity of the solvater),

Si

Data was collected as the photothermally heated sample cooled to room temperature,

Figure 2.5 (c). The fits are shown iRigure 2.5 (f). The photothermal conversion efficiency of

PEGPDA-NS at 250 eg/ ml was f ound dtbpLiuketeal2hToer,

photothermal conversion efficiency for PERDA-NT at the same mass concentration was found

to be 42%.
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Gold nanorods have been widalfudied as a photothermal therapeutic agent, owing to
localized surface plasmon resonance (LSPR)IHowever, according to Liu
nanaods experience significant morphology changes upon irradiation. One effect of this
morphological change is a change in $SP&sulting in a reduction of photothermal energy
transferf2] In this studydispersion of PEG’DA-NT (1 mg/ml) was repeatedly irradiated at an
energy density of 1 W crhwith 808 nm wavelength light. The 1 mg/ml concentration of PEG
PDA-NT was selected to maximize the temperature change during the evaluation. The dispersion
was irradiated for 500 seconds, followed by 1500 secaofid®oling. This irradiatiorcooling
cycle was repeated several times on the same sample. The temperature of the dispersion was
recorded over the course of the irradiation / cooling cydiagre 2.5 (d). It can be seen the
photothermal effect of PEBDA-NT was not deteriorated by previous irradiations. The highest
temperature of the dispersion even increased during the second and third irradiation. This increase
is believed to be due to an inased PDA concentration due to water evaporation during the test.
The morphology of PDA nanotubes afterrepeated NIR was inspected by TEM. As shiagurn

2.5 (e), no obvious morphological changes were observed for theFHEASNT.

2.3.3 Doxorubicin Loading Capacity

Loading of doxorubicin was accomplished by adsorption from a concentrated solution. In
the aqueous solution used to load the nanopatrticles, 1@B®/at pH 8, doxorubicin is positively
charged while PDA is negatively chargegsulting in a strong driving force for the adsorption of
doxorubicin by PDA499501][Dox or ubi cin also int-erantdshwdidt dg
bonding interactions increasing binding and loading capfjityn this work, solutions with

various doxorubicin concentrations, 0.1 mg/ml to 1.5 mg/ml, were used to load the nanopatrticles.
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Two methods were used to evaluate the amount of doxorubicin loaded on the nanoparticles. First,
after loading, the collected and washed nartapes were resuspended in Tris buffend UV-
Vis spectraveretaken. PDA exhibits a wide absorbance from 300 to 800 nm. However, adsorbed
doxorubicin increases the adsorptiparticularly between 450 and 550 nRigure 2.6 (a) shows
spectra obtained from doxorubidmaded PEGPDA-NT, which was washed and resuspended
afterloading. Asthe concentration of doxorubicin in the loading solution incréasahsorbance
between 450 and 550 nm increased, suggesting a higher loading was achieved; dispersions with
the same concentration of PEHRDA-NT were used in each case. Due to the significant spectral
overlap between PDA and doxorubicime comparison ofthe UV-Vis absorption of loaded
nanoparticle dispersions is qualitative.

Quantification of doxorubicin loading was obtained by an indirect calculation. In this case,
the residual doxorubicin concentration in the supernatant remaining after collectiorasindg
of the loaded nanoparticles was used to determine the amount of doxorubicin not loaded on the

nanoparticles. The encapsulation efficiency (EE) was calculated from:
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00 pmmb 2.3
where’O Ois the fraction of doxorubicin that was loaded onto the nanopartidesjs the
doxorubicin concentration in the loading solutian, is the volume of loading solution usexd,
is the doxorubicin concentration in the supernatant collected during washing, iartthe volume
of supernatant collected during washing.

As shown inFigure 2.6 (b), as the doxorubicin concentration in the loading solution
increased, the encapsulation efficiency dropped from 95% (0.1 mg/ml doxorubicin solution) to 37%
(2 mg/ml doxorubicin solution). Thiwend was interrupted when the concentration was increased
to 1.5 mg/ml, the encapsulation efficiency for PPGA-NT increased to 55% at this
concentration. Similar trendsin the loading efficiency for FHBA-NS were observed. However,
at every concentran, the encapsulation efficiency for PHEA-NT was higher than that for
PEGPDA-NS. This can be attributed to the higher specific area of nanotubes. The enhanced
efficiency at the highest loading concentration is believed to resultdiffusion of the adsorption
of doxorubicin into bulk PDA. If bulk absorption plays a role in encapsulation efficiency, one
expects that it is the total mass of PDA that would control loading efficiency, and there would be
no significant difference betweemanospheres and nanotubes. When loading solution
concentrations were between 0.1 and 1.0 mg/ml, the encapsulation efficiency ¢1[PESS
was roughly 60% of the PEBDA-NT. However, when a loading solution of 1.5 mg/ml was used,
the ratio increased to ~8g supporting the hypothesis that loading shifts from a surface to a bulk
effect. This effect is similato that observed by Zeng et al. for the diffusion ofAinto a PDA
shell[425]

The loading capacity (LC) was calculated from:
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where LC is the fraction of the mass of loaded doxorubicin divided by the total mass of the

, #

pmtmbp 2-4

nanoparticles after loading, andxMis the mass of the unloaded nanoparticlHse bading
capacity of doxorubicin on nanopatrticles is showRigure2.6 (c). Loading capacity increased as
doxorubicin concentration increased in the loading solution. For-PBE&-NT, the doxorubicin
fraction increased from ~15.8% to ~61.3% as the loading solatiorubicin concentration
increased from 0.1 to 1.5 mg/ml. Loading with mass fractions greater than 50%, while surprising,
are not unheard of for particles with large specific surface[2g¥3.Similar trends were noted for
PEGPDA-NS. The loading capacity of the nanospheres is loham that of the nanotubes at all
concentrations. However, the relative loading capacity, nanosphere loading capacity divided by
nanotube loading capacity, does seem to be a function of doxorubicin concentration in the loading
solution. When the doxorubicitoncentration in the loading solution was 0.1 mg/ml, the relative
loading capacity was 67%. It dropped to 34% when the doxorubicin concentration in the loading
medium was 0.5 mg/ml and increased to 84% at a doxorubicin concentration in the loading
mediumof 1.5 mg/ml. This behavior supports the idea that loading shifts from a surbawelk-

driven phenomena at higher doxorubicin concentrations.

2.3.4Release from Polydopamine Nanopatrticles

Normally, the pH of blood is around 7.4, while in tumors, the pH dirojsver than 6.6;
the pH of endosomes is in the range of 6.5 to .64, 502503] Therefore pH change is
commonly used to triggethe local release of therapeutic compounds. Under weak acidic
conditions, such as those found in endosomes, the release rate of doxorubicin from the PDA

nanoparticles produced in this work was faster and reached a higher level of completion. For tubes,
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after 22 h,D55% of loaded doxorubicin was released when the media was at pH 5.0, while only
D17% doxorubicin waseteased in neutral pH. For spherde fraction released at the same time
wasD45% at pH 5.0, while onlfp14% was released at neutral pH. The fraction of doxorubicin
released from the tubes wWia20% higher than exhibited by the spheres at both pHs egdluEte

pH effect is similar to that reported by Waeilg al.for polydopaminégadoliniuni
metallofullerene [504] In that work, differences in release rates were related to the chatige in

zeta potential of the PDA nanoparticl@he zeta potential of PDA is a strong function of pH. At
pH50t he zeta potenti al of the t ube,sespactivdy spher
while at a pH of 7.4the zeta potential of the tubes and sph&vess 1T 32. 2 mV, and 1
respectively. The difference in zeta potential did not have a significant effect on the difference in
thefraction of doxorubicin released in the present study. This suggests that the thcedesse

rate for the PDA nanotubésrelated to the increased surface area of tubepheres. Furthermore,

as the PDA nanotubes had a higher loading capdggure 2.6, the amountof doxorubicin
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released per unit mass of PDA in the nanoparticles was considerably higher for nanotubes than for
nanospheres:igure 2.7 (a)shows the mss of doxorubicin released per mass of PDA in the
nanoparticles as a function of time and pH of the release medium for PDA nanopatrticles loaded in
a 0.5 mg nmi* doxorubicin solution. Under this loading conditjithe PDA nanotubes hdo2.5
times the loadig capacity of the PDA nanospheres. The mass of doxorubicin released for spheres
is less than half of that delivered by the tubes at both high and low pH.

Figure2.7 (b) shows the effect of NIR irradiation on the release of doxorubicin fromiPEG
PDA-NT. Samples were placed in a quartz cuvette and irradiated (808 nm, 1'3jVfom10
minutes every two hours. The mass of doxorubicin released was measubsdgresaind just after
each irradiation cycle. Underboth pH conditioiiR irradiation induced a burst of release. When
the irradiation was removed, release rates seemed to slow or reverse. The overall doxorubicin
release rate and the effect of NIR irradiatioerahigher for low pH media. The samples were
immersed in a watebath to limit the temperature increase of the dispersion during irradiation.
However, the strong NIR adsorption by PDA is not affected. This energy adsorption increases the
particle temperaturée dboemdipn g nlaedhiijsiim toigadinn @ n d
unbound doxorubicin. The increased temperature also increases local diffusion rates increasing
doxorubicin release. Inthis test, the release media was not refreshed; perfect sink conditions were
not maintained. Thus, during the portion of tyele without NIR irradiationthe doxorubicin
could be reabsorbed by the particles, resulting in the apparent decrease in the mass released seen

for some samples.

2.4 Conclusion in the Chapter
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Hollow bilayer polyethylene glycol polydopamine nanotubes wezpared via the use of
halloysite as a sacrificial template. The abundant catechol and amino groups on polydopamine
enable surface coating of halloysite under mild conditions and enable grafting of polyethylene
glycol on the outer surface by a Michael Adalitmechanism. The halloysite core prevents similar
grafting on the inner surface of the polydopamine layer resulting in a bilayer nanotube after the
template is removed. The prepared tubes exhibited excellent photothermal behavior. Compared to
PEG-coatedpolydopamine spheres, the nanotubes displayed significantly higher loading capacity
of a model cancer therapeutic, doxorubicin. The tubular shape and size range of the nanotubes
suggest they would exhibit good circulation lifetime and high specific ugtakemor cells. It
was demonstrated th#the release of doxorubicin could be controlled by media pH and NIR
irradiation. The combination of excellent photothermal efficiency, pH and NIR activated release,
the potential forthe shapedependent enhantent d circulatory time and preferential tumor
uptake make these nanotubes a promising drug delivery platform for combined - chemo
photothermal therapy. The facile approach to PDA nanotube production should stimulate further
research on the utility of anisotropRDA nanoparticles in cancer therapy and other biomedical
applications. The work reported here enables studies on the effect of anisotropy on the
biocompatibility and toxicity of PDA and provides key in vitro datato motivate in vivo evaluations

of PDA namtubes.
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Chapter 3

Bowl-Shaped Polydopamine Nanocapsules: Control of Morphology via Template Free Synthesis

3.1 Introduction

Nanoparticles are regularly produced in relatively simple shapes such as spheres, rods, and
wires and applied to applications in the biomebd&ad environmental fields as drug delivery
particles, photothermal agents, enhanced catalysts, electrochemical agents, and signal
enhancement agen{d06, 421, 492, 50508] While synthesis oAsymmetric nanostructures is
not as simple as it is for spherical nanoparticles, the range of synthesized nanoparticle
morphologies has steadily grown to include more exotic shapes such aslageed, dumbbell
shaped, tubes, ellipsoids, regular tetrabe@nd regular icosahedrfn09-512] Bowl-shaped
nanoarticles (nanobowls) have a high specific surface area and high packing density making them
an exciting candidate for signal detection, biomedical, energy storage, and catalyst applications.
[513-516] There are three main templadssisted methods used to produce nanobowls. The most
widely used technique utilizes @nray of spherical nanoparticles as a template. The nanobowls
are obtained by depositing additional material on one side of the #ofywed by template
removal.[517-522]A s econd technigue Agrowso the nanobo
as seeds through a process similar to the Velwener growth mod&23-524 Droplets formed in
immiscible liquids can be used as seeds. Instead of layer growth, deposited materials grow as
i sol ated fAi sl and s 0[526]Mhenamobowls are thea abtined by thd reraopal e t s .
of the immiscible liquid. For the third technique, nanobowls can also be obtained from collapsed

vesicles, which are formed on either soft templates (immiscible liquid drof&6) or hard
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templates (sacrificial nanospheref§98, 527529] Inspired by the formation of liposomes, the
addition of water to colloidal solutions of amphiphilic copolymergeadso been demonstrated to
produce nanobowls[530-532] The evaporation of the organic solvent from the colloidal
nanoparticles results ihefic ol | apse 6 of the particles into a
prepared through lyophilization. In this technique, the polymer is dissolved in an csgbvant
which is then dispersed in water. The system is then feeed. During lyophilization,
evaporation of the organic solvent results in the formation of a cavity or hole in the polymer
nanospheres[533-534] Finally, for metal oxides, Ostwald ripening was didey He et al. to
prepare bowlike nanoparticles.[535] However, all of these methods are typically time
consuming and labentensive; many fothem require multiple steps. Also, in templated synthesis
methods, the size and dispersity of the nanoparticles produced are highly correlated to the size and
dispersity of the template used. For example, polystyrene beads are typically used as tEmplates
nanobowl fabrication. However, these patrticles are usually in thé 2000 nm range. Thus, the
produced nanobowls are significantly larger than the optimum size for drug defik4}yihe
additional solvents and chemicals used for the remov@mplates in templatassisted synthesis
methods may also be a safety concern in biomedical applica{la®8] Furthermore, for drug
delivery applications, the payloads may be inactivated during template removal, directly impacting
the efficacy of the nanocarrief537] Therefore, particularly for biomedical applications, rapid
templatefree methods for nanocapsule and nanobow! fabrication are desired.

One material that has attracted ddesable interest for biomedical applications in recent
years is polydopamine (PDA). Messersmithoés gr
under mild base conditions in 200386] The numerous catechol and amino groups present in

PDA endow it with excellent adhesion to many materials and provide a facile method for
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attachment of functional groups through Michael additr Schiff base reaction887, 538540]
Additionally, excellent biocompatibility aharomatic group content make PDA a promising
material in biomedical and electrical applicatiofs.541543] While spheres are by far the most
studied shape of PDA, there have been some recent reports on the synthesis and properties of rod
like [399] and tubdike [481, 544]PDA nanostructures. Templasssisted techniques have been
exploredto producebowl-shaped PDA structurefb45-548] However, these methods have all
resulted in large particles, on the order of 260 nm to 4 mm, and aredmsaming. In addition,
the templatessedor the solvents used may raise biocompatibility issues wdreaved. Recently,
biocompatible poly(acrylic acid) nanoparticles have been used as templates for PDA nanobowl
synthesis[470, 549550] While the particles produced are smaller, on the order of Z&D nm,
and the materials used are bioconmigati the multiple-step fabrication process inherent in
templateassisted synthesis still makes the preparation process complicated andriguming.
Recently, Ni et al. prepared hollow PDA nanocapsules approximately 200 nm in diameter
in a mixed solutio of water and tetrahydrofurgd51] The authors attributed the hollow structure
obtained to the microphaseparated complexes that formed in the reaction medium. However,
the reaction was slow, possibly as THF is a-pastic solven, [446] and the hollow particles were
only obtained after 36 to 72 hours. In adatitiwhile they were able to synthesis nanocapsules, the
products exhibited poor morphological control and size homogeneity. Also, after a period of
storagethe particles aggregated. Yan et al. reported the formation of solid PDA nanopatrticles in
alcoholmater solvenf552] They mention the observation of one particle with a hole when
isopropyl alcohol was used as a-smvent but did not report further investigation of this
phenomeaon. Herein, a rapid onpot synthesis method of PDA nanocapsules and nanobowls is

reported. PDA nanocapsules were prepared in weakly alkaline ethanol/water solution in two hours.
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Afterdrying n ambient conditions, nanobowls were obtained. Compared with previously reported
methods for PDA bowlike structure fabrication, the process used in this study is straightforward,
fast, uses biocompatible materials, and does not regtémplate. Furthenore, the morphology

of the nanocapsules produced is tunable by varying the reaction conditions. The size of the
nanobowls produced is betweeni8020 nm. To the best of the authors' knowledge, there are no
previous reports of such small PDA bestlapednanoparticles rapidly synthesized through a
templatefree method.The dilization of naturally occurring ethanol nanodroplets makes this
method simple, lowcost and biofriendly, and ke great potential in catalyst, energy storzayl

biomedical applications.

3.2 Experiments
3.2.1 Materials

Dopami ne c¢ hI9%%) was ebtained Aagm Béantown Chemicals. Tris(hydroxy
methyl) aminomethane (Tris, ultrapure 99.9%) was obtained from VWR Life Science. Ethanol
(Et OH, ACS gradéa@od9 . (MBOHanNn HPmeregprained BomO 9 9 . ¢
BDH Chemicals. Ispr opan ol (histology grade O 99%) was
chemicals were used without further purification. Deionized (DI, ultrapure Type 1) water was used

in all experimets.

3.2.2 Characterizatios
The morphology and structure of nanocapsules were characterized by transmission electron
microscopy (TEM, Zeiss EM10, Germany) and scanning electron microscopy (SEM, JEOL JSM

i 7000F, JEOL). The TEM microscopy was conducted at aelereting voltage of 60 kV. The
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specimens for TEM were prepared by drying a droplet of nhanocapsule suspension diluted with
EtOH on a copper grid underambient temperature and atmospheric pressure. The size distributions
were obtained by measuring at least 100 randomly selected nanocapsiwe$SEM images using

image software (ImageJ, National Institutes of Health, Bethesda, MD, USA). The wall thicknesses
of uncollapsed hollow nanocapsules were calculated from the inner and outer diameters of the
imaged nanocapsules. For collapsed partidies wall thicknesses were directly measured in
relevant images. The numbers of solid (nanospheres) and hollow nanoparticles (nanocapsules) for
each reaction time were counted in TEM images taken at randomly selected sites on the prepared
grids. SEM was @rformed at an accelerating voltage of 20 kV. The samples for SEM were

prepared by drying a droplet of diluted nanocapsule/water dispersion on a piece of silica wafer
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under ambient temperature and atmospheric pressure. The wafer was then attached to an SEM
mount. The numbers of collapsed nanocapsules (nanobowls) and uncollapsed nanocapsules were
counted in SEM images taken at randomly selected sites on the prepared wafers. The PDA
nanoparticles are hydrophilic, and the nanoparticle dispersions are stabbgtear and pH 7.4
phosphate buffer solutions over 24 hours, as showsigare 3.1 (b). The TEM samples were
prepared in EtOHo reduce the surface tension betwéle@ TEM grid and dispersion solvent
However the PDA nanopatrticles gradually precipitateamorganic solvent like EtOHTherefore

the nanoparticles moderately aggregated under TEM. Under SEM, the nanoparticlepaasedii

well using water as dispersion solvehigure 3.1 (b). The 0 vol.%, 5 vol.%, 10 vol.%, 20 vol.%,

30 vol.% EtOH aqueous solutions containing 6.80g/ml Tris and DI water were investigated

using dynamic light scattering (DLS, Nano ZS90, Malvern, Worcestershire, UK) measurement.
The composition of hollow PDA nanocapsules and solid PDA nanoparticles were characterized by
Fourier transform infrared sptra (FTIR, Shimadzu IRPresti@d FTIR spectrometer, Japan).

The KBr pellets were prepared at a sample to KBr mass ratio of 1:100.
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3.2.3 Synthesis of Hollow Polydopamine Nanocapsules

Dopamine
OH
centrifuge
H,N OH 7
~2 hours re-disperse *
j stirring %
0.606 mg/ml Tris in Collection &
EtOH / H,0 mixed solution Purification (Collapsed) Hollow Nanocapsules

Fi gB3Pag eparation and purificatsiwlne so.f

The simple synthesis process used in this work is depict&igire 3.3. In a typical
synthesis to produce nanocapsules, 6 mg DA was added to 20 ml of 20 vol.% EtOH aqueous
solution with 0.606 mg/ml Tris. The reactants were stirred using a magnetic stirrer dars2 h
The polydopamine nanocapsules produced were collected by centrifugation (21,912 g, for 10
minutes), purified by dispersing in DI water and centrifuging three times, and finally dispersed in
DI water. Various concentrations of DA (0.3, 0.6, and 0.9nm)g and different solvent
compositions (5 to 30 vol.% EtOH) were evaluated. Sealing some reaction vials with parafilm and
leaving others open to the atmosphere was used to investigate oxygen influence. The reaction
medium gradually changed from colorless dark brown regardless of the concentrations of
reactants or the final particle morphology. This change is typical for thpdgtherization of DA
that occurs through oxidization and cyclization of the catechol groupghenfbrmation of
indolesl®86] Nanocapsules were also synthesized in 20%piispanol (3hour reaction) and 20%
methanol (3hour reaction) with 0.3 mg/mDA and 0.606 mg/ml Tris added. However, the
products were not as uniform as those produced in the ethanol/water spstegoye 3.2. Thus,
this reportfocuses on the production of nanocapsules and nanobowls using an-ethtrohixed

solvent
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3.2.4 Statisti@l analysis

All statisti@al analysis was performed using SA®nDemand for Academics. The

significance level, , is set at 0.05.

3.3 Results and Discussion
3.3.1 Formation of Thicker Wall on Vessels with Increasing DA Concentration.

The morphology of particles obtained via synthesthwifferent concentrations of DA in
the reaction medium is shownfingure3.4. A hollow structure is observed in TEM imagégjure
3.4 (ac). Inthe sample prepared with a 0.3 mg/ml DA concentrafigure 3.4 (a), almost every
nanoparticle has a hollow structuf@nly three solid nanospheres can be found. Synthesis using
higher DA concentrations, 0.6 mg/ml and 0.9 mg/fijure 3.4 (b) and (c), results in smaller
hollow-c or e sizes and increased wal/l thickness.

observation that the thicknesses of polydopamine films depositaubstrates are proportional to

Inner diameter
Outer diameter
[ Wall thickness

< i

X Y : . = 03mgm [ 06mgm | 0.9 mgml
: } < e ¢ e «‘ ) - Dopamine concentration
Figure3.4 PDA capsules preparedimsealed EtOH/KD (EtOH 30 vol %) solution for 6 hours with 1.;
mg/ml Tris and different concentrations of DA. (a, b, c) TEM images, (d, e, f) SEM images, (a al
mg/ml dopamine, (b and e) 0.6 mg/ml dopamine, (c and f) 0.9 mg/ml dopamine, ahar@dterist
dimensions of capsules obtained. The scale bar in images represents 200 nm. Dimensions i

obtained by measurement of more than 100 random particles at each condition using ImageJ.

L 24
s,
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the initial concentration of dopamiff®3! The fraction of solid nanospheres also increases as the
DA concentration increases. The distribution of inner and outer diameters of the hollow particles
determined from TEM images is quided in Figure 3.4 (g). The walls become thicker by
simultaneously increasing the overall particle diameter and decreasing the interior void space, i.e
the particles grow in both the inner and outer direction. The variability in particle size and void
size also increases with increasing DA concentration. Bikevimorphology is not clear in TEM
images but is readily apparent in SEM imagdgg&gure 3.4 (d-f). This morphology is believed to be

the result of the nanocapsules collapsing during the drying process. As the DA concentration is
increased, the &ction of bowdlike nanocapsules declines, suggesting that the -thatled
nanocapsules are more mechanically stable and unable to collapse. At a DA concentration of 0.3
mg/ml particles with diameters on the order of 99 nm (SD 7 nm) and wall thickn2ésof (SD

2 nm) were obtainedand many collapsed particles, belike nanocapsules, can be seen in the
SEM image Figure3.4 (d). However, at a DA concentration of 0.9 mg/ml particles with diameters
on the order of 159 nm (SD 17 nm) and wall thickness of 68 nm (SD 4 nm) were opéaided

only one bowdike structue is seen in the SEM imagEigure 3.4 (f), suggesting that there is a

wall thickness above which the obtained nanocapsules cannot collapse dix&ondrphology.

3.3.2 Synthesis of Pure Nanocapsules

Many established solid PDA nanosphere synthesis methods require a reaction time of at
least 12 hourq2-5, 243, 400, 554555] However, the process reported here produces a blend of
both solid nanospheres and hollow nanocapsules in a relatively short time. Literature suggests that
lower base content results in a slower polymerization of [586] When the Tris concentration

was reduced to 0.606 mg/ml, the fraction of solid nanospheres produced dedfepsed,6. A
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Figure3.5 TEM images of hollow PDA nanocapsules collected in different time. (a) 2 hours, (b) -
(c)6 hours, (d) 8 hours, (e) 10 hours, and (f) 12 hours. (g) Fraction of nanocapsules as a function
time. (h) Chaacteristicdimensions of particles produced. The means are connected with dashed i
vision comparisonDimensions for these particles were obtained by measurement of more tl
particles at each reaction time using ImageJ. All reactions were conducted in unsealed contain

mM Tris concentration in a 30 vol.% EtOH solution, and 0.3 mg/ml DAe Jtale bars in TEM imag
represent 200 nm.

comparison of samples synthesized using reaction times between 2 and 12 hours was used to

evaluate the effect of reaction time on the fraction of nanocapsules produced. TEM images of the
nanoparticles obtained for each reaction time are providdedgure 3.5 (af). The fraction of

hollow paricles produced decreases as the reaction time increasaguia3.5 (a), nearlyall the
nanostructures have hollow cores and are nanocapsules, nhifgure 3.5 (f), the majority of
nanoparticles are solid nanospheres. Counts of hanocapsules versus solid particles observed via

TEM were used to estirteithe fraction of nanocapsules producedeection timeFigure3.5 (Q).
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At two hours of reaction, approximately 97% of the particles produed nanocapsules. At 6
hours reaction timdess than 50% of the particles were nanocapsAle$2 hours reaction time,

the fraction of nanocapsules was ~13%.

< SF SEP e

v

1

Figure3.6 TEM images of PDA capsules prepared with 1.212 mg/ml (a) and 0.606 (hg/fmk
in 30 % EtOH solutions with 0.3 mg/ml DA. The scale bars represent 200 nm.

Characteristic dimensions of the obtained particles are preserfgmine3.5 (h). Both the
outer diameter, ~70 nm, and the wall thickness, 26 nm, of the nanocapsules produced remain
relatively constant over the 12 hours of the reaction. This result is in line with Ball et al., who
found that that the deposition of polydopaminarirsolution is quick and that the thickness of
deposited polydopamine layers is stabilized at a constant value after a shqB38hin contrast,
the diameter of the solid nanosphere produced was stabilized after ~4 hours at ~50 nm. The fact
that there aréew nanospheres present after 2 hours of reaction suggests that nanosphere formation
Is slower or starts later than the formation of the nanocap3udsarther investigate the dimension
growth with reaction time, analysis of variance (ANOVA3asconducte to the four groups of
dimensions irFigure3.5 (h). The datain each group show &esscedasticity problesi n Leveneods
tessThus Wel chds AktépMdakthe aaiterdismeters of nanocapsules, the means of
dimension measurements are unequal. Ph&ed comparisos in adjacent timepoints were

conducted via-test. Then the overall trend of dimension changes revealed \a fitting the
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dimensions by reaction time with a linear regression mddhese analysis results westgown in

Table 3.1. It can be foundhatfor nanoca@sules, the outer diameter increasas slow and not
significant after 2 hours. While their inner diameters continuously reduced until 8 hours. As a
result, the wall thickness showed a significant growth rate during tlgoregeriod.For the
nanospheresthe outer diameter changes ima@atrmonotonous way. The measurements -8 4
hours were larger than the rest tinide time regression coefficient shows a negative value. We
are not clear about the reason for this observation. Other than measuremesntoegquossible
reason ighatduring the 48 hours both nanospheres and nanocapsules are largely dispersed in the
medium, parts of nanocapsules wemnistakenly regarded as nanospheres, and led to
overestimation of the nanosphere dimensidagthermore the small coefficicentindicatesthe

weakeffect of reaction time onarosphere dimensions

Tab3ll&tatistic analysis of reaction on nanopa

. Pval u Pval ue ~time Pvalue Pears
D'menLeveneWeIch'ssatterdtleacoeff"time cod corr
Nanoce . , ,
Oute 0.00;I 0.085,8 g QQ 0.21 0.053 0.80 8¢
di ame
Nanocze . , ,
l nne <0.00 <0.00<g g % -0.80 <0.00 -0.36¢
di ame
Nanoce . . .
Wall <0.00 <0.002 2 R 4 47 <0.00 05504
X Q Q Q
t hick
Nanos| . , :
Oute 0.02! <o.oo<,g g QQ 0.22 <0.00 -01381
di ame
@A oindicates the null hypothesis of atvealed tt e st i s acoepiied. i Aidic

hypothesis of a onsided lowertail or uppertail is accepted.
b¢| inear regression results of dimension by reaction time.

Interestingly, the average radius of the nanospheres, 25 rike the wall thickness of
nanocapsules, 26 nm. As both nanoparticles are formed through precipitation of PDA, their similar

thicknesses (radii for the nanospheres) arebaisty determined by the same initial DA
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Figure3.7 FTIR spectra of PDA nanocapsules and nanospheres. The wide peak at 3&3#ttiuted
to the stretching vibration of phenoh®H and NH groups[7] The peak at 1590 and 1345 ¢r
correspond to bending of-N and OH groups. At 1726 crh the peak indicates stretchingration of

C=0, and the aromatic C=C bending is present at 1502[8nAdditionally, the peaks at 1283 én
and 1190 cmindicate the stretching of-8. [9]

concentration. FTIR spectra obtained for nanocapsules and nanosplgnes3.7, confirms that

though synthesized intdifferent morphologies, both nanoparticles have the same chemical
composition. The inner diameter of the nanocapsules decreased over the first six hours of reaction,
from 21 nm to 15 nm. This suggests that the overall reaction proceeds via two phasd3AFirs
polymerizes and precipitates onto the surface of nanodroplets in the EfOKdition. The
nanodroplet diameter and thickness of this deposition layer establishes the outer diameter of the
nanocapsules. The process is primarily completed in theXfirsurs. In the following phase,
additional DA that polymerizes in the bulk solution forms solid nanospheres through a process of
aggregation. These aggregates are stabilized at a diameter of ~50 nm, and further DA
polymerization in the bulk solution m@ss in more nanospheres. This process continuously
produces solid nanospheres through the reaction. As the reaction proceeds, the DA trapped in the
nanodroplet polymerizes and precipitates onto the inner surface of the nanocapsule, increasing the

nanocapsle wall thickness. This process lasts until the DA trapped inside the nanocapsule is
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depleted and takes ~ 6 hours. The longer time for this process compared to the initial deposition
of the nanocapsule shell can be attributed to the slower DA polymenzatiserved in EtOH

compared to KO .[446, 557]

3.3.3 Effect of EtOH Volume Fraction on Nanocapsule Formation

The synthesis was also conducted using a range of EtOH contents. Without the presence
of EtOH, no nanocapsules were formed, and only solid nanospheres were oligine®R.8
(a). At low EtOH fractions, 5 vol.% and 10 vol.%ts of nanocapsules were formed. The inner
diameter, outer diameter, and wall thickness of the particles produced using 5 vol.% and 10
vol.% EtOH fractions are similakigure 3.8 (b), (c), and (g). However, as the EtOH content is
increased to 20 vol.%he size of the particles dramatically increasagure 3.8 (d) and (g). At
EtOH content of 30 vol.%, the average patrticle size is smaller than that at 20 vol.%, but there are
still a considerable number of large particles predeigyre 3.8 (e) and (g). Surprisingly, while
the sizes of the particles increased with increased EtOH content, the capsule wall thickness
remains relatively constant at around 23 igure 3.8 (g), which further confirms it is the
initial DA concentration that determines the wall thicknelssamocapsules.

To evaluate the hypothesis that PDA nanocapsules form around EtOH nanogdroplets
EtOH/H20 mixed solutions with 5 mM Tris and without the addition of DA were investigated via
DLS, Figure 3.8 (f). Interestingly, tle relative size distributions of nanodroplets in the reaction
medium are consistent with the relative size of nanocapsules formed in these solutions upon the
addition of DA, Figure 3.8 (h). A positive correlation can be observed in the inset grapb.

reaction media with the largest drop&te, 316 nm in 20 vol.% EtOH, produced the largest
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(f) 50
——EtOH 0 %
——EIOH 5 %
—— EtOH10%
40+ EtOH 20 %
EtOH 30 %
— Water

Diameter (nm) >°° 500

(9) (h)

Fi gB88TeEM i mages of PDA nanocapsules prepaQ
solutions, 0.3 mg/ml DA and differentl| E®OI}
vol . %, and (e) 30 vol . %. (f) Droplet size
obtained by measurement of more than 100 r

of droplet size amd aparat ifwlne td wtne ro fd iEd MeHt «
DLS measurements by TEM measurements. The

i mages above represent 200 nm.

nanocapsules, 84 nm outer diameter. While the reaction medhighgismallest droplsize, 241

nm in 5vol.% EtOH, produced the smallest nanocapsules, 68 nm outer diameter. In Tris solutions

without EtOH, much smaller droplets, 118 nm, were detected. Conducting the reaction in this
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