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Abstract

In this study, a template-assisted 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 outer and inner 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 thermo-sensitive poly(N-
isopropylacrylamide) to increase the nanostructure’s thermal responsiveness. The modified
nanotubes show better stability in an aqueous solution than the pristine nanotubes. Moreover, the
photothermal effect of polydopamine allows the remote control of poly(N-isopropylacrylamide),
which presents a hydrated or dehydrated state under different temperatures. Furthermore, the
abundant catechol groups present as the reductive sites to immobilize the Fe3zOs4 magnetic
nanoparticles, which endows magnetic response to the nanotubes. To investigate the controlled
release of nanotubes' capability to payloads, doxorubicin, a cationic small molecular drug, is used
as a payload model. The release rate in different pH, magnetic field, and a near-infrared laser is
tested. Asaresult, a multi-linear regression model is established to describe the impacts of various
stimuli on the doxorubicin release rate from the nanotube.

Besides the nanotube, synthesis of hollow polydopamine bowl-shaped nanocapsules
(nanobowls), as small as 80 nm in diameter, via a one-pot template-free 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 reaction times, the formation of conventional solid



nanospheres dominates the reaction. The nanocapsules’ wall thickness was increased as the
dopamine concentration in the reaction medium increased and sufficient oxygen supported. Under
dehydrated status, the nanocapsules with thin wall thickness and prepared with deficient oxygen
were prone to collapse. Moreover, the degree of collapse of individual nanoparticles changes from
complete to partial to no collapse as the wall thickness increased. Varying the ethanol content
affects the nanocapsules’ cavity size and overall dimension but does not result in a noticeable
change in their wall thickness. The largest cavity and dimension appear with 20 vol.% ethanol
contained in the reaction medium. The formation mechanism of the hollow 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 cancer. However, people have achieved remarkable progress in the battle with cancers.
The concealment of cancer makes the early diagnosis challenging. Furthermore, effective therapies
for medium- and terminal-stage patients are still limited.

The difficulties lie in many aspects. The application of conventional anticancer medicines
is usually bothered by problems like low water solubility, degradation in the physiological
environment, severe adverse effects. Due to the high specificity, bioactivity, sophisticated
functions, macromolecule therapeutics have attracted significant attention. However, the
vulnerability in structure and activity, high personalization cost, and the larger dimension than
small molecular medicines put forward rigor requirements in manufacturing and administration.
After the drug is administrated, there are several biological barriers before active ingredients are
delivered to the ultimate target. Combined with the reticular network in the liver and spleen, the
mononuclear phagocyte system (MPS) can efficiently capture and clear foreign substances. The
heterogenicity of the Enhanced permeability and retention (EPR) effect may diminish the medicine
delivery to tumors. The increased interstitial fluid pressure and the dense physical barrier
composed of collagen and cancer cells also prevent drugdelivery in solid tumors’ deep core region.
Even after the medicine is delivered in cancer cells, the altered intracellular environment, and the

antineoplastic resistance may impair its therapeutic activity.



The smart drug delivery nanosystem is a strategy to enhance the delivery efficiency of
anticancer medicines. Extensive studies have been conducted to develop such systems, including
but not limited to micelles, liposomes, polymeric nanoparticles, mesoporous silica nanoparticles,
metal-organic frameworks. Nevertheless, there is still a great distance from clinical application. A
nanomaterial with good biocompatibility, facile functionalization approach, responsiveness to
stimuli, and accessible excretion or degradationroute is still highly desirable. Polydopamine (PDA)
is a promising material that can fulfill these requirements. The melanin-like material shows
excellent biocompatible properties. The abundant catechol and amino residual groups on the
surface make it possible to efficiently attach the chemical groups and magnetic nanoparticles. The
material also has an apparent photothermal effect. Furthermore, it has been reported that the PDA
could be degraded by reactive oxygen species (ROS), which can be produced during 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 template-assisted method to
fabricate PDA nanotubes is established. The thickness of the nanotube plays a critical role in the
final morphology of the structure. The morphology, chemical composition, and photothermal
efficiency of the tubular structure, along with its doxorubicin loading and release performance, are
characterized and compared with the conventional polydopamine nanospheres. Next, in chapter 3,
given the crucial role of the dopamine concentration in PDA formation, a fabrication method for
bowl-like PDA nanocapsules is developed in water/alcohol solution. The prior precipitation of
PDA forms the nanocapsules at the interface between alcohol and water. Furthermore, the
morphology of the nanocapsules can be changed by varying reaction parameters, including the
ratio between alcohol and water, the type of alcohol, and oxygen support. Finally, in chapter 4,

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



system. During the template-assisted fabrication of nanotubes, the outer layer and inner layer of
PDA nanotubes are exposed in different steps, making the separate modification of both layers
possible. Therefore, PEGylation and in situ polymerization of thermo-sensitive poly(N-
isopropylacrylamide) (PNIPAM) were performed on the outer and inner layers. The Fe3Oa
nanoparticles were then in situ synthesized to endow magnetic responsiveness to the nanotubes.
The nanotubes’ loading and release performance to a model agent, methylene blue, was then tested
in different conditions, i.e., the different pH, various near-infrared laser power, and the presence

of a magnetic field. A multi-linear 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 payloads physically
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 can be present 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, desorption, 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 properties that
can be leveraged to imbue stimuli-responsive release, along withthe advantagesand disadvantages

for each.

1.1.1. Major Drug Delivery Nanoparticles



1.1.1.1. Polymeric Micelles

Micelles, Figure 1.1, are self-assembled structures formed when the amphiphilic molecules'
concentration exceeds the critical micelle concentration (CMC). [10] The core-shell structure of
micelles is maintained by a thermodynamic equilibrium resulting from hydrophobic and
hydrophilic interactions. Micelles are small in size; hydrodynamic diameters are typically 5— 100
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 dilution of the micellar 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 stabilize micelles include increasing the length of hydrophobic
blocks and reducing the length of hydrophilic blocks.[14-16] These methods can lead to increased
micelle size, which is unfavorable for extending the half-life and EPR effect. Unstable micelles
are formed if the hydrophilic block is too short.[17] More common methods for stable micelles
incorporate covalent crosslinking and enhancing intermolecular interaction (such as optimized
topology, ™ — m interaction, and host-guest complexation) in the core or shell of micelles.[18-25]
When pH,[26-28] red0x,[29-32] enzyme,[33] or photo[34] sensitive bonds are used to stabilize the
micelle, the corresponding stimuli can cause micelle swelling or dissociation and release of the
payload, Figure 1.1 (a-c). Alternatively, processes such as protonation or temperature-induced

hydrophobicity changes can weaken 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, 41-47] Drugs can also be conjugated to the amphiphile,
usually to the hydrophobic block, via stimuli-responsive bonds, Figure 1.1 (h). [48]

In addition to amphiphilic polymer fabricated micelles, 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

b?“: hydrophilic block/polymer &‘;—D: hydrophobic blockfpolymen‘pendant)<: cleavable crosslinking/linkage e: drug

Figure 1.1 Stimuli-responsive strategies for micelle-based DDSs. Cleavable bonds can be used (a) on the
hydrophobic backbone, (b) as the hydrophilic-hydrophobic connection, and (c) as crosslinks between
amphiphilic molecules. Breakingthesebonds results in the breakup ofthe micelle. Alteringthe amphiphilic
nature of the materials (d) by breakingbonds that connect hydrophobic pendantsto moderately hydrophobic
blocks, or via stimuli-responsive (e) hydrophobic or (f) hydrophilic blocks results in micelle break up or
collapse. (g) Micelles can be disrupted mechanically. (h) Payloads can be covalently bonded to the
amphiphilic molecules. Breaking these bonds results in payload release and micellar breakup.



terminate in groups that form strong noncovalent interactions, such as host-guest interactions and
electrostatic attraction between ionizable substituents. The amphiphilic structure arises due to
conjugation between these groups. [51] 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 micellar structures. [52-55]
Specifically, the noncovalent conjugation could be disrupted by temperature elevation, pH-
reduction induced protonation, competitive binding, and metal ion chelating in supramolecular-
based systems. [56-57] As a result, the drug release is enhanced. As these are relatively new
materials, the investigation of toxicity, biodegradability, and pharmacokinetics is limited. The
stability of the noncovalent joints also remains a concern, especially in the complicated

physiological environment.

1.1.1.2. Liposomes

Liposomes, Figure 1.2, are self-assembled vesicles with bilayer membranes composed of
lipids serving as vessel walls. Because they are composed primarily of phospholipids, liposomes
tend to be biodegradable and biocompatible. They initiate little to no immunogenic response. The
similarity between this structure and that of cell membranes suggests their use in DDSs. Liposome-
based DDSs are primarily produced by two methods; hydration of a lipid film and reverse-phase
evaporation. In the first method, a lipid-containing solution is dried to form a film, which is then
hydrated while being agitated to assemble liposomes.[58-59] Inthe second process, a lipid solution
in an organic solvent is mixed with an aqueous solution to form a lipid-stabilized water-in-oil

emulsion. As the organic solvent is evaporated from the system, it transforms into lipid bilayer
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Figure 1.2 Stimuli-responsive strategies of l-iposomes. (a) Thermally-induced effects such as (i)

gel-fluid transitions (melting) in the bilayer, (ii) pore formation, induced and stabilized by
lysolipids and PEG-conjugated lipids, (iii) insertion of dehydrated thermoresponsive polymers,
(iv) pore formation due to conformational changes of peptides in the lipid membrane, and (v)
melting of the bilayer promoted by the heat released from embedded magnetic nanoparticles in an
applied AMF all serve to increase the bilayer permeability and initiate release. (b) Destabilization
of the lipid packing via (i) cleavage of the connection between the lipophilic tails and hydrophilic
head groups, (ii) cleavage of one of the lipophilic tails, (iii) isomerization or oxidation of the
lipophilic tail, and (iv) cavitation induced by external agitation (vibration of magnetic
nanoparticles in AMF, the photoacoustic effect, and ultrasound-generated cavitation) also initiates
release. The release can also be initiated (c) by the disruption caused by gas generated within the
liposome and during fusion with other liposomes (d) or cell membranes (e).

vesicles.[60] In either case, the payload can be incorporated into the DDS by dissolving it in the

aqueous phase used during liposome production.[61] Drugs 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 the payloads diffuse into the liposome core, they react with “trapping” agents
already present in the liposome preventing their counter diffusion and leading to their
accumulation.[68-70] This technique, known as remote loading, can increase the loading capacity

and reduce leakage issues.[71-72] 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 feature enables the co-delivery of combinational
formulations to achieve a synergic effect.[73] However, liposomes’ utility for delivering lipophilic
or amphiphilic drugs is more limited as they tend to diffuse across the lipid bilayer.[74]

Like micelles, stability is a concern in liposome-based DDSs. Many lipids have a relatively
low melting point (Tm), and body temperature increases the membrane's fluidity, enhancing
payload leakage.[75] Liposomes also have a relatively short shelf-life due to fusion, aggregation,
and drug leakage during storage.[73] Lyophilization can enhance liposome shelf stability and
simplifies preparation when administered.[76] However, unsaturated phospholipids are vulnerable
to oxidation in vivo, leading to the disruption of lipid bilayers.[73] Increasing the amount of
saturated phospholipid in the system can mitigate this issue.[73, 77-78] The addition of cholesterol
has been found to enhance drug retention and stability and to reduce the rate of opsonization in
physiological environments.[79-82] However, too much cholesterol may impair stimuli-
responsive behavior. In Gaber etal.’s work, the thermo-responsive behavior was almost eliminated
when 30 mol% cholesterol was used.[83] 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 via incorporating a lipid conjugated with the
appropriate protective group during the liposome formation or by modifying the lipids in the outer
layer of the bilayer after liposome formation.[86-88] However, in the first technique, some
protective lipids may be inserted into the inner bilayer, where it does not reduce liposome
aggregation but reduce the payload capacity. The membrane fluidity is also impacted by the
incorporation of protective lipids in both techniques. Protective lipid micelles and unprotected

liposomes are incubated together at a temperature close to the lipid melting point. Under 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 lipids.[86, 90] This technique can also be applied to
achieve a wide range of other functional modifications.[88-89, 91]

The instability of liposomes suggests three primary mechanisms for initiating drug release:
1) the creation of pores or cracks in the bilayer to enhance permeability, Figure 1.2 (a), 2)
destabilizing the liposome by mechanical disturbance, via chemical degradation, or gas disruption,
Figure 1.2 (b and c), and 3) initiating the fusion of the liposome with other liposomes or biological
membranes, Figure 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 bilayer.[92-94] As the bilayer
transitions from a gel tomelt, pores form, significantly increasing the diffusion rates across it. Pore
formation can be enhanced by incorporating lysolipids, lipids with thermally responsive polymer
groups attached, and the inclusion of peptides in the bilayer. US and alternating magnetic fields
(AMF) are commonly used strategies to disrupt liposomes via mechanical agitation.[95-100]
When AMF is used, appropriate sensitizers such as iron nanoparticles need to be incorporated into
the liposomes. Perfluoropentane emulsions can be encapsulated in liposomes to generate gas under
US disrupting the structure.[101-103] Incorporation of lipids that degrade under appropriate pH,
redox, enzymatic, or other conditions can also be used to destabilize the bilayer under those
conditions.[96, 98, 100, 104-107]

The payload can also be released when liposomes fuse with each other or with biological
membranes, Figure 1.2 (d and e).[108-112] Compared with the endocytosis pathway, liposome

fusion with the cell wall bypasses the extracellular excretion and endo-lysosomal escape issues



and releases payloads directly into the cytoplasm.[113-115] This process avoids endosomal
degradation of the payload, which can be significant for macromolecular biologics.[116-117] A
widely accepted mechanism for this behavior, the “flip-flop” of lipids, has been proposed by
Szoka’s group.[118-119] Several strategies have been demonstrated to improve the fusion
efficiency, such as using cationic lipids,[118, 120] utilizing lipids that can adopt non-bilayer
phases (like 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)[121]), decorating the cell-
penetrating peptides on the surface (like KALA[113] and TAT[122]), including phage fusion
proteins,[123] and incorporating aromatic compounds[124] in lipid bilayers. Reshtnyak et al.
utilized a fusogenic peptide to enhance liposomes and cell fusion. At low pH, the conformational
change of the peptide enhances fusion between liposomes and cells.[125-129] Alternatively, the
fusogenic compounds can be deactivated via covalent bonding and reactivated via stimuli-induced

cleavage of the bond.[108-112]

1.1.1.3. Polymeric Nanoparticles

Nanoparticles formed from high molecular weight (Mw) polymer can encapsulate
therapeutic agents, Figure 1.3. They are typically produced during a polymerization process or via
precipitation from polymer solutions.[130] Emulsion or microemulsion polymerization can be
used to create solid polymer nanoparticles. However, residual initiator, stabilizer, 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
precipitation to form solid polymeric nanoparticles, typically adding neutralizing electrolytes or
nonsolvent.[131] Polymeric nanoparticles 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 immune
system.[132] PEGylation of the surface can reduce this issue.

Inaddition to solid polymeric nanoparticles, hydrogel nanoparticles, also called nanogels,
have also been investigated as a nanoparticle-based DDS. Nanogels are composed of networked
hydrophilic polymers and can be prepared using similar methods for traditional solid polymer
nanoparticles.[133-134] In emulsion-based 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 physical crosslinks
are used. Typically hydrophobic-hydrophobic interactions and electrostatic interactions allow for

self-assembly of the hydrogel nanoparticle via precipitation techniques.[133] Generally, the

: cleavable linkage
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: hydrophobic chain
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Figure 1.3 Stimuli-responsive strategies for solid polymeric nanoparticles and nanogels. (a) Cleavage of
bonds in the polymer chain results in degradation and dissolution. (b) Protonation reduces polyelectrolyte
interactions weakening the structure of particles produced via LbL techniques. (¢) The decomposition of
NH4HCO; produces CO, gas rupturing the particle. (d) Cleavage of crosslinkers in nanogel networks results
in swelling or dissociation. (¢) Temperature elevation results in increased hydrophobicity and shrinkage of
a nanogel, while protonation increases hydrophilicity and results in increased swelling. (f) AMF or NIR
irradiation can be used to heat and agitate the system increasing payload release.
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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 nanoparticle production and adsorption.[135-137] One
advantage over micelles and liposomes is that moisture-sensitive payloads can be loaded from
nonaqueous phases during the synthesis of polymeric nanoparticles, protecting them from
degradation during DDS preparation and transport within the body. Further discussion of the
principles, preparation and biomedical applications of polymeric nanoparticles and nanogels can
be found in several excellent reviews.[138-141]

Conventionally, polymeric nanoparticles have been wused for sustained release
applications.[142] When biodegradable polymers are used, the release can last for over a month as
the polymer hydrolyzes or is enzymatically degraded. [137] When stimuli-responsive groups are
used, payload release can be significantly faster. Similar to micelles, breaking cleavable bonds can
be used to initiate the disintegration of polymeric nanoparticles and nanogels, Figure 1.3 (a and d).
Various stimuli, including pH, [143-144] enzymes, [145-151] redox agents [152-157] and
photoirradiation, [158-161] have been 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 release, Figure 1.3 (b).[145,
162-164] For nanogels, protonation- or dehydration-induced osmotic pressure [165-166] and
hydrophilicity changes [167-168] can lead to their swelling or collapse and promote drug release,
Figure 1.3 (e). Recently, Liu et al. incorporated NH4HCOg3 in poly(lactic-co-glycolic acid) (PLGA)
nanoparticles, Figure 1.3 (c). [169] CO2 gas was generated with sufficient pressure to rupture the

nanoparticle and release the payload under acidic conditions. Finally, remote heating via AMF or
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near-infrared (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 nanoparticles (MSN)[170] and metal-organic 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 presence of surfactant as templates. [172-
173] These nanoparticles have a large surface area and tunable pore size. Issues with
biodegradability hinder the development and application of MSN systems. [74] Degradation
typically takes several weeks, [174] and nanoparticles can accumulate in organs like the liver and
spleen.[175] MSN accumulation due to repeated administration may lead to liver injury. [176]
Several strategies have been explored to enhance biodegradability. Shen et al. synthesized large-
pore, thin-wall MSNs with a high Q3/Q4silicon ratio (the ratio of silicon in (HO)Si(OSi)s versus
in Si(OSi)4).[177] These materials exhibited higher proton mobility in mesopore channels and can
be degraded entirely in 24 hours in simulated body fluid.[178] MSN degradation can also be
accelerated by incorporating biodegradable[179-188] or water-soluble components.[189] Pores
can be blocked by gatekeepers to minimize premature release. Three gatekeeper strategies have
been developed: 1) nanoparticles attached to the pore openings via covalent bonds,[190-192] 2)
organic molecules, usually having a large dimension like S-cyclodextrin and pillararene, anchored
at pores via covalent bonding or noncovalent interactions,[172, 193-199] and 3) membranes
surrounding the MSN.[200-202] Systems that use temperature changes,[194] magnetic fields,[203]
ultrasound,[204] photoirradiation,[201] pH changes,[192, 196] redox agents,[190-191, 197, 200]

and enzymes[195, 198, 202] to break the bonds attaching the gatekeeper or to disrupt the
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membrane have been developed, Figure 1.4 (a-c). Silica shells can also be degraded or

mechanically disrupted to release payload encapsulated Figure 1.4 (d).[188, 203]

L]
2 b ?49\ o
e:drug O: nanoparticle gatekeeper ~%" : molecular gatekeeper é : host-guest gatekeeper on MOF

@: membrane gatekeeper @ u\":‘%l:.-,;;tb : globular/random-coil state polymeric gatekeeper

° ° : (mesoporous) silica nanoparticles

Figure 1.4 Stimuli-responsive strategies for inorganic nanoparticles. Molecular(a) or nanoparticle (b) based
gatekeepers can be used to block the pores in MSN based DDSs. Gatekeepers based on supramolecular
host-guest interactions (e) and polymers with a collapsed morphology are used on MOF based DDSs.
Polymer shells can serve as a gatekeeper for both systems (c) and (g). Removal or disruption of the
gatekeepers enabling the diffusion of the payload from the pores. The MSN (d) or MOF (h) structure can
also be disrupted, releasing the payload.

' : membrane gatekeeper .\ metal and organic ligand of MOF

MOF is an emerging hybrid nanostructure synthesized by the coordination of metal ions
and organic ligands.[171] These systems have a highly ordered and tunable porous structure

endowing them with a large surface area for drug adsorption.[205-206] Drugs can be incorporated
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during[207] or after synthesis.[208-209] Payload release can be controlled via gatekeepers
similarly to the approaches used for MSNs, Figure 1.4 (e and f). Stimuli such as pH,[57, 170-171]
glutathione  (GSH),[170]  salinity,[56-57,  210]  temperature  changes,[57, 210]
photoirradiation,[211] and AMF[212] have all been studied to trigger the detachment of
gatekeepers from MOFs. Membrane gatekeepers have also been explored for MOF systems,
Figure 1.4 (g). Payload release can also be stimulated by disrupting the MOF structure through
weakening the metal ion-ligand interactions that hold the system together, Figure 1.4 (h).
Techniques that use pH labile bonds, [213-216] redox-cleavable ligands, [217-219] and
azobenzene-bearing organic ligands [220] have been explored. This approach has been extended
to the systems that use drug, [221] prodrug, [222-223] or another therapeutic agent (photothermal,
[224] photodynamic, [225] or imaging [226]) as the organic ligands in the MOF structure. They
eliminate the need for a gatekeeper, and any 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 some systems, the drug is not encapsulated but is adsorbed to the nanoparticles, typically
to the surface, via noncovalent interactions or covalent linkages, Figure 1.5. The payload is
released as the adsorption equilibrium is shifted by stimuli such as protonation[227] or temperature
elevation,[3] Figure 1.5 (a). Mechanical disruption has also been used to drive desorption, Figure
1.5 (b).[212] Payloads attached by covalent links are released with the bondsare broken by stimuli
such as pH,[12, 228] redox reactions,[48, 229-230] enzymatic attack,[231-232] and
photoirradiation,[233] Figure 1.5 (c). Systems based on covalent bonding can avoid premature

release and achieve high-fraction release at the target site.[48, 155, 234-235] However, the design
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of DDSs based on covalent bonding introduces the additional requirement that complementary

conjugatable groups be present on the payload and the DDS.[74]
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Figure 1.5 Stimuli-responsive strategies for other particles. (a) Payload adsorbed to the surface of DDSs
can be released when adsomption equilibrium shifts due to increased temperature or pH changes. (b) The
release can also be stimulated by mechanical agitation via AMF. (c) For systems utilizing covalent bonding,
release occurs after bond cleavage, for example, hydrolysis, enzymatic cleavage, and redox reactions.

Therapeutic agents have been loaded onto inorganic nanoparticles via noncovalent
interactions, such as noble metals, [236-239] carbon-based nanomaterials, [240] black phosphorus
[227, 241] and boron nanosheets. [242] The adsorption approach has been evaluated for organic
systems as well, like dendrimers[240-242] and polydopamine nanoparticles. [3, 243-244] One
major issue with DDSs based on adsorption is that adsorbing the drug via noncovalent interactions
leaves the drug exposed to the physiological environment and susceptible to degradation or
premature release, particularly 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 dendrimers [240, 245-247] and polymeric nanoparticles.
[248-249] Covalent bonding has also been used to prepare prodrug conjugates bonding therapeutic
agents to free polymer or proteins. [233, 250-253] The small size of these prodrugs, typically less
than 10 nm in diameter, endows them with long circulation half-life and enhances their
extravasation via the EPR effect. [74] However, the drug remains exposed to the physiological

environment where it is subject to degradation. Conjugating the payload to polymer chains in a
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nanogel [155, 235, 254-255] or micelles [48, 229-230, 256-258] reduces premature release and

protects the payloads from physiological environments.

Table 1.1 Summary of advantages and limitations of the various DDS platforms

DDS Advantages Limitations
Polymeric  * Simple synthesis and loading approach e Stability when diluted and interacting with
micelles * Small size (10-100 nm) the complicated physiological environment
* Both hydrophilic and hydrophobic
. payloads * Stability a concern due to the self-
Liposomes . . .
* Capable of fusing with membranes aggregation phenomenon
enabling endosomal escape
* Better stability than colloidal * Requires surface modification to avoid
. structures. clearance (solid nanopatticles)
Polymeric . : . S .
articl * Simple routes to non-spherical shapes ¢ Relatively high rigidity (solid
NAanOparticies — syitable for moisture-sensitive nanoparticles)
payloads * Drug leakage (nanogels)
* Good stability .  High rigidity
* Good control of drug release with « Poor biodeeradabili Iy
Inorganic gatekeepers oor biodegradability (especially for

nanoparticles ¢ Facile control of particle dimensions
and pore size
* Large surface area

Non- .
siogpsiied Low dr1.1g leakage (d.rug conjugates)
* Small size (drug conjugates)
systems

MSN)
* Degradation products raise safety concems
* Stability (acid-sensitive MOF)

* Payloads exposed to the physiological
environment

* Premature release (adsorption system)

* Requirement of a specific group (drug
conjugates)

1.1.2. Targeting Drug Delivery

1.1.2.1. Passive Targeting

Tumor tissue is substantially different from normal tissues, Figure 1.6, where the

endothelial cells are orderly and compactly arranged. In contrast, the microvasculature in tumor
tissue contains enlarged endothelial gaps, and the membrane separating the vessels from the tumor

is discontinuous.[259] This morphology results in numerous “openings” in the vessel walls of
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tumors rendering them leaky. In typical vasculature, the gaps in the endothelial cells are 5 — 10
nm. Those in tumor vasculature are typically 100 — 780 nm, enabling more oxygen and nutrients
to reach the tumor resulting in rapid growth.[74, 260] On the other hand, the dysfunction of the
lymphatic drainage system reduces the clearance of therapeutics from the tumor tissue.[261] The
combination of enhanced extravasation from the capillaries and reduced clearance via the
lymphatic system is known as the enhanced permeability and retention (EPR) effect, which results
in the accumulation of macromolecules and nanoparticles in tumors. [262-263] Passive targeting
uses this effect by carefully controlling the dimension 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 that 30-200 nm in diameter is the appropriate
dimension for DDSs to exploit the EPR effect.[264] However, the heterogeneity of tumors means
that the proper DDS size may vary significantly between patients and tumor types;[265-267] large
differences are seen even within a single tumor.[268] Even a 10 nm difference from the optimal
size can result in a distinct reduction of internalization efficiency.[269] Therefore, determining the
size required to optimize therapeutic efficacy in an individual patient is critical and requires atrial-
and-error approach. Another issue is whether the EPR effect exists and can be utilized on
metastatic tumors.[270-272] Finally, it is essential to note that non-cancerous pathological sites
such as those associated with inflammations can exhibit the EPR effect as well. The accumulation
of DDSs carrying antineoplastic compounds in those tissues is undesired.[273-274]

While the EPR effect is enabled by the unique structure of vasculature in tumors, other
characteristics of tumor tissue counteract this approach. The most 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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Figure 1.6 Schematic illustration for critical differences between nommal and tumor tissues. Lymphatic
drainage of small molecules is reduced in tumor tissues, tumor vasculature has different porosity due to
defective endothelial cells and pro-angiogenesis, tumors typically have an increased interstitial fluid
pressure, and the dense collagen and cellular network forms a physical barrier within the tumor
Physicochemical factors affecting targeting include size, shape, flexibility, and surface properties. (a)
Nanoparticles without proper stealthy decoration may be rapidly recognized and cleared through
phagocytosis, while anisotropic or flexible nanoparticles are more likely to avoid phagocytosis. (b)
Nanoparticles that are too large cannot enter the tumor from the vasculature despite its enhanced
permeability. (c) Ligand density, orientation, clustering, and tethers all affect ligand-mediated
endocytosis.

surrounding tissue, facilitating tumor progression.[276] Similarly, IFP can reduce the amount of
drug delivered to the target cells and increase systemic toxicity by pushing therapeutics into
surrounding tissues.[277-278] Often, the pressure gradient rises as the tumor core is approached,
making deep tumor penetration difficult. [264, 275] Other anatomical and physiological barriers,
composed of several cell layers and a dense extracellular matrix (ECM), limit DDS’s ability to
reach cancer cells in the tumor.[276] Therapeutic agents can be included in the DDS formulation
to alleviate these issues, such as nitric oxide, histamine, TNF-a, vascular endothelial permeability

factor (VEGF). These agents can lower IFP, improve vascular permeability, and enhance
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extravasation.[268, 270, 279-281] Also, tumor ECM can be degraded by hyaluronidase, enhancing
the ability of DDSs to reach the cancer cells.[280] 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, Attiaet al. and Narum

et al. have prepared excellent reviews of these techniques.[285-286]

1.1.2.2. Active Targeting

Advances in molecular biology have revealed multiple ligands capable of binding to the
receptors. These receptors are overexpressed on cancer cells or by the periphery endothelial cells
bounding the tumor. [287-288] Examples of ligands include large mono antibodies,[233] small
molecules such as folate and SV119,[197, 289] glycoproteins that can induce receptor-mediated
endocytosis, [290] oligosaccharides, [164] peptides, [198] and nucleic acid aptamers.[291]
Extensive targeting studies have revealed a myriad of targeting ligands to deliver therapeutics to
heterogeneous tumor types. [264] The binding between these targeting ligands and the
corresponding receptors is via noncovalent interactions, such as electrostatic forces, hydrogen
bonds,and Van derWaals forces. Multiple studies have demonstrated the enhanced cellular uptake
and tumor accumulation with target ligands decorated ona DDS surface. [38, 170, 202, 292-298]
The strong affinity between ligands and receptors can promote the accumulation of nanocarriers
in tumors, essentially enhancing the EPR effect.[19, 299-300] Furthermore, ligand-target binding
can facilitate cellular internalization of DDS, which also benefits the delivery. [301-302] The
technique can target angiogenic endothelial cells as well, which can destroy the tumor vasculature
and deprive the tumor of oxygen and nutrients. Chase et al. presented an in-depth overview of this

strategy.[303]
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A few factors are critical in promoting cellular uptake via ligand binding, Figure 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. A brief synopsis
of the typical cellular internalization process is provided here to elucidate these effects. According
to Nel et al., ligand-mediated uptake of nanoparticles initiates with the binding of ligands on
nanoparticles that diffuse close to the cell surface with their corresponding receptors on the cell
membrane.[3%4] Next, more receptors migrate to the connected region and bind with more ligands.
The cell membrane then wraps the nanoparticle and internalizes it. During the process, specific
ligand-receptor binding affinity, non-specific nanoparticle-cell membrane affinity, and the
formation of a clathrin coat on the developing endosome promote nanoparticle wrapping. The
entropic cost of receptor 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 how the ligand is attached
to the DDS also affects performance. According to Wang et al.’s simulation, the compression and
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 hindered by other surface groups.[291, 306-307]
Ligand density s also critical; in general, higher density promotes endocytosis.[308-309] However,
high density can result in multiple ligands competing for each binding site reducing overall binding
strength.[310] Once a ligand has bound a receptor, ligands from other nanoparticles are prevented
from binding the receptor. Thus, high ligand-density may over-recruit receptors, maximizing the
endocytosis of one particle but overall diminishing the cellular internalization of the DDS.[310]

When administrated in vivo, the clearance effect of ligand density should also be considered. The
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high density of target ligands on a surface may diminish the density of a stealth component, like
PEG, therefore increasing clearance by the mononuclear phagocyte system (MPS).[308] Finally,
some receptors are expressed on cancer cells in clustered patterns, [311-314] and similarly
clustered ligands enhance nanoparticle-cell binding.[315] Therefore, ideal ligand decoration
should have a relatively high density, proper orientation and distribution, as well as tethers with
appropriate length.

Although a tremendous amount of work has been conducted to optimize target ligands, the
improvement of using targeting ligands is modest.[316-317] This strategy works best when the
DDSis effectively transported to and accumulates in the tumor near the cancer cells. Nevertheless,
the decoration of targeting ligands weakens their clearance by MPS inevitably. [316, 318] Thus, it
is of interest to endow DDS switchable characteristics, which reduces its clearances by the MPS
but enhances its uptake by cancer cells. And some studies have been conducted for this object.

[319]

1.1.3. Effects of Nanoparticles’ Physicochemical Properties
1.1.3.1. Size

Long circulation time enables individual DDS nanoparticles 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 spleen, the 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 in the 6 — 8 nm range, Longmire et

al. reported that clearance depends on size and surface charge.[320] Thus, 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 physical filtration capacity 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 150 nm. [321-322] Nanoparticles trapped
and degraded by hepatocytes are eliminated via biliary excretion. However, this process is slow
compared to other clearance mechanisms, and the buildup of nanomaterials in the liver is a
concern.[74] In addition to the clearance by the kidney, spleen, and liver, the mononuclear
phagocyte system (MPS), which is broadly distributed in the circulatory system and highly
concentrated in the liver and spleen, can effectively clear foreign nanoparticles as small as 10
nm.[320] While particles of 10 — 150 nm can avoid clearance by the kidney, 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,
whether non-specific or ligand-mediated, the cytoplasmic membrane engulfs a nanoparticle via
invagination. Then the particle is encapsulated in an endosome and transported to lysosomes for
degradation.[323] After that, endo/lysosome escape strategies are required to deliver medicine to
organelles or the nucleus. The readers can refer to several reviews for more detailed information
on these issues.[324-325] It is important to understand that endocytosis is size-dependent. A
threshold of particle size exists, ~ 5 nm, below which endocytosis does occur.[326] The optimal
size for both inorganic and polymeric nanoparticles seems to be in the range of 40 to 60 nm.[327-
332] When the size is larger than the optimal size, the endocytosis efficiency is reduced
gradually.[333] These effects are related to the energy requirement for membrane bending and the
free energy released by the particle adsorbing or binding to the surface. The enhanced cell

membrane-nanocarriers affinity can increase the free energy released from adsorption, promote
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endocytosis and reduce the threshold size. [333] Furthermore, it should be noted that nanoparticle
aggregation may increase the effective size of nanoparticles. For particles smaller than the optimal
size, clustering can promote cell uptake. While for particles larger than the optimal size, clustering

may block cell uptake. [334]

1.1.3.2. Surface Properties

DDS surface properties, 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 charged nanoparticles,
and one would expect that a negatively charged surface would enhance circulation time. However,
while this trend is observed in carefully controlled experiments,[335-338] a noticeable impact is
not observed during in vivo tests.[339] Because both positive and negatively charged particles
attract proteins to the surface that activate the MPS. Hydrophobic surfaces can also enhance the
formation of an MPS activating protein corona.[340-342] As a result, a neutral (or weakly
negatively charged) hydrophilic surface is favorable for long-term circulation. PEGylation of outer
surfaces is the most used mechanism toenhance circulation time. Knopet al. prepared a systematic
review of theapplication of PEG to nanoparticles.[343] They concluded thata short polymer chain
(1-5 kDa) and a high surface density effectively extend circulation time. However, a significant
immune response can be initiated if a large dose of PEG-coated nanocarriers is used or after
repeated dosing.[343] Other drawbacks of PEG decoration include poor degradability and toxic
side-products during PEG synthesis and grafting.[343-346] Also, after nanocarriers enter tumors,
the hydrophilic PEG-rich surface may block the cellular uptake by cancer cells. The release of

payloads in the tumor extracellular matrix may reduce therapeutic efficacy and result in their return
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to the blood capillaries via the increased IFP, potentially inducing systemic toxicity.[277] Though
alternative synthetic polymers have been explored to replace PEG, most of them do not exhibit
equivalent performance nor have in-depth biocompatibility or long-term safety studies of them
been performed.[343] Incontrast, bio-inspired natural materials, such as polysaccharides, aloumin,
and red blood cell membrane, can not only extend circulation life but also mediate selective cancer
cell uptake of DDS.[347-350]

The effects of surface roughness on cellular internalization are not apparent. Schrade et al.
attached 12 nm silica nanoparticles on polystyrene (PS)-based nanoparticles to fabricate rough
nanoparticles and reported that uptake by HelLa cells was more significant for the smoother
nanoparticles regardless of surface charge.[351] Piloni et al. reported greater uptake by murine
macrophages, breast cancer cells, and fibroblasts of smooth nanoparticles than 150nm micelles
with 20nm-radius protrusions.[352] In contrast, Niu et al. found that the attachment of 20nm silica
particles on smooth 230nm silica nanoparticles enhanced their uptake by breast adenocarcinoma
and squamous carcinoma cells regardless of hydrophilicity of particle surface. They attributed this
to the enhanced protein aggregation in the void spaces between protrusions. Verma et al. explored
this behavior by preparing “rough” surfaces on gold nanoparticles.[353] They report that
nanoparticles with randomly distributed “pits” exhibited moderately enhanced uptake by mouse
dendritic cells versus smooth nanoparticles. While nanoparticles with a striated surface, prepared
with alternating regions of anionic and hydrophobic groups, exhibited the highest uptake 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 shape also influences cellular uptake, 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, 354-355] while others suggest a higher uptake for spherical
particles. [356-357] Other nonspherical particles like nanodiscs and nanocubes have also been
explored. Endocytosis simulations of these shapes show that the internalization efficiency was
reduced as the energy required by the cytoplasmic membrane for nanoparticle wrapping
increased.[358] Wrapping a nanodisk has the highest energy cost, followed by nanorods,
nanocubes, and nanospheres. Some experimental observations agree with simulations and indicate
that nonspherical shapes exhibited lower endocytosis rates.[328, 359-360] However, in other
studies, nonspherical nanoparticles exhibit enhanced endocytosis.[361-362] Mitragotri et al.
suggested that internalization initiation depends on the local dimension of the nanoparticle in
contact with the cells.[363-364] Generally, the smaller the local dimension, the more likely the process
is initiated. They evaluated several geometries and found significantly lower phagocytosis rates
for wormlike nanoparticles of polystyrene than for nanospheres.[357] Both particles had the same
volume, but the aspect ratio of the wormlike particles was greater than 20. Geng et al. found that
wormlike micelles also exhibited a prolonged circulation time, up to 5 days.[365] They attributed
these results to macrophage capture being overcome by the large hydrodynamic forces these
particles experience. They also noted that this long circulation life was reduced when they added
crosslinks, suggesting stiffness is a factor in the behavior. Several studies have reported lower
internalization for high AR nanoparticles in tumors, where hydrodynamic forces are minimized
compared to the circulatory system. [366-368] Interestingly, the opposite result has been reported

for particles decorated with target ligands, for which high AR nanoparticles exhibit more
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internalization than their spherical cousins.[355, 369-370] This contrast is attributed to more
ligands available on high AR nanoparticles, allowing multivalent binding of nanoparticles to cells.
The effect of AR on tumor site accumulation via the EPR effect seems clearer. Several in vivo
studies have demonstrated higher accumulation in tumors and reduced liver capture for high AR
nanoparticles.[356, 371-372] While high AR nanoparticles seem to accumulate in the lung and
spleen more frequently.[234, 373] Overall, more work is still needed to address the effect of

anisotropic DDS on cellular uptake, circulation and tumor accumulation.

1.1.3.4. Stiffness

As a flexible, “soft” nanoparticle interacts with a cell membrane, it can spread on the
membrane enabling more binding at the interface. This effect suggests that low modulus
nanoparticles may promote the initiation of endocytosis and reduce the threshold size for
endocytosis. On the other hand, as the cell membrane wraps the nanoparticle, “soft” nanoparticles
can deform into cone-like shapes with a relatively sharp tip and curved cap, followed by an
ellipsoidal shape oriented perpendicular to the cell membrane. 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 were observed in the simulations developed by Yi et al. [374-375] and Shen et al., [376]
where the endocytosis of flexible nanoparticles initiated earlier but completed later than the
process of more rigid particles. Shen et al.’s simulation also suggested that the smaller the
nanoparticle and the lower the affinity between the nanoparticle and cell membrane, the more
significant effect the stiffness exhibits during endocytosis. Experimental studies are somewhat

contradictory, with some reporting faster endocytosis for softer nanoparticles.[377-379] In contrast,
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others suggest stiffer particles are more readily internalized, [380] and Banquy et al. reported that
the nanoparticles with an intermediate Young’s modules exhibited the highest uptake
efficiency.[381] Itshould 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 et
al. suggest that stiffness and size are interrelated, i.e., the stiffness effect on larger particles is not
as significant as on smaller particles. [381] The interaction effect between shape and stiffness on
endocytosis for different cells was explored by Alexander et al. [362] They found cellular uptake
to be highly dependent on flow conditions, shape, rigidity, and cell lines.They also demonstrated
that clearance via the MPS was reduced for soft nanoparticles. Soft nanoparticles can also more
easily penetrate capillary walls during circulation, [362, 382] suggesting that soft DDSs could
better take advantage of the EPR effect. Enhanced tumor accumulation and reduced clearance by

the MPS system of soft DDSs have also been demonstrated in vivo.[383-385]

1.2. Polydopamine as a Drug Delivery Material

Various biocompatible and degradable polymers have been explored for drug delivery to
alleviate undesirable effects and improve the performance of chemotherapeutics. Polyesters, such
as polylactic acid (PLA), poly (lactic-co-glycolic acid) (PLGA), polycaprolactones (PCL), are the
earliest and most studied degradable polymers. Since then, lots of degradable polymers have been
developed. In 2007, inspired by the adhesive versatility of protein (Mefp5) secreted by the mussel,
Messersmith et al. used dopamine to synthesize a polymer termed polydopamine. Due to the
richness of two crucial functional groups (catechol and amine groups) found in the protein, PDA
also shows superior adhesive properties to nearly all kinds of materials.[386] Simply immersing

substrates in a dopamine solution with a basic environment (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 synthesized. Also, because of these two
groups, functionality and modification could be easily accomplished based on PDA. Therefore,
PDA has been a promising DDS material, for which the ample functional groups and facile

synthesis approach are favored.[387]

1.2.1.1. Biocompatibility and Biodegradability

As a material to be injected into a human body, biocompatibility and biodegradability are
the fundamental requirements. Dopamine is an important chemical, which involved in many
biological processes. However, a high concentration of dopamine is hazardous. Superfluous H20>
could be produced when there is too much dopamine. As a result, cytotoxicity can be generated
from H20:2.[388] Nevertheless, the activity of dopamine is much weakened after polymerization.
Furthermore, with a similar chemical construction as natural melanin distributed widely in the
body, PDA is expected to show good biocompatibility and be biodegradable in the human body
without inflammation or other side effects caused by foreign substances.

Many studies have investigated the cytotoxicity of PDA. Almar, et al. initially did the (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on PDA capsules.[389]
Afterincubation of LIM1215cell (a colon carcinoma cell from the human colon) in PDA capsules,
the presence of PDA was found to have negligible effects on cell proliferation. Then Ku, et al.
tested the surface modified by PDA with mammalian cells.[390] The surface coated by a thin layer
of PDA showed several folds increase in cell viability. Furthermore, these coated layers were
observed to promote the general cell adhesion process substantially. Similarly, Luo’s group also

observed the promotion of cell adhesion and proliferation on PDA-coated surfaces.[391] Moreover,
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Lu’s group assessed the cytotoxicity of PDA via mouse 4T1 breast cancer cells. The results turned
out that even the PDA dose is as high as 1.2 mg/ml, the cell viability remains around 90%.[2]

However, non-cytotoxicity cannot guarantee the reliability of application in vivo. Liu, et
al. tested the biocompatibility of PDA nanospheres in vivo.[2] By injecting these nanospheres into
mice intravenously, the long-term biocompatibility of PDA was evaluated using five hepatic
indicators: alkaline phosphatase, alanine transaminase, aspartate transaminase, total protein, and
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 mice injected
with PDA nanospheres. The blood parameters were compared before and after one month of
injection. However, no noticeable difference was presented. Furthermore, in the histological
analysis of the mice’s organs, no tissue damage was found, which indicated excellent
biocompatibility of PDA.

As an indicator of toxicity, the median lethal dose (LDso) of dopamine was measured. After
polymerization, the LDso of PDA is as high as 483.95 mg/kg, which is almost double that for
aspirin and cola.[392] In addition, the preliminary studies found out that after PDA nanoparticle
injection, the treated animals did not show abnormalities in their activities like breathing, drinking,
eating, moving, urination, exploring, and neurological status.[387]

Other than acute toxicity, long-term influence and a metabolic pathway should also be
considered. An ideal nanocarrier should be completely metabolized or degraded without releasing
any toxic substance. Though there is no systemic evaluation of the biodegradability of PDA, there
are studies about melanin, which has similar structures and properties as PDA. Melanin is a natural
chemical widely distributed in animals, plants, and even microorganisms. It could be degraded

through a normal metabolism pathway.[393-394] And the biodegradability of melanin implants
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was proved by Langar’s group. In 8 weeks, the implants were completely degraded in vivo.[395]
Furthermore, degradation of PDA in the presence of hydrogen peroxide was observed in two
studies.[2, 396] Given that the chemical could be generated by an oxidase widely distributed in

phagocytes and organs, theoretically, PDA is biodegradable.[397]

1.2.1.2. Responsive Properties of PDA

Two PDA features make it an appropriate material for control release: high photothermal
conversion efficiency (~40 %) and alteration of zeta potential as pH change. [2, 398] The
photothermal effect could raise the temperature under NIR and trigger drug release via approaches
introduced before. Additionally, the change of zeta potential can be used as a response to pH

change in tumors.
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Figure 1.7 Photothermal performance of PDA-NS.(a) Temperature elevation of water and PDA
nanoparticles aqueous solutions with different concentrations as a function of irradiation time. (b) The
photothermal response of PDA nanoparticles aqueous solution (200 ug mL?) for 500 s with a NIR laser
(808 nm, 2 W cm-2), after which the laser was shut off. [2]

Liu’s group firstly reported the novel photothermal effect of PDA. [2] (Figure 1.7)
According to their study, PDA has a higher photothermal conversion efficiency (40%) than Au
nanorods (22%). In addition, after IR irradiation, the PDA nanoparticle showed good stability with
nearly no change on UV-vis absorption spectrum and under TEM. However, the UV-vis absorption

spectrum was remarkably changed for Au nanorods, and their morphology was destroyed.

Furthermore, Ding, et al. fabricated unique coiled PDA nanofibers via lipid nanotube as a template.
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[399] Compared with the straight nanotubes they fabricated, this coiled nanofiber results in nearly
double the temperature raised under infrared irradiation. Their study indicates that with a
sophisticated designed structure, the photothermal effect of PDA could be further elevated.
Furthermore, the stimulation of NIR can also accelerate drug release. Under the NIR laser, a burst
release of drugs was observed in a series of studies. [1, 3-5, 243, 400] In addition, in Na’s work,
photosensitizer was immobilized on PDA nanoparticles via iron coordination of both chemicals.
Such a modification endowed PDA nanoparticle photodynamic therapy (PDT) property, which
means under laser

irradiation, reactive oxygen species (ROS) could be generated and coordinate with photo-thermal

effect to enhance the therapeutic effect. [401]
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Figure 1.8 States of PDA in different pH conditions. (a) Structure of PDA in diffe::nt pH [402] (b) Zeta
potential of PDA particles and hexadecane oil droplets in water [403]

The other attractive property of PDA is the pH-responsive 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 condition, the protonation of amino and hydroxyl groups on catechol
could raise the zeta-potential of PDA, Figure 1.8 (b). Zhou et al. prepared an electrochemical
interface using this property to govern ion permeability. [404] By immersing the PDA membrane

in different pH conditions, the ionization states of the amine groups and phenolic hydroxyl groups

on PDA made the membrane present different charge states. As aresult, the permeability of cations
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and anions can be altered. Their further study manifested the PDA capability to selectively adsorb
and release methyl orange (cationic in acid) and rhodamine 6G (anionic in base) in different pH
conditions. [402]

By measuring the zeta potential value of PDA under different conditions, it was
demonstrated that PDA charged from negatively to nearly neutrally from pH 7.4 to 5. [403, 405]
In Wang et al.’s study, more DOX was released from PDA-modified Au nanoparticles in acidic
condition (pH 5) than neutral condition (pH 7.4). [406] Then some other studies further
demonstrate the possibility of directly using PDA for pH-responsive drug release. [3, 400] All

these features make PDA a promising pH-responsive material.

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

Other than the superior properties as a biomedical material, the abundant catechol and
amino groups on PDA make it possible to further modify the material. Functional groups and
targeting ligand could be simply grafted on PDA via Michael addition or Schiff base reaction under
alkaline conditions, Figure 1.9.

Unlike some reactions requiring harsh conditions, this modification can be easily
conducted at room temperature in a mild aqueous condition (~pH 8.5). Messersmith’s group did a
comprehensive investigation on PDA coating synthesized by self-polymerization. [386] They
coated PDA on a series of substrates, involving polymers (PTFE, polycarbonate, and
nitrocellulose), metal oxides (SiO2z and TiO2), and metals (Cu and Au). Then these PDA coatings
were modified with alkanethiol and amine- or thiol- terminated methoxy-poly(ethylene glycol)

(mPEG-NH2 or mPEG-SH) via immersing PDA coating in base solutions of such chemicals. The

33



following contact angle test indicates the alkanethiol modified surfaces all have a large contact
angle, which means they have similar and strong hydrophobicity. While the mPEG-NH2 or mPEG-

SH modified surfaces all had a small contact angle, reflectmg the hydrophilic property. For
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Figure 1.9 Michael addition and Schiff base reaction on PDA

biomedical application, cell adhesion of PDA coatings modified with mPEG-NH2 and
glycosaminoglycan hyaluronic acid (HA) were studied. The results suggest that through
conjugation with functional groups, compared with bare substrates, mPEG-NH2 modified surface
has negligible cell adhesion, which is consistent with the stealth effect of PEG. [343, 407-408]
While for HA modified surface, the cell adhesion was significantly enhanced. Their further study
demonstrates that the method could immobilize biomolecules without influencing their activity.
Furthermore, unlike EDC/NHS coupling, the reaction is unaffected by water. [409]

Such a facile method has been widely used in the modification of nanoparticles for drug
delivery. For example, lots of researches use amine- or thiol-terminated mPEG to enhance the
physiological stability of nanoparticles. [1, 3, 244, 399-400, 406] Besides improving
biocompatibility, such a facile reaction can also be used to synthesize hydrogels. Cheng’s group
synthesized a PDA/PEG hydrogel by the Michael addition reaction between 4-arm-PEG-SH and
PDA. [1] The hydrogels show good compatibility. Then during the in vivo assay, the chemo-
photothermal treatment using the hydrogel showed the most efficient inhibitive effect on tumor

growth compared with the control group.
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This method can also be used to attach targeting ligand to nanoparticles. [410-411] After
the nanoparticles were prepared, amino-end target ligand could be decorated tothe surface of PDA.
With drug loaded, the PDA nanoparticles showed remarkable cytotoxicity during in vitro tests.
Furthermore, in vivo tests indicated that these nanoparticles have higher accumulation in tumors

after injection.

1.2.1.3.2. Grafting via Nucleophile Acyl Substitution

Also, because of -OH and -NH2, chemicals with acyl groups could react with PDA to graft
chemicals. Such a method is used to immobilize of initiator and further in situ polymerization, in
Figure 2.28. Messersmith’s group conducted an early study. [412] They started with modifying
dopamine with an initiator, 2-bromopropionyl bromide. Then the modified dopamine molecules
were then absorbed on a metal substrate. The atom transfer radical polymerization (SI-ATRP) of
oligo ethylene glycol methyl ether methacrylate (OEGMEMA) was then initiated on the modified
surface of metal substrates. Compared with the unmodified substrates, the modified metal
substrates show a significant antifouling property. Further, a cell array with cell-adhesive and cell-

resistant regions was fabricated using the photolithography technique.
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Figure 1.10 Synthesis and anchoring of the DOPA mimetic Initiator and the SI-ATRP [412]
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Similar research was conducted by Li et al. [413] They used the catechol groups on PDA
coating to react with carboxylic groups on 2-Bromoisobutyryl bromide (BIBB), which was later
used to initiate the of acrylic acid on the PDA modified surface. This method produced a pH-
responsive membrane which showed different permeability of aqueous solution due to different
charge states of carboxyl groups in various pH. Furthermore, by replacing different substrates,
initiators, and monomers, such a method made in situ polymerization on the surface of other

materials possible.

1.2.1.3.3. Immobilization of Metal

Other than the organic functional group, metals are widely used in the functionalization of
nanoparticles. The catechol groups on PDA provide reactive sites for metal immobilization. Metal
ions from a solution can immobilize on PDA via two approaches: coordination with catechol

groups and precipitation as metal nanoparticles via the reduction of catechol groups, Figure 1.11
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Figure 1.11 Interaction between PDA and metals. (a) Interfacial catechol bonding to metal oxide
surfaces changes with pH. (b) Valency increases of metal-catechol coordination with pH [414] (c)
Polymerization of dopamine on graphene oxide and in situ deposition of noble metals, metal oxide
nanoparticles on its surface. [415]
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By incorporating metal on PDA, Chen’s group fabricated a multifunctional therapeutic
platform. The labeled 64Cu was coordinated onto the PDA nanoparticles for positron emission
tomography (PET) in this work. [5] The obtained nanoparticles showed high tumor-to-background
contrast in PET imaging. The temperature elevation induced by the photothermal effect of PDA
did not lead to copper leakage from the nanoparticle. In addition, magnetic resonance imaging
(MRI) and photoacoustic imaging (PAI) were also demonstrated on the PDA nanoparticles by
anchoring gadolinium (Gd) on PDA. In addition, there was no apparent cytotoxicity observed on
the system.

Lu’s group also used this technique to prepare an MRI contrast agent using the iron. [416]
By repeatedly immersing PDA nanoparticles in FeCls solution and benzene-1,3,5-tricarboxylic
acid (HsBTC) solution, a Ti/T2 dual-mode contrast agent with chelated iron ions and iron
carboxylate were prepared. The chelated iron ions could work as a longitudinal relaxation (T1)
contrast agent, giving high tissue resolution. Furthermore, the latter could serve as a transversal
relaxations (T2) contrast agent for MRI, which has a high capacity in lesion detection during
imaging softer tissue. [417] By the same approach, other functional metal elements can also be
immobilized on PDA. [418] In Liu et al.’s study, the acidic condition in the tumor could enhance
MRI based on Fe-catechol coordination, which further improves the contrast of imaging. [419]

Besides the 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 catechol groups from PDA via coordination bonding. In
addition, there is also coordination interaction between the metal ions and the oxygen atom on
C=0and C-O bonds in drugs. Thus a “catechol-metal-drug” interaction is expected to be utilized

for drug control release. Zheng et al. fabricated PDA-coated mesoporous silica nanoparticles with
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Fe3* or Zn?* attached (MSN@PDA-M"*). [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@PDA-M" showed smaller release in neutral conditions. While the
condition was weakly acidic, a fast and relatively complete release was observed in a short
incubation time. Such a mechanism was also used for the release of bortezomib (BTZ) by Liu et
al. [421]

The coordination of Fe3* and catechol could be another route to fabricate a gel. In Xu et
al.’s work, a copolymer, poly(styrene-co-DOPMAmM), was synthesized with dopamine as pendants.
[422] In the presence of Fe3* in basic condition, such a copolymer formed a reversible gel very
fast. When transferred to theacidic condition, the gel dissolved in 5 minutes. Then the coordination
between Fe3* and catechol was investigated by Lei’s group in different pH. [423] In the pH range
from 3.0 to 9.0, the dominant Fe3*-catechol complexes in the medium gradually change from
mono-catechol-Fe to di-catechol-Fe and finally tris-catechol-Fe. Such a transition could be
observed on UV/Vis absorption spectra, on which the peaks at 715 nm, 580 nm, and 490 nm are
corresponding to mono-, di- and tris-catechol-Fe complexes. And the complexation stability also
increases progressively as pH increasing

Taking use of such a transition, Jiang’s group reported another approach to control drug
release via coordination between metal and PDA. [424] In their research, Dox was firstly
encapsulated into a ZIF-8 MOF template. Then a thin film made of dopamine-modified alginate
and Fe3* was synthesized on the template. In a mild condition, the ZIF-8 template was removed.
During the in vitro release experiment, the nanocapsule was stable at pH higher than pH 6. In pH
5, the nanocapsule was decomposed due to the weakened Fe-catechol coordination, and the drug

was released completely.
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For the metal nanoparticles immobilized by phenolic group reduction, the morphology is
tunable as the concentration of the metal salt solution, temperature, and solvent changed. Such a
feature could be applied in the fabrication of high superficial area catalysts and sensors. The study
in Cai’s group found out that as the concentration of metal ions solution (HAuCls) increased, the
morphology of metal particle generated on PDA surface changed from sparse large particles to
homogenous small particles, then back to large particles again. [425] The temperature and solvent
can also influence the immobilization. By tuning these parameters, Ma, et al. prepared Au-PDA
nanoparticles with different morphologies. [426] The structures varied from core-shell large Au
agglomerate structure to strawberry-like uniformly dispersed tiny Au nanoparticles (< 5nm). Due
to the high surface area of the tiny Au nanoparticles, such synthesized strawberry-like

nanostructure showed excellent stability and catalytic activity than other nanostructures

1.2.1.3.4. Magnetic Functionalization

Magnetism is widely applied in nanotechnology. [427] The spatial distribution of
nanoparticles can be controlled via magnetic attraction. Magnetic nanoparticles can also be used
to improve MRI. In addition, heat can be generated in an alternating magnetic field by magnetic
nanoparticles. [428] Generally, there are two approaches to “magnetize” PDA nanoparticles:
encapsulating magnetic nanoparticles in PDA and immobilizing magnetic nanoparticles on PDA.
For the first method, the magnetic core was dispersed in an alkaline dopamine solution. After a
while, PDA film was generated on the core by oxygen-mediated self-polymerization. Many core-
shell structure magnetic nanoparticles were fabricated in this way. [429-432] After PDA coating,

other modifications 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 nanoparticles,
Figure 1.11 (c). Guo et al. added a mixed precursor solution containing Fe?* and Fe3* to
PDA/reduced graphene oxide (rGO) dispersion in an alkali condition (pH 10). [415] Subsequently,
the medium was preserved at 90 °C in ambient conditions for 30 min. After that, the mixture was
cooled down, and Fe3Os-deposited PDA/RGO was collected by centrifugation and washing. Such
synthesized Fe3O4 modified PDA/RGO showed superparamagnetism and good response to an

external magnetic field.

1.2.1.3.5. Fluorescent PDA capsules

There are ample aromatic rings and  bondson PDA, and eumelanin is known to have the
fluorescent property. Considering the similar structure between eumelanin and PDA, it is also
expected to observe fluorescence on PDA. The first report was published by Zhang et al. [433]
They obtained worm-like PDA-based fluorescent nanoparticles (PDA-FONSs) by adding H202 ina
Tris-buffered solution of dopamine. Under irradiation in the range of 360 nm - 500 nm, emission
from 490 nm to 560 nm can be observed. Then in vitro test was conducted. The results showed
that PDA-FON has excellent biocompatibility (> 90 % cell viability with a concentration of 160
ug/ml).

Such a technique was used by Chen et al. to fabricate a fluorescent shell on PDA
nanoparticles, Figure 1.12. [434] The PDA shell was first synthesized on a template core; then, the
template was removed by hydrofluoric acid (HF) etching. Subsequently, a second PDA shell was
synthesized on such obtained PDA nanoparticles, then H202 was added to generate a fluorescent
layer. Under fluorescence microscopy, the nanoparticle showed strong fluorescence. They also

optimized the fluorescence via varying the reaction time and pH of the suspension. After
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processing the nanoparticles with H202 for 15 hr, the PDA nanoparticles showed the highest
fluorescence in the pH 3 buffer.
¢
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Figure 1.12 Schemefor the synthesis offluorescenia;gz (F-PDA) capsules. The insetshows a fluorescence
microscopy image of F-PDA capsules [434]

Regarding dopamine as an important indicator for many nervous diseases, Yildirim et al.
developed a dopamine sensing method based on the fluorescence of dopamine. [435] Via a series
of optimization, they established a sensitive, selective sensing method for dopamine. The
dopamine sample firstly went through 30 min oxidation in 20 mM NaOH solution. The oxidation
was terminated by the addition of excess hydrochloride acid (HCI). The maximized emission was
then found with 370 nm excitation. Through this method, the dopamine detection limit could be
as low as 40 nM.

By investigating the mass spectra of oxidized PDA nanoparticles, Lin et al. proposed an
explanation for PDA fluorescence. [436] They found out after oxidation with H20:2 in a strongly
alkaline solution. The PDA nanoparticles were degraded into much smaller PDA dots (PD). The
thermogravimetric analysis also confirmed that there were fewer cross-linking among PD
remained. Furthermore, according to the mass spectrum, the m/z of PD decreased nearly one order
of magnitude than PDA nanoparticles. They also found additional O-H deformation vibration on
the FTIR spectrum of PD. Based on these results, they speculated that the hydroxyl radicals

produced by H20. and NaOH weakened m — mr interactions in PDA. As a result, PDA
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nanoparticles broke down into PDs. The conversion decreased fluorescence quenching. Therefore
strong fluorescence was observed.

Zhao et al. prepared fluorescent PDA through another approach by weakening its
intermolecular interactions. [437] In their method, polyethyleneimine (PEI) was added during
PDA synthesis. The obtained polymer (PEI-PDA) showed similar fluorescence as oxidized PDA,
except for a small redshift of the emission. In addition, as increasing the amount of PEI, the size
of synthesized nanoparticles decreased. PEI was supposed to block the conjugation of PDA, and
they can also form hydrogen bond (H-bond) with oxidative produce dopamine. Therefore, intra-
and intermolecular couplings were weakened, and fluorescence was enhanced. Furthermore, they
also found out metal ions, especially which have a high affinity to PEI or PDA or both, could
counteract the PEI-PDA interaction. Therefore fluorescence was quenched again by adding these
metal ions.

Other than fluorescent material, PDA could also be used as a fluorescence quencher. Qiang
et al.’s study found out that PDA had an affinity to single-strand DNA (ssDNA), which could
quench the fluorescein-labeled 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
quenched when bound with PDA. As the target DNA or protein was introduced, the interaction
between probe DNA and the target overwhelmed the affinity between probe DNA and PDA. Asa

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

1.2.1.3.6. Hydrophobic-Hydrophobic Interaction

This modification can be conducted by simply mixing PDA and the functional group. Cai’s

group mixed D-o-tocopheryl polyethylene glycol 1000 succinate (TPGS), an amphiphilic chemical,
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with PDA nanoparticles in a neutral buffer. [439] After 24 hrs stirring, the TPGS modified PDA
was obtained by centrifugation and washing. Due to the presence of aromatic rings on PDA, TPGS
was integrated tightly on PDA via intermolecular © — 7 interaction and hydrophobic-hydrophobic
interaction. This hypothesis was proved by the differences of naked PDA and TPGS-PDA in TGA
and zeta potential test. Furthermore, by adding acetone, a  — m stacking breaking solvent, the
zeta-potential of TPGS-PDA changed back to negative, which is similar to naked PDA. These
results confirmed that it was = — m interaction and hydrophobic-hydrophobic interaction loading
TPGS on PDA, instead of chemical bond. In addition, they also developed a method to fabricate
mesoporous PDA nanoparticles, which effectively increased the surface area of the PDA

nanostructure. [440]

1.2.1.3.7. Modification via Molecular Structure

PDA modification can be achieved via a bottom-up approach, through which the
monomer’s structure is altered. In this way, polymers with the different repeating units could be
prepared, and distinct properties could be expected. PDA is derived from the mussel adhesive
protein. The excellent adhesive capability and active chemical properties are attributed to abundant
catechol and amino groups. Given their function, Figure 1.13 summarizes several mussel-inspired
materials. Besides the features of PDA, they also possess biodegradability and different adhesive
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, the lack of a
metabolism pathway leaves a potential concern. Hong et al. designed a biodegradable PDA with

disulfide bonds. [442] In this study, two L-DOPA molecules were firstly connected via a disulfide
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bond. The L-DOPA disulfide dimer (DOPA-SS) was then coated on a substrate in Tris buffer.
Similar to PDA, all substrates turned hydrophilic after coating. The presence of disulfide bonds
was confirmed by 'H NMR spectra. Under a high concentration of glutathione (GSH), the
thicknesses of PDA coating rapidly decreased. The signal of coating on FTIR disappeared, and the
DOX loaded in PDA film was quickly released. On the spectra of quartz crystal microbalance with
dissipation (QCM-D), the mass reduction of the film was also observed. All these results indicate
the rapid degradation of the film synthesized via DOPA-SS. This study solved the biodegradation
problem for PDA and its analogs and demonstrated the power of molecular design on PDA

modification.
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Figure 1.13 Overview of mussel-inspired materials and proposed polymer structure[441]

Repenko et al. proposed another novel strategy to synthesize excludable PDA.[443] The
basic idea of the study is to avoid cross-linking during dopamine polymerization. Dopamine was
firstly brominated; then, the hydroxyl and amine groups were protected using tert-
butyloxycarbonyl (tBoc). Following that, a linear PDA was obtained by Kumada coupling. [444]
After further oxidation in an agqueous solution, linear melanin was prepared. Due to the defined

backbone, the UV/Vis spectrum of linear melanin presented two distinct peaks instead of a broad
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band. Its fluorescence spectra (excited at 785 nm) showed a peak around 900 nm. Based on the
spectra information, the photoacoustic excitation spectrum of the melanin was investigated. On
the spectrum, a strong signal was found where blood had low absorption. Later, during the in vivo
and in vitro experiment, the linear melanin showed well biocompatible, low detection limit, and
high detection depth.

Though melanin has been studied for decades and PDA has been widely studied for over
ten years, there are still limited types of melanin-like polymers. Hu et al. synthesized a series of
dopamine-like molecules, which have catechol and amine groups, but the length of the alkyl chain
linking the amine is varied. [441] They also studied the non-covalent-linked catechol and amine
combinations, i.e., the chemicals with only catechol or amine were mixed to react. By addingthese
molecules in alkaline aqueous or hybrid solutions, polymerization all occurred. The UV/Vis
spectra were investigated 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, there was also no ring formed. Polymerization was
more dependent on Michael addition. UV/Vis spectra also displayed differences between products
synthesized from aqueous solution and hybrid solutions, which implied different polymerization
mechanisms, though the mechanisms are still elusive. Furthermore, 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 study shed light on the mechanism of dopamine polymerization and provided a
reference for designing new PDA-like polymers.

Because several interactions and bindings were included in polymerization, the

functionally modified dopamine molecules could also be incorporated in PDA. Gao et al. mixed
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Dox, dopamine, and lactosylated dopamine (on which a lactobionic acid was linked to amine),
then synthesized Dox loaded PDA nanoparticle via a one-pot polymerization. [400] The linked
lactobionic acid worked as a target making PDA nanoparticles specifically bind with ricinus
comunis agglutinin (RCA120). The targeting efficiency could be further tuned by changing the
ratio between dopamine and lactosylated dopamine. The in vitro experiment confirmed that the
modified PDA nanoparticles had no damage to cell viability, while the drug-loaded modified PDA

nanoparticle had enhanced cytotoxicity.

1.2.1.3.8. Directly incorporation of functional group

Though simple chemical modification had been extensively studied, functional groups, like
amine or thiol, are still needed for modifications. Recently, Lee’s group developed an even more
facile surface modification method with fewer limitations based on PDA. [445] In this study,
agents were co-dissolved with dopamine, and then due to the broad-spectrum affinity between
dopamine and materials, agents were immobilized on PDA film during PDA coating. This method
was successfully applied to different substrates and various chemicals that could be co-dissolved
with dopamine. For instance, an atom transfer radical polymerization (ATRP) initiator was mixed
with dopamine in a methanol/water solution. Then the ATRP-PDA film was generated on a series
of substrates, like noble metal, oxides, ceramics, and PTFE. After that, the polymerization was
successfully initiated on all these surfaces. Immobilization of cetyltrimethylammonium bromide
(CTAB) onsilica substrate created an excellent antibacterial surface. While by embedding sodium
hyaluronate (HA) on silica, cell adhesion was effectively improved. Due to PDA can also be
prepared in alcohol, the method could even expand to some hydrophobic molecules. However,

water still must be introduced during the process. Therefore, they further investigated to initiate
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dopamine polymerization in a pure organic solvent to deal with the co-dissolution problem of
dopamine and hydrolyzable or hydrophobic molecules. [446] The organic base, piperidine, was
regarded as essential during the process. Compared with the widely used Tris and other organic
bases, piperidine showed an efficient and universal catalytic effect in protic solvents, which made
immobilization of water-insoluble molecule in PDA possible. Inaddition, this system was failed
in an aprotic solvent. In other words, the presence of protons was essential during dopamine

polymerization.
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Chapter 2

Fabrication of Polydopamine Nanotube and Preliminary Control Release Study

2.1 Introduction

Extensive studies have been conducted exploring the effect of nanoparticle size, surface
chemistry, and composition on cellular uptake and drug delivery.[447-450] Recent studies indicate
that particle shape also plays a key role in controlling cellular uptake, with rods exhibiting reduced
uptake by circulating phagocytes, leading to prolonged circulation time as compared to spherical
particles. [234, 357, 365, 451-454] In addition to the prolonged circulation exhibited by nanorods,
studies have demonstrated that high aspect ratio rods exhibit greater tumor accumulation and
deeper tumor penetration. [368, 372] In vitro investigations have demonstrated low non-specific
[357, 366-367, 455] and high-specific[369, 456-457] cellular uptake of nanorods. While the
interaction between nanoparticle shape and physiological environment is not completely
understood, and there are some studies implying the potential negative influence of rod-like shape
on biocompatibility, [373, 458-459] nanoparticle 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 producing non-spherical micro/nanostructures,
including microfluidics,[452, 460-462] projection photolithography,[452, 463] particle replication
in non-wetting templates (PRINT),[464] film-stretching,[465] self-assembly,[371, 466-469] and
template-assisted fabrication.[470] 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 tumor cells, the optimal nanoparticle
sizes are believed to be in the range of 30-200 nm.[74] Methods such as microfluidics, projection
photolithography, PRINT method, and templating with porous anodic aluminum oxide produce
nanoparticles outside this desired size range.[452, 464, 471-473] In addition, these methods carry
relatively high synthesis costs. [8] Film stretching is a versatile technique capable of producing
several geometries of polymeric nanoparticles. However, the nanoparticles obtained through film
stretching are all solid, limiting the ability to load therapeutic agents.[451] Self-assembly
techniques utilize the formation of micelle and vesical shaped nanostructures in a liquid colloid,
and are capable of producing particles in the requisite size range. However, the specific shape and
size dispersity can be difficult to control.[452] Particles derived from self-assembly, can be used
as soft templates for synthesis of polymeric nanotubes as can other hard templates.[474-475]
Carbon nanotubes can be surface modified with a wide variety of organic materials using both
physical adsorption and chemical grafting.[476-478] However, the CNTs remain in the obtained
nanoparticles. In template-assisted 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, nanoellipsoids, and
nanopeanuts.[479] Recently PDA nanorods have been fabricated via the use of rod-like templates
such as curcumin crystals and ZnO nanorods.[480-482] However, the rods obtained are larger than
the 30-200 nm range desired to avoid clearance and enhance accumulation at tumor sites. Thus,
while the shape is potentially a powerful factor to enhance cancer treatment, the formation of high
aspect ratio polymeric nanoparticles, 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 nanostructures, such as nanorods, formed in the lumen, and there are
numerous reports of grafting polymers to their surfaces.[483-485] Halloysite nanotubes (HNTS)
are formed by the rolling of kaolinite resulting in a hollow lumen with a diameter of 12-15 nm and
an overall diameter of 50-60 nm.[486-487] The tubular structure, low cost, and biologically
inertness of halloysite have driven its development as a controlled release reservoir.[488-490]
Unfortunately, HNTs are not biodegradable and are not removed from the circulatory system via
the kidneys limiting suitability for direct drug delivery.[491] More recently, halloysite has been
used to produce polymer-coated nanotubes via surface copolymerization of propyl methacrylate,
ethylene glycol 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 low-cost 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 nanorods. Residual catechol and amino groups were used to further modify the
PDA surface. The pH and photothermal behavior of the particles can be used to control the release
rates of therapeutic compounds loaded either during or after fabrication. The morphology and
photothermal behavior of the resulting PEG-coated PDA nanotubes, as well as the loading and
release characteristics of a model chemotherapeutic compound, doxorubicin (DOX), from these
nanotubes, are reported. Results are compared with PDA nanospheres. Results are compared with
PDA nanospheres. The resulting PDA nanotubes have potential applications as anisotropic drug

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 obtained from VWR Life Science. Hydrochloric acid (HCI, 10 % v/v),
potassium phosphate monobasic (KH2PO4), ammonia (NHs3 in water, 28-30%). Halloysite
nanotubes (HNT) were obtained from Bonding Chemical. Hydrofluoricacid (50%, v/iv ACSgrade)
was obtained from BDH Chemical. 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 a 300 mesh formvar/carbon film from Electron Microscopy Sciences. Fourier
transform infrared spectra (FTIR) were obtained viaa Shimadzu IR Prestige-21 FTIR spectrometer.
KBr pellets were prepared at a sample to KBrratio of 1:100. UV-Vis spectra were obtained on an
Agilent Cary 60 UV-Vis. 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 100 °C with a rate of 20 °C/min. Then the sample was held isothermally at 100 °C for 2
minutes. The sample was then heated to 800 °C with a rate of 10 °C/min. The zeta potential of
PEGylated polydopamine nanoparticles was measured in 1 mM phosphate buffer (at pH 7.4) and
1 mM acetate buffer (at pH 5.0) on a ZetaSizer Nano ZS90 sizing instrument (Malvern,

Worcestshire, UK).

2.2.2 Synthesis of Polydopamine Nanotubes (PDA-NT) and its PEGylation (PEG-PDA-NT)

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

dopamine solution. In a typical synthesis, 20 mg HNT was added in 70 ml of 10 mM Tris-HCI
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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 ~5 min., and then to dark brown over about 30 min. After 24 h stirring, the
medium was completely opaque. The product (PDA-HNTSs) was obtained via centrifugation
(21,9649) on a Heraeus Megafuge 8 centrifuge (Thermo Scientific). The product was washed and
recollected by centrifugation until the supernatant was colorless and transparent. The resulting
PDA-HNTs were lyophilized on a Freezone freeze dry system (Labconco corporation). The typical
mass of the product was 22.3 mg.

PDA-HNTs were surface coated with (PEG-NH2) via Michael Addition. In a typical
synthesis, 20 mg of PDA-HNT was ultrasonically dispersed (100 W, 10 s) in 20 ml of 10 mM Tris-
HCI buffer (pH 8.5). Subsequently, 20 mg of mPEG-NH2 was added to the dispersion under
constant stirring. After 24 hours, PEG-PDA-HNTSs were obtained by centrifugation and washing
via DI H20 repeatedly until the supernatant was colorless and transparent. The typical mass of the
product was 19.98 mg.

To remove the halloysite template, 200 mg PDA-HNTSs or PEG-PDA-HNTSs were added
to 1.52 ml HCI with mild stirring, then 0.76 ml 50% HF was added dropwise. After 24 hours of
stirring at room temperature, the product was centrifuged and washed by DI H20 repeatedly,
typically six cycles, until the supernatant pH was over 5. The collected precipitate was lyophilized

prior to subsequent use. The typical mass of the product was 40.09 mg.

2.2.3 Synthesis of Polydopamine Nanospheres (PDA-NS) and its PEGylation (PEG-PDA-NS)

PDA-NS were synthesized via the method reported by Liu et al. [2] In a typical synthesis,

2 ml of ammonia aqueous solution (NH4OH, 28-30%) was added dropwise to an ethanol : water
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solution (40 ml ethanol : 90 ml DI H20) under constant stirring at 30 °C. Subsequently, 0.5 g DA,
dissolved in 10 ml DI H20 was added. After 24 h, the product (PDA-NS) was obtained via
centrifugation and washing by DI H20 repeatedly until the supernatant was colorless and
transparent. The product was lyophilized prior to further investigation. The typical mass of the
product was 95.04 mg.

PDA-NS were surface coated with PEG-NH2 via Michael Addition. A similar method was
used to produce PEG-PDA-HNTSs. In a typical synthesis, between 20 mg of PDA-NS was
ultrasonically dispersed (100 W, 105s) in 30 ml of 10 mM Tris-HCI buffer (pH 8.5). Subsequently,
40 mg of mPEG-NH: dissolved in 4 ml DI water was added to the dispersion under constant
stirring. After 24 hours, PEG-PDA-NS were obtained by centrifugation and washing via DI H20
repeatedly until the supernatant was colorless and transparent. The typical mass of the product was

30 mg.

2.2.4 The photothermal effect of PEG-PDA-NT and PEG-PDA-NS

The temperature rise of dispersions upon irradiation was used to evaluate photothermal
conversion efficiency. PEG-PDA-NT or PEG-PDA-NS were placed in 1 ml DI H20 ina 10 mm x
10 mm quartz cuvette. The temperature of the solution was monitored until the sample was at
thermal equilibrium with the room. The cuvette was then irradiated with 808 nm wavelength light
using a fiber light guide. Intensity at the cuvette surface was ~1 W/cm?2. A thermocouple was
inserted into the medium and out of the laser path. The temperature of the dispersion was recorded

every 10 seconds.

2.2.5 Drug loading of Doxorubicin on PEG-PDA-NT and PEG-PDA-NS
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Loading was performed by adsorption of doxorubicin by PEG-PDA-NTs or PEG-PDA-NS
from solutions (1.5, 1, 0.5, 0.25, 0.1 mg/ml) of doxorubicin in phosphate buffer (PBS; 10 mM, pH
8). PEG-PDA-NT or PEG-PDA-NP was dispersed into the solutions at a concentration of 0.5
mg/ml under magnetic stirring at room temperature. After 24 hours, the doxorubicin-loaded PEG-
PDA-NT or PEG-PDA-NS (PEG-PDA-NT/Dox or PEG-PDA-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 doxorubicin-loaded nanoparticles were added to 30 ml PBS (10 mM, pH
7.4 or pH 5) with mild stirring at room temperature. Periodically, a 3 ml release medium was
collected and centrifuged (21,964 g for 1 min). The concentration of doxorubicin in the supernatant
was determined by UV-Vis absorption at 480 nm and used to determine the total amount of
doxorubicin released from the nanoparticles. The precipitate was dispersed in 3 ml of fresh PBS
and returned to the sample. The influence of NIR on drug release was investigated using a similar
methodology. Ina typical experiment, 0.2 mg of doxorubicin-loaded nanoparticles were added 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/cm? at sample surface) was applied tothe 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 UV-Vis, 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
g =3 S
(S €L h
- Tris buffer mPEG-NH, HF
pH 8.5 etching
Tris buffer
pH 8.5
o
PDA-HNT PEG-PDA-HNT PEG-PDA-NT
« Dopamine NH3H,0 in mPEG-NH,
e EtOH + H,0
| S v <
R S Tris buffer
pH 8.5
PDA-NS PEG-PDA-NS

Figure 2.1 Synthesis of PDA-NT, PEG-PDA-NT. PDA-NS, PEG-PDA-NS

Figure 2.1 depicts the nanotube fabrication process. Dopamine undergoes a self-oxidation
process in weak base conditions. Through a series of oxidation, cyclization, and isomerization
reactions, dopamine molecules conjugate and form a conformal polydopamine coating on the
suspended particles. By suspending HNTs in a dopamine solution in Tris buffer, a conformal
coating on the halloysite surface was formed as the reaction proceeded. In this work, halloysite
was suspended first, followed by the addition of dopamine under rapid stirring. After the addition
of dopamine, the color of the medium quickly changed to pink, indicating oxidation of the catechol
groups and the formation of indoles. The solution gradually turned dark brown as polymerization
proceeded. Figure 2.2 (a) and (b) are TEM images of unmodified HNTs, and PDA coated halloysite,

PDA-HNT. As compared to the unmodified halloysite, the coated halloysite had a larger diameter
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Figure 2.2 TEM images of nanotubes and nanospheres: (a) unmodified halloys1te (b) polydopamme coated
halloysite, (c) polyethylene glycol surface modified polydopamine coated halloysite, (d) PEG-PDA-NT, (e) PDA-
NS, and (f) PEG-PDA-NS

and a rougher surface. Further modification of the nanotube was achieved by the addition of amine-
terminated PEG (Mw — 1000). The reaction between the amino-terminal group and quinone groups
on the PDA coating effectively grafted PEG to the tube surface. Figure 2.2 (c) isa TEM image of
PEG grafted PDA coated halloysite nanotubes, PEG-PDA-HNT. In general, the tubes had a similar
diameter to PDA-HNT with similar surface roughness. Removal of the halloysite was achieved by
HF etching. Figure 2.2 (d) is a TEM image of the resulting PEG-PDA 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 nanotubes. HNTs 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 PDA-coated HNTs. Thus, either there was no PDA deposited on the
inner surface of the halloysite, possibly due to diffusion limitations, or the PDA deposited on the

inner surface of the halloysite is removed with the HNT upon etching. The diameter of pristine
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HNT was 51-60 nm, the diameter of PDA coated HNTs was ~25% larger, 65-75 nm. PEG
modification resulted in a small additional increase in diameter, 67-78 nm. After HF etching,
possibly dueto partial collapse of nanotubes into less cylindrical shapes, the width measured under
TEM was 104-127 nm small enough for transport through the leaky vessel walls typical of tumors
(< 200 nm) and large enough to avoid clearance by the kidneys (>10 nm).[74] Lengths obtained
for the tubes ranged were 532 — 709 nm; the aspect ratios were in the range of 4.7 to 5.9. For
comparison, PDA spheres, PDA-NS, and PEG-coated PDA spheres, PEG-PDA-NS, were
produced. Solid spheres were selected as a comparison as they are the most studied form of PDA
nanoparticles. Inaddition, the inner surface of hollow spheres is not directly accessible. In contrast,
the inner surface of an open tube such as those produced in this work is accessible via the tube
ends. The PDA spheres produced, Figure 2.2 (e) and (f), had diameters of ~115-130 nm and 145-
160 nm, respectively. The thin PDA layer indicated only asingle layer of PDA left after HF etching
of PDA coated HNTs. Thus, either there was no PDA deposited on the inner surface of the
halloysite, possibly due to diffusion limitations, or the PDA deposited on the inner surface of the
halloysite is removed with the HNT upon etching. The diameter of pristine HNT was 51-60 nm,
the diameter of PDA coated HNTs was ~25% larger, 65-75 nm. PEG modification resulted in a
small additional increase in diameter, 67-78 nm. After HF etching, possibly due to partial collapse
of nanotubes into less cylindrical shapes, the width measured under TEM was 104-127 nm small
enough for transport through the leaky vessel walls typical of tumors (< 200 nm) and large enough
to avoid clearance by the kidneys (>10 nm).[74] Lengths obtained for the tubes ranged were 532
— 709 nm; the aspect ratios were in the range of 4.7 t0 5.9.

For comparison, PDA spheres, PDA-NS, and PEG-coated PDA spheres, PEG-PDA-NS,

were produced. Solid spheres were selected as a comparison as they are the most studied form of
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PDA nanoparticles. In addition, the inner surface of hollow spheres is not directly accessible. In
contrast, the inner surface of an open tube such as those produced in this work is accessible via the
tube ends. The PDA spheres produced, Figure 2.2 (e) and (f), had diameters of ~115-130 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 the modulation of PDA growth in Tris bufferas
seen in the work of Della Vecchia et al. [494] Under TEM, the hollow nanotubes were semi-
transparent, most notably for the PEG-PDA-NT, while the solid nanospheres were opaque.
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Figure 2.3 FTIR spectra of halloysite and nanomaterials produced in this work.
Representative FTIR spectra, Figure 2.3, show typical peaks for HNT in not only the
pristine halloysite but also the PDA-HNT and PEG-PDA-HNT tubes. These peaks include the O-
H stretching of hydroxyl groups at 3694 and 3620 cm-2, as well as the deformation and stretching
of Si-O, Al-O-Si, and OH in the range of 465-1114 cm™, consistent with previous studies.[483]

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

Compared with pristine halloysite, a wide arch was present in the spectra from about 1850 to 3650

58



%0,001
100 @) 4.0- (b)
35, K e
—_ g\
80 S 313 // W\
3 3.0 / \
< awd \J-542
m f ..r-.-k-\’pﬂ;
8254 / A — HNT
s 60 = [ [ 323 494 | PDA-HNT
< S |/ 509 | —— PEG-PDA-HNT
= . D ol | PDA-NT
2.0 [y
=) . = {/ —— PEG-PDA-NT
\ g
2z
A\ S 1.0-
20 \ °
PEG-PDANT (3.3%) ~ \
\__,- PDA-NT (3.9%) 051 _~
0 0.4 :
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (C) Temperature ('C)

Figure 2.4 Thermogravimetric analysis of samples. (a) TGA curves for nanotubes. Numbers in parenthesis

refer to residual mass at end of test. (b) Derivative of weight loss versus temperature measured by TGA of
nanotubes.

cm® after the PDA coating was formed.[8, 495] This arch was more obvious after HNT etching.
The peaks at 1283 cmt and 1502 cm-! correspond to the stretching vibrations of C-N-, C=C, and
C=NC of aromatic rings, while the peak at 1726 cm-! corresponds to the stretching vibration of
C=0, all indicate the presence of PDA.[8-9] After PEG modification, small peaks appeared at
2922 cm! and 2871 cml. These are attributed to the asymmetric and symmetric stretching
vibrations of -CH: in PEG.[8, 495-496] The peak at 1086 cm1, attributed to the stretching vibration
of CH2-C-0O, also suggests the PEGylation of PDA. There were also two peaks at 2836 and 2960
cm! found on PDA-HNT and PEG-PDA-HNT, which disappeared after HF etching. The authors
believe these peaks are associated with aliphatic C-H groups interacting with the halloysite
surfaces. This interaction disappears after halloysite removal. Similar features are noted in the
spectra of PDA-NS and PEG-PDA-NS.

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

Figure 2.4. The sample weight at 100 °C was selected as the representative of samples without
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adsorbed water to eliminate the interference of moisture with the analysis. For the unmodified
HNT, around 15.4 % of the sample mass was lost between 450 and 550 °C, peak loss occurred at
508 °C, Figure 2.4 (b). This peak is typically assigned to the dehydroxylation of structural Al-OH
groups of HNT.[496-497] Conversely, polydopamine coated halloysite exhibited mass loss
between 200 and 600 °C. Pure PDA exhibits a mass loss across a broad temperature range in TGA
testing, supporting the assignment of this loss peak to the presence of PDA.[7] 37.2% of the mass
was lost for PDA-HNTSs. Two events were responsible for this behavior, Figure 2.4 (b). The first,
related to PDA degradation, was at 345 °C and the second, related to dihydroxylationof HNT, was
at 494 °C. Analysis indicates that dehydroxylation accounted for 30.2% of the lost mass, while

PDA degradation accounted for 69.8%. This suggests that the PDA-HNT tubes are roughly 26 wt.%
PDA. Similar results were obtained after modification with polyethylene glycol; dehydroxylation
accounted for 29.8% of the total weight lost, while the combined PDA and PEG degradation
accounted for 70.2% of the total weight lost. The total loss was 37.5% suggesting the PEG-PDA-
HNT tubes are 26.3 wt.%. After etching of the halloysite, the dehydroxylation peak largely
disappears, and almost the entire mass of the sample is degraded during TGA testing, 3.9% residual
mass for polydopamine nanotubes, and 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 of Nanoparticles and Nanotubes
Previously, Liu et al. demonstrated the high photothermal efficiency to PDA nanospheres,
suggesting their applicability to photothermal therapy.[2] In this work, the photothermal

performance of PEG-PDA-NT was compared with PEG-PDA-NS prepared via Liu’s method,
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Figure 2.5 Photothermal behavior of PEG-PDA-NT and PEG-PDA-NS. (a) Temperature change over time
of PEG-PDA-NT and PEG-PDA-NS dispersions in DI water upon irradiation by an 808 nm source at 1 W
cm? intensity. (b) Temperature change after irradiation, same conditions, for 1000s for PEG-PDA-NT and
PEG-PDA-NS dispersions as function of mass concentration. (¢) Temperature change during irradiation
and cooling period for 250 pg ml™' PDA nanoparticles dispersion. (d) Cyclic photothermal behavior of
PEG-PDA-NT dispersion (1 mg ml™!). Sample irradiated for 500 seconds by an 808 nm sources at | W
cm? followed by no irradiation until dispersion cooled to ambient temperature (~1500 s). (e) TEM of
PEG-PDA-NT after cyclic irradiation. (f) Time versus —In(AT/AT,,) for cooling phase data shown in (c),
used for determining 44 values required to calculate photothermal efficiency.

Figure 2.5. As expected, the heat-up rate of NIR irradiated dispersions was largely dependent on
the mass concentration of PDA, Figure 2.5 (a) and (b). At high concentrations, 1 mg/ml, the
dispersions displayed a 43 °C temperature rise over 15 minutes. While dispersions at
concentrations of 50 mg/ml only exhibited an increase of ~10 °C. However, for both PEG-PDA-
NTand PEG-PDA-NS, the maximum temperature increase is nota linear function of concentration,
Figure 2.5 (b), the apparent photothermal efficiency decreases. This decrease is possibly due to the

agglomeration of the nanoparticles.
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The results in Figure 2.5 (a) suggest that PEG-PDA-NT has a higher photothermal
efficiency than PEG-PDA-NS. For example, at 250 pg/ml, the PEG-PDA-NS displayed a
temperature change of 35.0 °C, while the PEG-PDA-NT resulted in a 4.3 °C higher temperature
change, 39.3 °C, under the same conditions. Similar differences were apparent at all concentrations

evaluated. The photothermal conversion efficiency, n, of both PDA nanoparticles were measured

to elucidate this difference. Efficiency was calculated from:

_ hAAT, 4 — Qs 91
T’ = — -
1(1—-10"4)
where h is the heat transfer coefficient, A is the surface area of the container, AT,,,, is the

maximum temperature change of PDA nanoparticle dispersions at a steady state, I is the irradiation
power, 4, is the absorbance 808 nm, and Q, is the heat associated with the light absorbance of the

solvent.[2] @, was calculated from Q, = hAAT, where AT en: 1S the maximum

olvent
temperature change of water irradiated by the same light source at the same power intensity.

The parameter set hA was determined by fitting temperature vs. time data to the equation:

Zimicpi
==t tpt 2-2
t v In(6)

where, m; is the mass of component i, cpi is the specific heat capacity of component i, t is time,
and 0 is calculated at each time increment as (AT /AT, ). The summation X, m;c,; was
approximated by the mass and specific heat capacity of the solvent (water).

Data was collected as the photothermally heated sample cooled to room temperature,
Figure 2.5 (c). The fits are shown in Figure 2.5 (f). The photothermal conversion efficiency of
PEG-PDA-NS at 250 pg/ml was found to be 40%, the same value obtained by Liu et al.[2] The
photothermal conversion efficiency for PEG-PDA-NT at the same mass concentration was found

to be 42%.
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Gold nanorods have been widely studied as a photothermal therapeutic agent, owing to
localized surface plasmon resonance (LSPR).[“98] However, according to Liu et al.’s study, gold
nanorods experience significant morphology changes upon irradiation. One effect of this
morphological change is a change in SPR, resulting in a reduction of photothermal energy
transfer.[2] In this study, dispersion of PEG-PDA-NT (1 mg/ml) was repeatedly irradiated at an
energy density of 1 W cm2 with 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 seconds of cooling. This irradiation-cooling
cycle was repeated several times on the same sample. The temperature of the dispersion was
recorded over the course of the irradiation / cooling cycles, Figure 2.5 (d). It can be seen the
photothermal effect of PEG-PDA-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 increased PDA concentration due to water evaporation during the test.
The morphology of PDA nanotubes after repeated NIR was inspected by TEM. As shown in Figure

2.5 (e), no obvious morphological changes were observed for the PEG-PDA-NT.

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 nanoparticles, 10 mM PBS at pH 8, doxorubicin is positively
charged while PDA is negatively charged, resulting in a strong driving force for the adsorption of
doxorubicin by PDA.[499-501] Doxorubicin also interacts with PDA through n - © and hydrogen
bonding interactions increasing binding and loading capacity.[3] In this work, solutions with

various doxorubicin concentrations, 0.1 mg/ml to 1.5 mg/ml, were used to load the nanoparticles.
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Figure 2.6 Characterization of doxorubicinloadingon PDA nanoparticles. (a) UV/Vis spectra of PEG -PDA-
NT/Dox loaded with different doxorubicin concentrations, pure PEG-PDA-NT, and doxorubicin
hydrochloride. (b) Encapsulation efficiency of doxorubicin on PDA nanoparticles. (c) The loading capacity
of doxorubicin on PDA nanoparticles. Error bars in (c) and (d) are standard error.

Two methods were used to evaluate the amount of doxorubicin loaded on the nanoparticles. First,
after loading, the collected and washed nanoparticles were resuspended in Tris buffer, and UV-
Vis spectra were taken. PDA exhibits a wide absorbance from 300 to 800 nm. However, adsorbed
doxorubicin increases the adsorption, particularly between 450 and 550 nm. Figure 2.6 (a) shows
spectra obtained from doxorubicin-loaded PEG-PDA-NT, which was washed and resuspended
afterloading. Asthe concentration of doxorubicin in the loading solution increased, the absorbance
between 450 and 550 nm increased, suggesting a higher loading was achieved; dispersions with
the same concentration of PEG-PDA-NT were used in each case. Due to the significant spectral
overlap between PDA and doxorubicin, the comparison of the 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 collection and washing
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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where EE is the fraction of doxorubicin that was loaded onto the nanoparticles, c,¢ is the
doxorubicin concentration in the loading solution, V¢ is the volume of loading solution used, c,
Is the doxorubicin concentration in the supernatant collected during washing, and V is the volume
of supernatant collected during washing.

As shown in Figure 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%
(1 mg/ml doxorubicin solution). This trend was interrupted when the concentration was increased
to 1.5 mg/ml, the encapsulation efficiency for PEG-PDA-NT increased to 55% at this
concentration. Similar trendsin the loading efficiency for PEG-PDA-NS were observed. However,
at every concentration, the encapsulation efficiency for PEG-PDA-NT was higher than that for
PEG-PDA-NS. This can be attributed to the higher specific area of nanotubes. The enhanced
efficiency at the highest loading concentration is believed to result from diffusion 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 between nanospheres and nanotubes. When loading solution
concentrations were between 0.1 and 1.0 mg/ml, the encapsulation efficiency of PEG-PDA-NS
was roughly 60% of the PEG-PDA-NT. However, when a loading solution of 1.5 mg/ml was used,
the ratio increased to ~85%, supporting the hypothesis that loading shifts from a surface to a bulk
effect. This effect is similar to that observed by Zeng et al. for the diffusion of Au3* into 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

LC= X 100% 2-4

nanoparticles after loading, and Mnp is the mass of the unloaded nanoparticles. The loading
capacity of doxorubicin on nanoparticles is shown in Figure 2.6 (c). Loading capacity increased as
doxorubicin concentration increased in the loading solution. For PEG-PDA-NT, the doxorubicin
fraction increased from ~15.8% to ~61.3% as the loading solution doxorubicin 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 area.[227] Similar trends were noted for
PEG-PDA-NS. The loading capacity of the nanospheres is lower than 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 doxorubicin concentration 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
medium of 1.5 mg/ml. This behavior supports the idea that loading shifts from a surface- to bulk-

driven phenomena at higher doxorubicin concentrations.

2.3.4 Release from Polydopamine Nanoparticles

Normally, the pH of blood is around 7.4, while in tumors, the pH drops to lower than 6.6;
the pH of endosomes is in the range of 6.5 to 5.0. [164, 502-503] Therefore, pH change is
commonly used to trigger the 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,

66



——NTpH 5.0 o b
0040 < @ (b)
$ 0101 . NTpH74 _+______-§E') S0.14{ = NTpH50 {
£ --+- NSpH5.0 A g —=—NTpHT74 T - {
2 -+~ NSpH74 , ] ~-=- NSpHS5.0 ;"____
= " ©0.12{ --~- NSpH 7.4 |
£0.084 o = ° P {______-———{
< g /
£ g 0.10 1
80064 g -
g f £008] f
[ 18] |
a |' = |
3 t . %008
ﬁo_m- e g I| ) 4
L e . © ) aa—
g )/i-" we AT g * ] c 0.04 - | % * '
— R (%] v .- _ ™
L F =" = | R e w
S 0,024} 2 8 ¢
2 i S 0.024 [ i
= ; _Fe-k--d---k---cE- --k-- 1 =] . FF ¥
s g S I:-‘_ -4
@ @ 0.0044
£ 0.004: . . . = . : , ; . ' ; :

0 a H 12 16 20 24 0 50 100 150 200 250 300 350

Time (hr) Time (min)

Figure 2.7 Release behavior of PEG-PDA-NT and PEG-PDA-NS. (a) Fraction of loaded doxorubicin
released over time at two pHs. (b) Fraction of loaded doxorubicin released over time when vessel is
cyclically irradiated at 1 W/em2 by an 808 nm source. Highlighted rectangles indicate time sample is
being irradiated. All error bars are standard error.

after 24 h, ~55% of loaded doxorubicin was released when the media was at pH 5.0, while only
~17% doxorubicin was released in neutral pH. For spheres, the fraction released at the same time
was ~45% at pH 5.0, while only ~14% was released at neutral pH. The fraction of doxorubicin
released from the tubes was ~20% higher than exhibited by the spheres at both pHs evaluated. The
pH effect is similar to that reported by Wanget al. for polydopamine—gadolinium-
metallofullerene. [504] In that work, differences in release rates were related to the change in the
zeta potential of the PDA nanoparticles. The zeta potential of PDA is a strong function of pH. At
pH 5.0, the zeta potential of the tubes and spheres was —19.6 mV and —20.3 mV, respectively,
while at a pH of 7.4, the zeta potential of the tubes and spheres was —32.2 mV and —39.3 mV,
respectively. The difference in zeta potential did not have a significant effect on the difference in
the fraction of doxorubicin released in the present study. This suggests that the increased release
rate for the PDA nanotubes is related to the increased surface area of tubes vs. spheres. Furthermore,

as the PDA nanotubes had a higher loading capacity, Figure 2.6, the amount of doxorubicin
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released per unit mass of PDA in the nanoparticles was considerably higher for nanotubes than for
nanospheres. Figure 2.7 (a) shows the mass of doxorubicin released per mass of PDA in the
nanoparticles as a function of time and pH of the release medium for PDA nanoparticles loaded in
a 0.5 mg ml~* doxorubicin solution. Under this loading condition, the PDA nanotubes had ~2.5
times the loading 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.

Figure 2.7 (b) shows the effect of NIR irradiation on the release of doxorubicin from PEG—
PDA-NT. Samples were placed in a quartz cuvette and irradiated (808 nm, 1 W cm2) for 10
minutes every two hours. The mass of doxorubicin released was measured just before and just after
each irradiation cycle. Underboth pH conditions, NIR 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 irradiation were higher for low pH media. The samples were
immersed in a water bath 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 temperature disrupting hydrogen and n—n bonding and shifting the equilibrium toward
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 the cycle without NIR irradiation, the 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 were prepared 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 Addition mechanism. 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-coated polydopamine 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 uptake by tumor cells. It
was demonstrated that 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 for the shape-dependent enhancement of 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 anisotropic PDA 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 nanotubes.
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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 biomedical and environmental fields as drug delivery
particles, photothermal agents, enhanced catalysts, electrochemical agents, and signal-
enhancement agents. [406, 421, 492, 505-508] While synthesis of asymmetric 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 as acorn-shaped, dumbbell-
shaped, tubes, ellipsoids, regular tetrahedra, and regular icosahedra. [509-512] Bowl-shaped
nanoparticles (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 template-assisted methods used to produce nanobowls. The most
widely used technique utilizes an array of spherical nanoparticles as a template. The nanobowls
are obtained by depositing additional material on one side of the array, followed by template
removal. [517-522] A second technique “grows” the nanobowls asymmetrically on nanoparticles
as seeds through a process similar to the Volmer-Weber growth mode.[523-524 Droplets formed in
immiscible liquids can be used as seeds. Instead of layer growth, deposited materials grow as
isolated “islands” on the surface of droplets. [525] The nanobowls are then obtained by the removal
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 droplets) [526] or hard
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templates (sacrificial nanospheres). [398, 527-529] Inspired by the formation of liposomes, the
addition of water to colloidal solutions of amphiphilic copolymers have also been demonstrated to
produce nanobowls. [530-532] The evaporation of the organic solvent from the colloidal
nanoparticles results in the “collapse” of the particles into a bowl shape. Nanobowls can also be
prepared through lyophilization. In this technique, the polymer is dissolved in an organic solvent
which is then dispersed in water. The system is then freeze-dried. 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 used by He et al. to
prepare bowl-like nanoparticles. [535] However, all of these methods are typically time-
consuming and labor-intensive; many of them 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 for
nanobowl| fabrication. However, these particles are usually in the 500 — 2000 nm range. Thus, the
produced nanobowls are significantly larger than the optimum size for drug delivery. [74] The
additional solvents and chemicals used for the removal of templates in template-assisted synthesis
methods may also be a safety concern in biomedical applications. [536] Furthermore, for drug
delivery applications, the payloads may be inactivated during template removal, directly impacting
the efficacy of the nanocarrier. [537] Therefore, particularly for biomedical applications, rapid
template-free methods for nanocapsule and nanobowl fabrication are desired.

One material that has attracted considerable interest for biomedical applications in recent
years is polydopamine (PDA). Messersmith’s group synthesized PDA by polymerizing dopamine
under mild base conditions in 2007. [386] 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 addition or Schiff base reactions. [387, 538-540]
Additionally, excellent biocompatibility and aromatic group content make PDA a promising
material in biomedical and electrical applications. [2, 541-543] 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 tube-like [481, 544] PDA nanostructures. Template-assisted techniques have been
explored to produce bowl-shaped PDA structures. [545-548] However, these methods have all
resulted in large particles, on the order of 260 nm to 4 mm, and are time-consuming. In addition,
the templates used or the solvents used may raise biocompatibility issues when removed. Recently,
biocompatible poly(acrylic acid) nanoparticles have been used as templates for PDA nanobowl
synthesis. [470, 549-550] While the particles produced are smaller, on the order of 150 — 200 nm,
and the materials used are biocompatible, the multiple-step fabrication process inherent in
template-assisted synthesis still makes the preparation process complicated and time-consuming.
Recently, Ni et al. prepared hollow PDA nanocapsules approximately 200 nm in diameter
in a mixed solution of water and tetrahydrofuran. [551] The authors attributed the hollow structure
obtained to the microphase-separated complexes that formed in the reaction medium. However,
the reaction was slow, possibly as THF is a non-protic solvent, [446] and the hollow particles were
only obtained after 36 to 72 hours. In addition, while they were able to synthesis nanocapsules, the
products exhibited poor morphological control and size homogeneity. Also, after a period of
storage, the particles aggregated. Yan et al. reported the formation of solid PDA nanoparticles in
alcohol/water solvent.[552] They mention the observation of one particle with a hole when
isopropy! alcohol was used as a co-solvent but did not report further investigation of this
phenomenon. Herein, a rapid one-pot 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 in ambient conditions, nanobowls were obtained. Compared with previously reported
methods for PDA bowl-like structure fabrication, the process used in this study is straightforward,
fast, uses biocompatible materials, and does not require a template. Furthermore, the morphology
of the nanocapsules produced is tunable by varying the reaction conditions. The size of the
nanobowls produced is between 80 — 120 nm. To the best of the authors' knowledge, there are no
previous reports of such small PDA bowl-shaped nanoparticles rapidly synthesized through a
template-free method. The utilization of naturally occurring ethanol nanodroplets makes this
method simple, low-cost and biofriendly, and have great potential in catalyst, energy storage, and

biomedical applications.

3.2 Experiments
3.2.1 Materials

Dopamine chloride (DA, > 99%) was obtained from Beantown Chemicals. Tris(hydroxy
methyl) aminomethane (Tris, ultrapure 99.9%) was obtained from VWR Life Science. Ethanol
(EtOH, ACS grade > 99.5%) and methanol (MeOH, HPLC grade > 99.8%) were obtained from
BDH Chemicals. Iso-propanol (histology grade > 99%) was obtained from MilliporeSigma. All
chemicals were used without further purification. Deionized (DI, ultrapure Type 1) water was used

in all experiments.

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

— 7000F, JEOL). The TEM microscopy was conducted at an accelerating voltage of 60 kV. The
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Figure 3.1 Hydrophilic property and stability of PDA nanocapsules in water. (a) Photos of nanoparticle
dispersions from left to right: PDAnanospheres in DI water, PDAnanospheres in phosphate buffer solution,
PDA nanocapsules in DI water, and PDA nanocapsules in phosphate buffer. All dispersions contain 200
ug/ml of PDA. The image was taken 24 hours after the particles were redispersed. (b) Normalized
absorbance at600nm vs time for each dispersionshown in (a). Thenormalized values were calculated using
the absorbances at each time divided by the initial absorbances ofrespective PDA nanoparticle dispersions.
(c) UV/Visible spectra of four PDA nanoparticle dispersions shown in (a). (d) SEM image of PDA
nanocapsules produced using 30 % EtOH, 0.3 mg/ml DA in unsealed containers with 0.606 mg/ml Tris).
The scale bars in images represents 300 nm.

specimens for TEM were prepared by drying a droplet of nanocapsule 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 nanocapsules in the TEM 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 particles, the 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 performed 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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Figure 3.2 TEM images of hollow PDA capsules prepared in unsealed containers with 0.606 mg/ml Tris, 0.3
mg/ml DA and (a) 30 % methanol or (b) 30 % iso-propanol. The scale bars in images represents 200 nm.

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 stable in water and pH 7.4
phosphate buffer solutions over 24 hours, as shown in Figure 3.1 (b). The TEM samples were
prepared in EtOH to reduce the surface tension between the TEM grid and dispersion solvent.
However, the PDA nanoparticles gradually precipitate in an organic solvent like EtOH. Therefore
the nanoparticles moderately aggregated under TEM. Under SEM, the nanoparticles are dispersed
well using water as dispersion solvent, Figure 3.1 (b). The 0 vol.%, 5 vol.%, 10 vol.%, 20 vol.%,
30 vol.% EtOH aqueous solutions containing 0.606 mg/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 spectra (FTIR, Shimadzu IRPrestige-21 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
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EtOH / H,0 mixed solution Purification (Collapsed) Hollow Nanocapsules

Figure 3.3 Preparation and purification of polydopamine hollow nanocapsules.

The simple synthesis process used in this work is depicted in Figure 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 for 2 hours.
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 0.9 mg/ml) 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 to dark brown regardless of the concentrations of
reactants or the final particle morphology. This change is typical for the self-polymerization of DA
that occurs through oxidization and cyclization of the catechol groups and the formation of
indoles.[386] Nanocapsules were also synthesized in 20% iso-propanol (3-hour reaction) and 20%
methanol (1-hour reaction) with 0.3 mg/ml DA and 0.606 mg/ml Tris added. However, the
products were not as uniform as those produced in the ethanol/water system, in Figure 3.2. Thus,
this report focuses on the production of nanocapsules and nanobowls using an ethanol-water mixed

solvent.
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3.2.4 Statistical analysis
All statistical analysis was performed using SAS® OnDemand 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 synthesis with different concentrations of DA in
the reaction medium is shown in Figure 3.4. A hollow structure is observed in TEM images, Figure
3.4 (a-c). Inthe sample prepared witha 0.3 mg/ml DA concentration, Figure 3.4 (a), almost every
nanoparticle has a hollow structure. Only three solid nanospheres can be found. Synthesis using
higher DA concentrations, 0.6 mg/ml and 0.9 mg/ml, Figure 3.4 (b) and (c), results in smaller
hollow-core sizes and increased wall thickness. This trend is consistent with Ball et al.’s

observation that the thicknesses of polydopamine films deposited on substrates are proportional to

Inner diameter
Outer diameter
[ Wall thickness

ol

0.3 mg/ml I 0.6 mg/ml ] 0.9 mg/ml
Dopamine concentration

Figure 3.4 PDA capsules prepared in unsealed EtOH/H,0O (EtOH 30 vol %) solution for 6 hours with 1.212
mg/ml Tris and different concentrations of DA. (a, b, ¢c) TEM images, (d, e, f) SEM images, (aand d) 0.3
mg/ml dopamine, (b and e) 0.6 mg/ml dopamine, (c and f) 0.9 mg/ml dopamine, and (g) c haracteristic
dimensions of capsules obtained. The scale bar in images represents 200 nm. Dimensions in (g) were
obtained by measurement of more than 100 random particles at each condition using ImageJ.
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the initial concentration of dopamine.[®531 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 provided 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. Bowl-like morphology is not clear in TEM
images but is readily apparent in SEM images, Figure 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 fraction of bowl-like nanocapsules declines, suggesting that the thick-walled
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 thickness of 27 nm (SD
2 nm) were obtained, and many collapsed particles, bowl-like nanocapsules, can be seen in the
SEM image, Figure 3.4 (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 obtained, and
only one bowl-like structure is seen in the SEM image, Figure 3.4 (f), suggesting that there is a

wall thickness above which the obtained nanocapsules cannot collapse to bowl-like morphology.

3.3.2 Synthesis of Pure Nanocapsules

Many established solid PDA nanosphere synthesis methods require a reaction time of at
least 12 hours. [2-5, 243, 400, 554-555] 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 DA. [556] When the Tris concentration

was reduced to 0.606 mg/ml, the fraction of solid nanospheres produced decreased, Figure 3.6. A
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Figure 3.5 TEM images of hollow PDA nanocapsules collected in different time. (a) 2 hours, (b) 4 hours,
(c)6 hours, (d) 8 hours, (e) 10 hours, and (f) 12 hours. (g) Fraction of nanocapsules as a function of reaction
time. (h) Characteristicdimensionsof particlesproduced. The means are connected with dashed line to help
vision comparison. Dimensions for these particles were obtained by measurement of more than 100
particles at each reaction time using ImageJ. All reactions were conducted in unsealed containers using 5
mM Tris concentration in a 30 vol.% EtOH solution, and 0.3 mg/ml DA. The scale bars in TEM images
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 provided in Figure 3.5 (a-f). The fraction of
hollow particles produced decreases as the reaction time increases. In Figure 3.5 (a), nearly all the
nanostructures have hollow cores and are nanocapsules, while in Figure 3.5 (f), the majority of
nanoparticles are solid nanospheres. Counts of nanocapsules versus solid particles observed via

TEM were used to estimate the fraction of nanocapsules produced vs. reaction time, Figure 3.5 (g).
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At two hours of reaction, approximately 97% of the particles produced were nanocapsules. At 6
hours reaction time, less than 50% of the particles were nanocapsules. At 12 hours reaction time,

the fraction of nanocapsules was ~13%.
7 < { > i i ¥ 4 7

v

¢«

Figure 3.6 TEM images of PDA capsules prepared with 1.212 mé/ml (a) and 0.606 mg/ml (b) Tris
in 30 % EtOH solutionswith 0.3 mg/ml DA. The scale bars represent 200 nm.

Characteristic dimensions of the obtained particles are presented in Figure 3.5 (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 polydopamine from solution is quick and that the thickness of
deposited polydopamine layers is stabilized at a constant value after a short time. [553] In contrast,
the diameter of the solid nanosphere produced was stabilized after ~4 hours at ~50 nm. The fact
that there are few nanospheres present after 2 hours of reaction suggests that nanosphere formation
is slower or starts later than the formation of the nanocapsules. To further investigate the dimension
growth with reaction time, analysis of variance (ANOVA) was conducted to the four groups of
dimensions in Figure 3.5 (h). The datain each group show heteroscedasticity problems in Levene’s
test. Thus Welch’s ANOVA is used. Except for the outer diameters of nanocapsules, the means of
dimension measurements are unequal. The paired comparisons in adjacent timepoints were

conducted via t-test. Then the overall trend of dimension changes was revealed via fitting the
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dimensions by reaction time with a linear regression model. These analysis results were shown in
Table 3.1. It can be found that for nanocapsules, the outer diameter increase was 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 the reaction period. For the
nanospheres, the outer diameter changes in a non-monotonous way. The measurements at 4-8
hours were larger than the rest time. The time regression coefficient shows a negative value. We
are not clear about the reason for this observation. Other than measurement errors, one possible
reason is that during the 4-8 hours, both nanospheres and nanocapsules are largely dispersed in the
medium, parts of nanocapsules were mistakenly regarded as nanospheres, and led to
overestimation of the nanosphere dimensions. Furthermore, the small coefficicent indicates the

weak effect of reaction time on nanosphere dimensions.

Table 3.1 Statistic analysis of reaction on nanoparticle dimension change

P-value of P-value of time P-value of Pearson

Dimension Levene's test Welch's ANOVA Satterthwaite t-test coefficient® time coefficient® corr coef

Nanocapsule dor d s m
Outer 0.0004 0.0857 th N d‘”‘ o é’h ~ 021016 0.0535 0.08180
diameter 8h ¥ Qion =~ QG12n
Nanocapsule N
Inner <0.0001 <0.0001 Zz’l fg’”‘ >~ddﬁh ~ -0.80751  <0.0001 -0.36817
diameter g8h ~ G1on = G12n
Nanocapsule -
Wall <0.0001 <0.0001 22*1 ;‘;4” <~d§h < 0.4755 <0.0001 0.55045
thickness 8h 10n = G12n
Nanosphere Do <do ~de
Outer 0.0252 <0.0001 th d‘”‘ ~ 5’1 T -0.22487 <0.0001 -0.13811
diameter gh > G1on < d12n
2 “~” indicates the null hypothesis of a two-sided t-test is accepted. “<” or “>” indicate the alternative

hypothesis of a one-sided lower-tail or upper-tail is accepted.
b<] inear regression results of dimension by reaction time.

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

thicknesses (radii for the nanospheres) are probably determined by the same initial DA
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Figure 3.7 FTIR spectraof PDA nanocapsules and nanospheres. The wide peakat 3389 cm is attributed
to the stretching vibration of phenolic -OH and N-H groups. [7] The peak at 1590 and 1345 cm?
correspond to bending of N-H and O-H groups. At 1726 cm™, the peak indicates stretching vibration of
C=0, and the aromatic C=C bending s presentat 1502 cm-'. [8] Additionally, the peaks at 1283 cm*
and 1190 cmt indicate the stretching of C-N. [9]

concentration. FTIR spectra obtained for nanocapsules and nanospheres, Figure 3.7, confirms that
though synthesized into different 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 phases. First, DA
polymerizes and precipitates onto the surface of nanodroplets in the EtOH/H20 solution. The
nanodroplet diameter and thickness of this deposition layer establishes the outer diameter of the
nanocapsules. The process is primarily completed in the first 2 hours. 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 results 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

nanocapsule 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 polymerization observed in EtOH

compared to H20.[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 obtained, Figure 3.8
(@). At low EtOH fractions, 5 vol.% and 10 vol.%, lots 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 similar, Figure 3.8 (b), (c), and (g). However, as the EtOH content is
increased to 20 vol.%, the size of the particles dramatically increases, Figure 3.8 (d)and (g). At
EtOH content of 30 vol.%, the average particle size is smaller than that at 20 vol.%, but there are
still a considerable number of large particles present, Figure 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 nm, Figure 3.8 (g), which further confirms it is the
initial DA concentration that determines the wall thickness of nanocapsules.

To evaluate the hypothesis that PDA nanocapsules form around EtOH nanodroplets,
EtOH/H20 mixed solutions with 5 mM Tris and without the addition of DA were investigated via
DLS, Figure 3.8 (f). Interestingly, the 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 graph. The

reaction media with the largest droplet size, 316 nm in 20 vol.% EtOH, produced the largest
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Figure 3.8 TEM images of PDA nanocapsules prepared in unsealed 0.606 mg/ml Tris in EtOH/H,O
solutions, 0.3 mg/ml DA and different EtOH composition (a) 0 vol.%, (b) 5 vol.%, (c) 10 vol.%, (d) 20
vol.%, and (e) 30 vol.%. (f) Droplet size distributions obtained via DLS. (g) Nanocapsule dimensions
obtained by measurement of more than 100 randomparticles in TEM images using ImageJ. (h) Comparisor
of droplet size and particle outer diameters as a function of EtOH content. The inset graph is the plot of
DLS measurements by TEM measurements. The error bars are standard deviation. The scale bars in TEM
images above represent 200 nm.

nanocapsules, 84 nm outer diameter. While the reaction media with the smallest droplet size, 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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media produces only solid nanospheres with a diameter of 53 nm. As a control, the water used in
this work was also tested by DLS, and no particles or “droplets” were observed via DLS. The
presence of Tris allows the formation of droplets upon the addition of EtOH in this system. When
only Tris is present in the system, polymerization of the DA to PDA produces nucleated particles
that grow as the reaction continues. In comparison, when EtOH is added, PDA is deposited at the
droplet interface resulting in the formation of nanocapsules. DLS measures the hydrodynamic size,
while TEM measurements are of solids in a desiccated state. Asaresult, DLS measures of diameter
can be 2 to 5 times that obtained from TEM imaging, even for ceramic particles.[558] Though the
DLS measures of droplet size are larger than the diameters of the obtained particles, the correlation
betweendroplet size and particle dimensions suggests that the droplet size is critical in determining
the morphology of the obtained particle. Also, EtOH seems to be a prerequisite for the formation
of hollow particles.

Table 3.2 Calculated specific surface areas of the particles produced in this work

Mass-based Volume-based
surface area surface area
(x10°m?/g) (x 10" m")

Preparation Outer Inner

No. Nanoparticle condition radius (nm) radius (nm)

0.15 mg/ml DA,

1 Uncollapsed nanocapsule 20 % EtOH, sealed 35.62° 24.84° 1.06 8.42

2 Collapsed nanocapsule 28&?&%@22@ . 3562 24840 1.06 12.7

3 Uncollapsed nanocapsule 20(0)/'()3]5?0‘%;?11]3;2;16(1 42.01* 21.68° 0.69 7.14

4 naniggiicle 0 (Q)'%g%{/ﬁnzéfled 26.46 0.95 1.3

i, s
100 nm-diameter 50 05 6

solid particle [4-6]

@ The outer radii were obtained by taking the mean value of measurement of 50 random nanocapsules at the
corresponding conditions using ImageJ. For sample 1 and 2, only spherical (uncollapsed) nanocapsules were
measured.

®The inner radii were obtained by subtractthe meanwall thicknesses from the outer radii at the corresponding
conditions.
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3.3.4 Formation of Bowl-like Nanocapsules with Low DA Concentration

Compared with nanocapsules, collapsed bowl-like structures have a smaller particle
volume and a larger specific surface area, Table 3.2 (the density is used according to Bernsmann et
al.’s work [559]). When the wall thickness of the nanocapsules is thin enough, it can be expected
that the particles will collapse into a bowl-like morphology as the solvent trapped in the capsule
evaporates. Such morphology is shown in the SEM images in Figure 3.9. The collapse can also be
observed via TEM, Figure 3.10. Two reaction conditions were evaluated for their effect on the
fraction of collapsed nanocapsules. First, to limit the wall thickness and increase the fraction of
collapsed particles, the amount of DA used in the synthesis was reduced, Figure 3.9 (a-c) and
Figure 3.10 (a-c). Second, oxygen is known to be critical for dopamine polymerization.[56% The
effect of limiting oxygen availability during the reaction on nanocapsule collapse was evaluated

by conducting the reaction in sealed vessels. The number fraction of collapsed nanocapsules vs.

- s Y .
Figure 3.9 SEM images of PDA capsules prepared in 5 mM Tris in EtOH/H,0 (EtOH 20 vol.%) solution
inunsealed reactionvessels (a) 0.15 mg/ml, (b) 0.2mg/ml, (c) 0.3 mg/ml DA, andin sealed reaction vessels
(d) 0.15 mg/ml, () 0.2 mg/ml, (f) 0.3 mg/ml DA. The scale bars represent 200 nm.
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Figure 3.10 TEM images of PDA capsules prepared in unsealed EtOH/H,O (EtOH 30 vol %) solution with
0.606 mg/ml Tris and (a) 0.15 mg/ml, (b) 0.2 mg/ml, (¢) 0.3 mg/ml DA, and hollow PDA capsule prepared
in sealed EtOH/H,O (EtOH 30 vol %) solution with 0.606 mg/ml Tris and (d) 0.15 mg/ml, (e) 0.2 mg/ml,
() 0.3 mg/ml DA. The scale bars in images represent 200 nm. The inset in (d) is a high-resolution image
of collapsed nanocapsules under TEM, the scale bar represents 100 nm.

the nanocapsule wall thickness at various DA concentrations is shown in Figure 3.11. Data is

presented for both sealed and unsealed reaction conditions. As the concentration of DA used in the
synthesis was decreased, the fraction of collapsed nanocapsules observed increased. In unsealed
containers, when 0.15 mg/ml DA was used in the synthesis, around 56 % of the produced
nanocapsules were collapsed. In comparison, when 0.3 mg/ml DA was used in the synthesis, no
collapsed nanocapsules were observed. Under these conditions, the high DA concentration in the
reaction medium results in nanocapsules with large wall thickness. These nanocapsules are
mechanically strong enough to withstand the capillary forces during drying and remain
uncollapsed. Then the reaction was conducted in sealed containers to evaluate the effect of oxygen.

Limiting oxygen resulted in significantly higher fractions of collapsed nanocapsules, Figure 3.9
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(d-f), Figure 3.10 (d-f), and Figure 3.11. Over 90% of particles were completely collapsed to a
bowl-like morphology when the nanocapsules were produced in sealed containers with 0.15 mg/mi
DA added, compared to 56% when the same reactant concentrations were used in unsealed
containers, Figure 3.11. Similar improvements are seen when 0.2 mg/ml and 0.3 mg/ml DA were
reacted in sealed containers as compared to unsealed containers. In all cases, the mean wall
thickness is decreased by 1-3 nm over the wall thickness obtained in unsealed containers. ANOVA
analysis supports the hypothesis that both decreasing the amount of dopamine added and sealing
the containers reduces the wall thickness of the produced nanocapsules, p <0.05, but that there is

no interaction effect between two factors, p >0.05, as shown in Table 3.3.

Table 3.3 Two-way ANOVA of concentration and seal condition on wall thickness.

Source DF Type II1 SS Mean Square F Value Pr>F

DA concentration 2 13253.98287 6626.99143  2524.87 <.0001

seal condition 1 604.48915 604.48915 230.31 <.0001

DA concentration * seal condition 2 3.02529 1.51265 0.58 0.5621

A comparison on the fraction of nanocapsules collapsed for sealed containers using 0.3
mg/ml DA and unsealed containers using 0.2 mg/ml DA (or sealed containers using 0.2 mg/ml DA
and unsealed containers using 0.15 mg/ml) suggest that wall thickness is not the only factor in
determining the likelihood of nanocapsule collapse. Inthis case, the larger average wall thickness
particles exhibited a larger fraction of collapse, Figure 3.11. Polydopamine is formed through a
series of covalent and noncovalent interactions.[?61] Oxidation of DA enhances covalent bonding,
which likely makes the nanostructure more rigid and results in fewer collapsed nanocapsules. In
comparison, restricting oxygen limits oxidation, and covalent bonding is reduced. Thus, restricting
oxygen results in a weaker material and leads toa higher rate of collapse. Consequently, to produce
fully collapsed nanocapsules, both DA and oxidant should be limited. In this study, 0.15 mg/ml

DA reacted in sealed vessels resulted in over 90 % collapsed nanocapsules. Considering some of
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the collapsed nanocapsules may be regarded as uncollapsed because they face towards the wafer,
probably almost all nanocapsules prepared in this condition were collapsed. The critical wall
thickness for collapse is assumed to be the average wall thickness of the particles when 50%
collapse. This critical wall thickness was found by interpolating the data shown in Figure 3.11 and
was found to be ~13 nm for nanocapsules produced in unsealed containers and ~19 nm for
nanocapsules produced in sealed containers.

The obtained PDA nanobowls are significantly smaller than those reported previously in
the literature. In this work, nanobowls with diameters on the order of 35 - 40 nm are obtained. This
is significantly smaller than the nanobowl dimensions typically reported, 260 nm to 4 mm,[545-
548] and roughly one-fourththat of the smallest previously reported PDA nanobowls, 150 nm.[470,
550, 562] In addition, the process reported here eliminates the need for the removal of hard

templates and uses environmentally benign solvents.
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Figure 3.11 The number percentage of collapsed nanocapsules and the wall thickness of nanocapsules
prepared in unsealed/sealed 20 vol % EtOH solution with 0.606 mg/ml Tris and 0.15, 0.2, 0.3 mg/ml DA.
The thicknesses were obtained by measurement of more than 100 random nanocapsules at each condition
using Imagel. The error bars are standard deviation.
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3.3.5 Mechanism of Nanocapsule Formation

Previous reports of droplets in miscible solvent mixtures include those reported in water
1,4-dioxane solutions, [563] and water THF solutions. [551, 563] Ni et al. proposed a mechanism
for the formation of hollow nanoparticles based on the dynamic formation of THF droplets based
on amicrophase separation. During polymerization, small PDA nanoparticles form and deposit on
the surface of the droplets.[551] Yan et al. used a water-ethanol (or iso-propanol) solution and long
reaction times, 3 days, to produce PDA solid nanospheres. [552] Furthermore, they suggest that
the presence of ethanol in the solvent reduces the polymerization rate of DA. In this work, as
demonstrated via DLS measurements, there are nanodroplets present in the Tris EtOH/MH20
solutions. A proposed mechanism for nanocapsule formation and subsequent collapse for
nanoparticles formed in Tris EtOH/H20 solutions is shown in Figure 3.12. The process begins
with the microphase separation of Tris EtOH/H20 solutions. Upon the addition of DA to these
solutions, self-polymerization begins. As the solubility of the DA is lower in EtOH than in H2.0
solution, [564] PDA precipitates at the interface of the droplets forming nanocapsules early in the
reaction. Continued polymerization of the DA present in the nanocapsule core results in the
nanocapsule wall thickness increasing until the DA is depleted. This final process is slow
compared to the initial formation of the shell because DA polymerization in EtOH is slow. [446,
557] As aresult, the full wall thickness of the nanocapsules is not achieved until about 6 hours. At
longer reaction times, polydopamine aggregates start to nucleate and grow to solid PDA
nanospheres in the bulk solution. Over time these solid nanospheres dominate in the reaction
products. As a result, at long reaction times, the dominant product is solid nanospheres. Short
reaction times, lower DA concentrations, and sealing the containers to restrict oxygen favor a high

fraction of thin-walled nanocapsules. As EtOH is removed from the nanocapsules on drying, the
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capsules collapse to nanobowls. This process mirrors the formation of microscopic bowl-shaped

particles from hollow THF filled PDA nanoparticles observed by Lei et al.[545, 552]

EtOH droplet low DA medium DA high DA
in medium concentration concentration  concentration

-©©
XY

completely partially not

collapsed collapsed collapsed
Figure 3.12 Formation of hollow PDA nanocapsules and collapse ofthin-walled PDA shells

3.4 Conclusion in the Chapter

In this study, a rapid one-pot template-free method for PDA bowl-like nanostructure was
demonstrated. Addition of DA to Tris - EtOH/H20 solutions produces hollow PDA nanocapsules
(80-120 nm) in 1-2 hours. The collapse of these nanocapsules results in particles with a bowl-like
shape. The morphology of the nanocapsules produced can be controlled by altering the DA
concentration and EtOH content. The mechanism of formation of the nanocapsules is related to
the nanodroplets present in the reaction medium. The nanocapsule size is directly related to the
reaction medium droplet size. As for collapse, a nanocapsule with a thinner wall is more likely to
collapse to a bowl-like structure. In addition, limiting oxygen supply by conducting the reaction
in sealed containers increases the likelihood of nanocapsule collapse. The facile synthesis method
reported here and the morphological control to the product paves the way to explore bowl-like
PDA nanocapsules for biomedical, environmental, catalyst, and electrochemical applications. This
template-free morphology-controllable method for PDA bowl-like nanostructure is expected to

inspire novel strategies for functional nanostructure synthesis.
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Chapter 4

Fabrication of Janus Hollow Polydopamine Nanotubes

as a Multiple-Responsive Drug Delivery System

4.1 Introduction

Cancer is the second leading cause of death in the United States. In 2019, 21 % of deaths
were due to malignant neoplasms. [565] A conventional and most widely used strategy is
chemotherapy. [566] However, the problems like adverse effects, systemic toxicity, and multi-
drug resistance after repeated drug administrations may reduce therapeutic efficiency,
discontinuation of treatment, or even failure in therapy. [567] Extensively novel nanostructures
have been therefore developed as drug delivery systems (DDS). [568] With the application of
advanced nanoparticle DDS, not only have these drawbacks been mitigated, but the precise control
release of medicines also improves therapeutic efficiency. The delivery technique is also valuable
for applying macromolecular therapeutic agents, which can encounter degradation, clearance, and
cell internalization problems when administrated. [569] Furthermore, nanotechnology and
medicine research advances make it possible to integrate photodynamic therapy, photothermal
therapy, nitric oxide therapy, and cocktail strategy with the chemotherapy on DDS. [570] In
addition to treatment, real-time and non-invasive tracking of the DDS after ad ministration is also
meaningful for both the spatial control release of therapeutic agents and the cancer study. [571-
572] A multifunctional drug delivery nanoplatform is therefore highly desirable.

Excellent material for this purpose is polydopamine. Messersmith’s team first reported it

in 2007. [573] The polymer can be synthesized and coated on almost all materials in mild
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conditions.[387] Its excellent biocompatibility has been demonstrated through in vitro and in vivo
methods. [2, 9] And in the presence of reactive oxygen species, the melanin-like material can be
gradually degraded. [574] Like melanin, polydopamine has a significant photothermal effect,
making it a naturally photothermal therapeutic agent and can be used in combination with
thermoresponsive systems.[2, 575] The change of zeta-potential between pH 7.4 and 5.5 can be
used as a pH control release strategy.[576] Polydopamine nanostructures are also suitable for
imaging applications. On one side, polydopamine becomes fluorescent after processed with
oxygen species, which can be applied in a cell assay. [433-436] On the other side, metal
nanoparticles can be precipitated on polydopamine via catechol groups for magnetic resonance
imaging (MRI). [416] Additionally, after the synthesis of polydopamine, the amino and catechol
group residues make the further modification easily achieved. [577-578] Therefore, the
polydopamine-based multifunctional nanostructures have aroused great interest in medicine
application.

Due to the simplicity in fabrication, the predominant DDS are spherical structures. Many
studies have been conducted on the size and the surface property influences of nanoparticle
circulation, tumor accumulation, and cell internalization. [447-450] Several studies indicate that
the flexible nanoparticles with a high aspect ratio (AR) may present unique advantages in these
processes. Mitragotri’s team conducted early exploration. [357, 451-452] In these studies, rigid
microparticles with different AR and shapes were fabricated with polystyrene (PS) and used to
prepare the medium for macrophages incubation. They found that whether the internalization can
be initiated depends on the local dimension in contact with macrophages. In contrast, the particle
size determines if the internalization can be accomplished. Geng et al. demonstrated the extended

circulation life of flexible filament-shaped micelles (filomicelles). [365] Their in vitro studies
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found that the capture efficiency of filomicelles by macrophages reduced with the nanostructure
length in both static and dynamic conditions. They attributed the observation to, on one side, the
cooperative inhibition binding between macrophages and filomicelles, on the other side, the
hydrodynamic force of fluid. During the in vivo study, the extended circulation life was also
observed with increasing the filomicelle length. Recently, the superior circulation performance of
filomicelles than spherical micelles was also observed in Li et al.’s work. [371] However, when
the nanoparticles are decorated with target ligands to cells, the internalization could be enhanced.
In Barua et al.’s study, the trastuzumab ligand modified PS nanorod showed significantly higher
cell uptake than the spherical controls.[369] For flexible structures, Zhang et al. demonstrated a
similar effect, i.e., the folate decorated filomicelles achieved higher KB cell accumulation than
spherical micelles. [370] This contrast is because more ligands available on high AR
nanostructures could facilitate the cell uptake process through multivalent binding of nanoparticles
to cells. In addition to the effect of cell-nanoparticle interaction, a recent simulation study by
Cooley etal. found that shapes can also influence the distribution and margination of nanoparticles
in blood flow.[579] Moreover, the high AR may show an advantage in cell uptake and transport
across intestinal cells during oral drug delivery.[361] Nonetheless, high AR may present higher
organ accumulation during circulation, like lungs and spleen, which is undesirable in drug delivery
and can lead to systemic toxicity.[373, 580-581] Overall, given the relatively limited studies of
non-spherical DDS and the intriguing effect of shape in drug delivery, the high AR DDS is worth
well for further investigation.

Several methods have been developed to fabricate non-spherical nanostructures, including
replication in  non-wetting templates (PRINT),[464] microfluidics, [460] projection

photolithography, [582] film-stretching, [465] solvent evaporation, [583] self-assembly, [371,
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466-469], and template-assisted fabrication. [470] These methods have their respective advantages
and limitations. The first four methods can produce non-spherical particles with uniform shapes
and dimensions. However, the PRINT and projection photolithography need sophisticated
instruments, especially for the drug delivery purpose, which requires the particle size to fall into
30-200 nm. [74] Moreover, microfluidics cannot produce particles below a micron. [584] As for
film-stretching, though the method is simple and can easily adjust the AR of prepared particles, it
is suitable for preparing rigid solid thermoplastic particles.[363] The solvent evaporation and self-
assembly method can be facilely conducted in a lab, but the regularity and repeatability of products
are not as good as previous methods. Their dimension and geometries cannot be easily tuned as
prior methods. Then for the template-assisted fabrication, the size, shape, and quality of
nanostructures are primarily dependent on the template and the coating material. For example, by
using porous anodic aluminum oxide (AAO), Chen et al. synthesized nanotubes with the diameter
of 200 nm. [473] And Gao et al. using the reverse micelle prepared nickel hydrazine as a template
synthesized hollow silica nanorods with diameters in 10-20 nm.[585] However, it is still difficult
to prepare nanoparticles with more sophisticated structure. The previous methods can only
synthesize either solid or hollow structures. The Chen et al.’s method could prepare nanotubes
with accessible lumen, but the size of the template limits its application in drug delivery.

We prepared hollow nanorods with halloysite nanotube as the template and polydopamine
as the template material in our previous work.[586] However, on one side, the structure is still a
simple hollow nanorod without accessible lumen; on the other side, the structure can be collapsed
in the desiccated condition. This work reports a halloysite-sonication-etching method to prepare
robust hollow polydopamine nanotubes with the accessible lumen. The staged approach also

makes the different modifications to the inner and outer surface of polydopamine nanotubes
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possible. To demonstrate the feature, we decorated poly(ethylene glycol) (PEG) and Poly(N-
isopropylacrylamide) (PNIPAM) on both layers respectively to enhance the hydrophilicity and
biocompatibility and add thermal responsiveness to the nanotube. Aiming to develop the structure
as a smart DDS, we precipitated superparamagnetism Fe3O4 on the particles to endow it with the
magnetic response. Furthermore, to demonstrate its potential application in control release, the
doxorubicin (DOX) release profiles from the nanotubes in the exposure of near-infrared laser,

magnetic field, and different pH conditions were provided.

4.2 Experiments
4.2.1 Materials

Dopamine chloride (DA), succinic anhydride (SA, 99%), iron(l1) sulfate heptahydrate
(Fe2S04-7H20, 98%), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC HClI,
98 %), 4-(dimethylamino)pyridine (DMAP, 99%), tetrahydrofuran (THF, stabilized, HPLC grade),
bisacrylamide (MBA) and iron(Ill) chloride (FeCls, 98%) were obtained from BeanTown
Chemicals. N-Isopropylacrylamide (NIPAM, 98%), N-hydroxysuccinimide (NHS, 98%) were
purchased from Tokyo Chemical Industry. f -(N-Morpholino)ethanesufonic acid (MES)
monohydrate (MES, 98%) was bought from JT Baker. Poly(ethylene glycol) 2000 (PEG), sodium
phosphate (NazHPO4), chloroform (CHCIs, HPLC grade) and doxorubicin were obtained from
MilliporeSigma. Sodium chloride (NaCl) was obtained from Fisher Scientific. Halloysite
nanotubes (HNT) were obtained from Bonding Chemical. Hydrofluoricacid (50%, v/iv ACSgrade),
hydrochloric acid (HCI, 10 % v/v), ethylene glycol (EG, semi grade, 99%), ethanol (EtOH, ACS

grade, 99.5%) and ammonia (NH3-H20 in water, 28-30%) was obtained from BDH Chemicals.

2,2’-(Diazene-1,2-diyl)bis(2-methylpropionamidine)dihydrochloride (V50, 95%) was purchased
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from Matrix Scientific. Nucleopore hydrophilic membrane (pore size: 0.4 um) was purchased

from Cytiva. All chemicals were used without further purification. Deionized (DI, ultrapure type

1) water was used in all the experiments.

4.2.2 Characterizations

Morphology of nanostructures was obtained using transmission electron microscopy (TEM,
Zeiss EM10, Germany) and scanning electron microscopy (SEM, JEOL JSM-7000F). TEM was
conducted at an accelerating voltage of 60 kV. The specimens for TEM were prepared by drying
a droplet of nanoparticles suspension diluted with EtOH on a 300 mesh formvar/carbon film from
Electron Microscopy Sciences. The PDA shell thickness distributions were obtained by measuring
over 40 randomly selected nanotubes in the TEM images using the image analysis software
(ITmageJ, National Institutes of Health, Bethesda, MD, USA). SEM was performed at an
accelerating voltage of 20 kV. The samples for SEM were prepared by attaching lyophilized
nanoparticles to the conductive tapes. Fourier transform infrared spectra (FTIR) were obtained via
a Shimadzu IR Prestige-21 FTIR spectrometer. KBr pellets were prepared at a sample to KBr ratio
of 1:100. UV-Vis spectra were obtained on an Agilent Cary 60 UV-Vis, doxorubicin concentration
in solution was obtained by measuring absorbance at 480 nm. The turbidity test was conducted by
measuring the absorbance at 600 nm of 0.2 mg/mL nanoparticle dispersions in pH 7.4 PBS solution

under 25 and 55 °C. The surface charge and hydrodynamic dimension of nanoparticles in DI water

were measured by a ZetaSizer Nano ZS90 sizing instrument (Malvern, Worcestshire, UK).

4.2.3 Synthesis of PEG-SA
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Carboxyl groups were grafted on the terminals of PEG via a modified esterification method.
[587] Ina typical reaction, 33 g PEG, 6.9 g SA and 1.687 g DMAP were dissolved in 220 ml THF
at room temperature. The solution was stirred in a 50 °C water bath. The reaction was lasted 72
hours, during which the solution gradually changed from clear and transparent to white
semitransparent. Next, the THF was entirely removed by evaporation and evacuation. To purify
the PEG-SA and remove the unreacted SA, 35 ml of CHCIs was then added to the container with
the obtained product, and the suspension was kept shaking for 2 d. Finally, the suspension was
centrifuged on a Heraeus Megafuge 8 (Thermo Scientific) at 4500 RPM for 5 hours. The supernate

was kept, and the CHCI3 was removed by evaporation. The residual solid is PEG-SA.

4.2.4 Synthesis of Polydopamine-Halloysite Nanotubes (PDA-HNT)

To prepare the PDA-HNT, 1 g template HNT was first dispersed in 200 mL DI water using
asonicator. DA can rapidly form oligomer and aggregate in neutral or basic aqueous solution; thus,
to ensure a homogenous shell can be formed on HNT, the DA solution was prepared by dissolving
4 g DA in 200 mL 0.1 % (v/v) HCl aqueous solution. Then both solutions were combined in a2 L
flask. Next, 1.6 L DI water, 3.8 mL HCl and 1.36 mL NH3-H20 were added to the container. The
pH of the medium should be around 8.7 at this time. After 48-hour mild stirring, NH3-H20 was
used to adjust the medium pH to 8.7, and the stirring was continued for another 48 hours. The
PDA-HNT was collected using vacuum filtration to process the medium through the 0.4 um
nucleopore membranes. The residue was then dispersed in DI water and filtered again for 3-5
cycles until the filtrate was colorless. Finally, the PDA-HNT product was dispersed in 650 ml DI

water for further use.
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4.2.5 Fragment of PDA-HNT

To make the lumen of the PDA nanotube accessible, the PDA-HNT was fragmented by a
sonicator. In this process, 15 ml PDA-HNT suspension was transferred to a polypropylene test
tube to allow the probe of sonicator immersed in the liquid. Then the suspension was sonicated for
four hours at 350 W (QSonica LLC, Q500). After the processing, the suspension was centrifuged
at 700 g for 1.5 h. The precipitate was kept and further purified by dispersion and centrifuge at
21,694 g for 1.5 min until the supernate became colorless. The fragmented PDA-HNT was then

dispersed in 7.5 ml DI water.

4.2.6 Outer Modification of PDA-HNT with PEG-SA and Template Removal

The outer layer modification of PDA-HNT was performed through EDC/NHS conjugation.
Inatypical reaction, 9 g PEG-SA, 1.52 g EDC, and 3.39 g NHS were dissolved in 100 mL of 100
mM MES solution. After adjusting the pH to 5.35, the solution was stirred at 400 RPM for 15 min.
Next, 30 mL of fragmented PDA-HNT suspension was dispersed in 70 mL of 100 mM Na2HSO4
solution. The dispersion was combined with the MES solution, and the pH was adjusted to 7.4.
The reaction medium was stirred at 400 RPM for 24 h. Then the product was collected using the
filtration membrane and purified through 4 cycles of centrifuge and dispersion, after which the
PEG-SA attached PDA-HNT (PEG-PDA-HNT) was dispersed in 30 mL DI water.

After the outer modification, the HNT template was removed via HF. Inthis process, the
nanotubes in 30 mL of the above suspension were collected through centrifugation and dispersed
in 6 mL DI water, then 1.5 mL HCl and 0.45 mL HF was added to the medium. The suspension
rapidly converted from black to brown and gas bubbles were generated in the liquid. After mild

stirring for 6 h, the etched samples were collected through centrifugation (21,694 g, 2 min), then
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exhaustively purified through 5 cycles of re-dispersion and centrifuge. PEG-SA attached PDA
nanotubes (PEG-PDA-NT) were dispersed in 15 mL DI water, and the concentration of PDA

nanotubes was estimated via the calibrated PDA curve for further use.

4.2.7 Calibration of PDA Nanotube UV-Visible Curve

To keep PDA nanotubes well dispersed in an aqueous solution and to conveniently quantify
the amount of PDA nanotubes, the UV-visible concentration curve of the PDA nanotube was
calibrated. In short, 20 mL PEG-PDA-NT was evenly divided into two batches. One batch was
lyophilized with the Freezone system (Labconco corporation), and the obtained powder was
weighed to obtain the mass of one batch. The other batch was diluted in different times and
measured with UV-visible spectroscopy. A calibration curve of PEG-PDA-NT dispersion at 600

nm was therefore obtained.

4.2.8 Inner Modification of PEG-PDA-NT with V50 and in situ NIPAM Polymerization

To decorate the inner layer of nanotubes with the thermoresponsive polymer, poly(N-
isopropylacrylamide) (PNIPAM), the initiator, V50, was firstly attached on the inner surface via
Michael addition. In this process, 10 mg PEG-PDA-NT was dispersed in 15 ml DI water. 1.87 ¢
V50 was added to the dispersion. After the pH was adjusted to 9.5, the reaction lasted 24 h with
400 RPM. The V50 attached PEG-PDA-NT was collected using nucleopore membrane and
purified through several cycles of redispersion and centrifuge. The obtained product (PEG-PDA-
V50) was dispersed in 10 ml EtOH and stored in the freezer to avoid degradation of V50.

Then the PNIPAM was synthesized on the nanotubes using the attached V50 as the initiator.

Ina 150 mL round-bottom flask, 100 mL of EtOH, 10 mg PEG-PDA-V50, 20 mg MBA, and 24 g

100



NIPAM were added. After two-min stirring, the NIPAM and MBA were wholly dissolved in the
medium. Then the flask was stirred and heated in an oil bath at 90 °C under a nitrogen atmosphere.
The reaction lasted 12 h. Finally, the product was collected using a nucleopore membrane and
purified through several cycles of redispersion and centrifuge. The obtained product (PEG-PDA-

PNIPAM) was dispersed in 10 ml EG for further use.

4.2.9 Precipitation of FesO4 Magnetic Nanoparticles on PEG-PDA-PNIPAM

FesOs nanoparticles were precipitated via a hydrothermal method to endow magnet
response to the nanotubes. Before the reaction, FeCls and FeSOa4-7H20 were dissolved in EG to
prepare 53 mM FeCls solution and 36 mM FeSO4. Next, 3 mg PEG-PDA-PNIPAM was dispersed
with 9 ml EG in a 20 ml Teflon tube. 0.4 mL FeSO4 solution and 0.4 mL FeCls solution were
added in the EG suspension. The medium was stirred at room temperature for 0.5 h. After1 mL
NH3-H20 was dropwise added, the medium was stirred for another 0.5 h. Then the Teflon tube
was put in a hydrothermal autoclave reactor and heated to 205 °C for 8 hours. After the reactor
cooled down, the reaction medium was transferred to a centrifuge tube. Next, the FesO4 magnetic
nanoparticle attached PEG-PDA-PNIPAM (mag-PEG-PDA-PNIPAM) was purified through 3
cycles of centrifuge and redispersion with DI water. Finally, the product was dispersed in 6 ml DI

water for further study.

4.2.10 Drug Loading of DOX on Nanotube Samples
Loading was performed by adsorption of DOX by 0.5 mg/ml of PDA-NT, PEG-PDA-NT,
PEG-PDA-PNIPAM, or mag-PEG-PDA-NTs from DOX solution (0.5 mg/ml in DI water) under

mild shaking at room temperature. After 12 h, the DOX loaded samples (PDA-NT/DOX, PEG-
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PDA-NT/DOX,PEG-PDA-PNIPAM/DOX, ormag-PEG-PDA-PNIPAM/DOX)wascollected via
centrifugation and washed via fresh phosphate buffer solution (PBS, 10 mM at pH 5.5) three times

to remove extra unloaded DOX.

4.2.11 Temperature Effect on DOX Release from Nanotubes

The effect of PEG and PNIPAM modification on the loading and release profile of DOX
were evaluate by dispersing 0.25 mg of the DOX loaded samples (PDA-NT, PEG-PDA-NT, and
PEG-PDA-PNIPAM)in a1 mL release medium (10 mM PBS at pH 7.4 or pH 5.5). The release
medium was centrifuged, and 0.8 ml supernate was used for DOX concentration measurement
with an interval of one hour. Then 0.8 ml fresh PBS was added to the medium. In the first 6 h, the
medium was shaken at room temperature. After that, the release medium was shaken in 50 °C

water bath for another 6 h.

4.2.12 Stimuli Effect onthe Release Profile of Mag PEG-PDA-PNIPAM

The effect of near-infrared irradiation (NIR), static magnetic field, and medium pH were
evaluated by monitoring the amount of doxorubicin released into the medium over time. In a
typical experiment, a DOX-loaded sample containing 0.25 mg PDA was dispersed to 1 ml PBS
(10 mM, pH 7.4 or 5) with mild shaking at room temperature and placed in a 2 mL microcentrifuge
tube. If the static magnetic field effect wasstudied, a magnet was placed below the centrifuge tube.
If the NIR effect was studied, the irradiation (808 nm, ~1 W/cm?) was applied from the top of the
liquid for 10 minutes every 50 min, and the measurement was conducted immediately after
irradiation. The measurement was conducted every hour. 0.8 mL of release medium was collected

and centrifuged (21,964 g for 2 min). Then the supernate was used to measure DOX concentration.
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Afterthat, the precipitate was redispersed in the 0.8 mL fresh PBS and returned to the cuvette. The

influence of NIR on drug release was investigated using a similar methodology.

4.2.13 Statistical Analysis
All statistical analysis was performed using SAS® OnDemand for Academics. The

significance level, a, is set at 0.05. All the error bars are standard errors except Figure 4.3.

4.3 Results and Discussion
4.3.1 Fabrication of Robust Hollow Polydopamine Nanotubes

Figure 4.2 depicts the nanotube fabrication process. Dopamine undergoes a self-oxidation
process in the alkaline condition. [573] By suspending HNTSs in the dopamine solution, the
polydopamine precipitates on the halloysite surface, forming a continuous polymer shell. In this

work, halloysite and dopamine were mixed in an acidic condition. After the pH was raised t0 8.7,

raw nanotube PDA coated sonication-broken
halloysite ; halloysite i nanotubeﬁi PEG- pDA NT
PDA coating somcator product PEG-COOH
\ EDC-NHS

hollow PEG-PDA PEG-PDA-V50 PEG-PDA-PNIPAM Mag-PEG-PDA-PNIPAM

acid etchmg V50/ NIPAM + MBAI Fe** & Fez*preclpltatlon /
Michael addition free radical poly hydrothermal method

Figure 4.1 The synthesis procedure of the mag-PEG-PDA-PNIPAM nanotubes. The procedure begins
with the formation of a conformal coating of polydopamine on halloysite nanotubes. Surface
modification of the polydopamine is achieved through reaction with carboxyl terminated PEG-SA. The
HNT template is then removed by etching with HF. The initiator V50 is next integrated on the inner
surface of the nanotubes, followed by in situ synthesis of PNIPAM, the inner lumen modification was
accomplished. Finally, the Fe;O, was precipitated on the nanotubes through hydrothermal method. The
image at right bottom corner indicates the particles attracted by the magnet.

e
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. -y
Figure 4.2 TEM images of PDA-HNT synthesized with different DA/HNT ratio and the corresponding
nanotubes with HNT etched: (a-d) PDA-HNT prepared with the mass ratio of DAand HNT as 1, 2, 3,
4; (e-h) the corresponding HF-etched PDA-HNT samples from above.

the color of the medium quickly changed to pink, indicating oxidation of the catechol groups and
the formation of indoles. The solution gradually turns dark brown as polymerization proceeds. The
PDA-HNT composite and the corresponding etched samples were shown in Figure 4.2. The
samples were prepared by keeping HNT concentration constant in a medium as 0.5 mg/mL and
increasing the DA amount. In Figure 4.2 (a-d), it can be observed that the PDA shell thickness
increased as more DA was added. While after the PDA-HNT samples were etched, the products
present different morphology. In Figure 4.2 (e), all the nanotubes collapsed as strips lying on the
TEM grid. In Figure 4.2 (f), some nanotubes preserve the tubular structure, while others still
collapsed to strip. In Figure 4.2 (g), more tubular structures can be found. While in Figure 4.2 (h),
the walls of nanotubes become very thick, and they aggregate on the TEM grid. To quantify the
effect of DA:HNT ratio on PDA shell thickness, we measured the parameter of samples and plotted
it in Figure 4.3. In Figure 4.3 (a), the thickness increases linearly with the DA:HNT ratio from 1

to 4. The thickness increases less when further the DA:HNT ratio is 6. In addition, the variance of
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Figure 4.3 The plots of PDA shell thickness by preparation conditions. (a) Shell thickness vs DA:HNT mass
ratio. The DA concentration is also altered in different ratios. And the colors indicate the times of pH
adjustments during reaction. The dashed lines are predicted curves from linear spline model. The error bars
are standard deviations. (b) The shell thickness change with only DA concentrationchange (left) or DA:HNT
ratio change (right). The error bars are standard deviations.

shell thickness is also increased as its value. We found that the pH value of the reaction medium
dropped around 7 after 24 hours during the reaction. The higher the DA:HNT ratio, the lower the
pH at this time. For the reaction with DA:HNT as 6, the pH dropped to 5.8. These conditions were
not favorable for PDA polymerization. Therefore, we re-adjusted the pH to 8.7 and kept stirring
foranother 24 h and obtained the red curve. This operation was conducted once more to obtain the
blue curve. During the process, the pH drops were found less for the reaction with less DA used.
Moreover, the more times the pH adjustments were conducted, the less the pH drop. The reduced
pH drop can be attributed to less DA, or DA oligomer remained in the medium. As a result, fewer
protons were released in the DA polymerization reaction. This can also be reflected in the less
thickness increase from the blue relative to the red curve than the red relative to the black curve.
Furthermore, after twice pH re-adjustment, the increase of shell thickness almost returned to the
linear relationship with the DA:HNT ratio. Given the linear trend at 1-4 ratio, the knot at ratio 4,

and the increasing variance as the thickness increase, a linear spline regression model with
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weighted least square method was fitted as shown in Table 4.1. According to the model, the
DA:HNT ratio is the factor that determines the thickness. When the ratio above is 4, the effect of
the ratio on thickness increase reduced significantly. Additionally, the pH adjustment time also
influences the slope, i.e., the ratio effect on thickness increase. Due to only limited experimental
conditions tested, the model cannot describe the nature of PDA shell growth on PDA-HNT. For
example, thethickness should be 0 instead of 4.39172 nm when the ratio is 0. The high R2 (0.8165)
and the excellent fit of the predicted curve to the experiment date shown by the dashed line in
Figure 4.3 (a) indicate the linear model is reliable within the experiment conditions and can be

used to obtain a PDA shell with the desired thickness.
Table 4.1 Linear spline model of PDA shell thickness on PDA-HNT.

Variable Parameter Estimate Standard Error t Value Pr> |t
Intercept 4.39172 0.28769 15.27 <.0001

ratio 6.73549 0.20161 33.41 <.0001

(ratio— 4), -5.22279 0.47689 -10.95 <0001

ratio x adjustment_times 1.18493 0.06915 17.14 <.0001

However, it should be noted in the above conditions. The DA concentration was increased
asthe DA:HNT ratio. To discriminate the contribution of both parameters to the thickness increase,
we solely altered one parameter and obtained Figure 4.3 (b). Asthe DA concentration increases
from 0.375 mg/mL to 6 mg/mL, the shell thickness reduces slightly from 26 nm to 23 nm. One
possible reason is that the oxygen in the reaction medium is relatively insufficient in a high DA
concentration situation. Therefore, the PDA formation and precipitation were minified. While the
DA:HNT ratio increased from 1 to 6, the thickness was significantly increased from 13 nm to 34
nm. Therefore, it can be concluded that the ratio between DA and HNT determines the shell
thickness. According to Figure 4.2, a robust hollow nanotube can be obtained after etching when

the shell is thick enough.
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Figure 4.4 TEM images of (a) pristine HNT, (b) PDA-HNT, (c¢) fragmented PDA-NT, (d) mag PEG-
PDA-PNIPAM nanotubes; (e) SEM image of fragmented PDA-NT; (f) sonicated (left) and un-sonicated
(right) PDA-HNT during HF etching.

The thick PDA shell can be obtained by optimizing the ratio between DA and HNT, given
the results from above. However, as shown in Figure 4.2 (h), a too thick PDA shell may produce
nanocapsules rather than nanotubes with an accessible lumen. Previously, Rong et al. fragmented
HNT via sonication to obtain uniform nanotubes. [588] Herein, the sonication was introduced to
fragment PDA-HNT so that accessible lumen could be obtained after HF etching. As shown in
Figure 4.4 (c), the length of PDA-HNT reduced after the sonication process. When HF was added
to the PDA-HNT dispersion, gas bubbles were violently generated in the fragmented sample. In
contrast, the sample without sonication processing did not show an apparent phenomenon, Figure
4.4 (). The different phenomena can be attributed to the HF could directly react with HNT exposed
in the medium and generated SiF4 gas. In the un-fragmented sample, the HF must diffuse through
the PDA shell to react with HNT, and the gradually generated SiF4 could be dissolved or
hydrolyzed in water. Aftera series of modifications, the mag PEG-PDA-PNIPAM was obtained,

as shown in Figure 4.4 (d). Due to part of the PDA degraded in the hydrothermal reaction, the
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thickness of PDA reduced than that in Figure 4.4 (c), but the tubular structure preserved under

TEM.

4.3.2 Separated Modification on Both Surfaces of PDA Nanotubes

Due to the presence of HNT before etching in the PDA-HNT, the outer and inner surfaces
can be separately modified to achieve a Janus tubular structure. In this work, PEG-SA was
conjugated on the outer surface via EDC/NHS reaction. After HNT was removed, the inner surface
was firstly attached with V50 via Michael addition. Then PNIPAM was in situ synthesized at the
inner layer using VV50as the initiator. Representative FTIR spectra are shown in Figure 4.5. Typical
peaks for PDA are observed on all the three curves, which include a wide arch centered at 3385
cmtindicating the O-H, N-H, and C-H stretching, [8, 495] the peaks at 1291 cm™ due to the C-N
stretching on the aromatic ring and 1510 cmt induced by C=C stretching along with the peak at
1721 cm! because of the C=0 stretching.[8-9] After PEG modification, small peaks appear at

2963, 2932, and 2877 cm. These are attributed to the asymmetric and symmetric stretching

(8)—— PEG-PDA-PNIPAM (b)
— PEG-PDA-NT
—PDA 4543
1390 ;
13671 1
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Figure 4.5 (a) FTIR of polydopamine nanotube (PDA-NT), PEG-PDA-NT and PEG-PDA-PNIPAM (b)
chemical structure of PEG-PDA-PNIPAM
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vibrations of -C-H on PEG.[8, 495-496] Afterthe PNIPAM was decorated, two small peaks arise
at 1367 and 1390 cm!, corresponding to the C-H bending of methyl groups PNIPAM. [589] The
peak at 1216 cm is due to the C-N stretching vibrations. Finally, the peak at 1543 and 1616 cm
can be attributed to N-H bending. The peak at 1616 cm-! also appears on the other two curves;
thus, it could indicate N-H bending on the amine. After PNIPAM was decorated, the peak at 1543
cm! might be due to the N-H bending on the amide. These observations indicate that both
polymers were decorated on the nanotubes.

Though both polymers present on nanotubes, it is unclear if they are distributed as expected
on the inner and outer surface, respectively. Considering the thermal response of PNIPAM, the
dimension of PEG -PDA-PNIPAM and the nanotubes with only PNIPAM modification (PDA-
PNIPAM) were investigated using DLS as in Figure 4.6 (a). Both samples were dispersed in DI
water, respectively. At 25 °C, PDA-PNIPAM showed a slightly larger hydrodynamic diameter
than PEG-PDA-PNIPAM, which can be attributed to the different modifications of nanotubes
outer surface. The z-average dimensions can match the sizes observed from the distribution.
Moreover, the polydispersity indexes (PDI) are very close for both particles. However, as the
temperature increased to 55 °C, the size distribution of PDA-PNIPAM shows a noticeable
reduction, while its z-average dimension becomes over 1000 nm, indicating the agglomeration
among nanotubes. Furthermore, the PDI increased to 0.82, which resulted from the distinct
dimension difference between nanotubes and nanotube agglomeration in the medium. While for
PEG-PDA-PNIPAM, the dimension reduced slightly at elevated temperature. The z-average
dimension can still match the distribution, and there is no apparent change for the PDI. The results
are consistent with the turbidity test, which measures the fraction of nanoparticles that remain in

the medium at different temperatures. As shown in Figure 4.6 (b), at 25°C, PDA-NT and PEG-
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Figure 4.6 (a) DLS results of PDA-PNIPAM and PEG-PDA-PNIPAM at 25°C and 55°C, (b)
Absorbance at 600 nm of 0.2 mg/ml nanoparticle dispersionsin pH 7.4 PBS at 25°C and 55°C.

PDA-NT kept stable in medium, the PEG-PDA-PNIPAM and mag-PEG-PDA-PNIPAM
precipitated at a slow rate, and the PNIPAM-PDA precipitated at a moderate rate. While evaluated
to 45°C, the precipitation rates of PDA-NT, PEG-PDA-NT, PEG-PDA-PNIPAM, and mag-PEG-
PDA-PNIPAM did not change a lot. As a contrast, the PNIPAM-PDA nanoparticles precipitated
rapidly in the medium. These results demonstrate that grafted PEG prevents the modification of
PNIPAM on the outer surface and protects nanotubes from agglomeration at an elevated

temperature.

4.3.3 Loading of Doxorubicin

DOX was used as the model drug to evaluate the loading capacity of nanotubes. The
loading process was accomplished by dispersing 0.25 mg nanotubes in 0.5 ml of 0.5 mg/ml DOX
solution. After 12 h, the loaded samples were washed three times with pH 5 PBS buffer. The DOX
concentrations in the loading medium and the washing mediums were used to calculate the
unloaded DOX. The loading capacity (LC) and encapsulation efficiency (EE) were then calculated

as below:
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where m ;. is the mass of nanotubes, m, is the mass of DOX loaded, M,y initiq; 1S the mass

of DOX initially added.
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Figure 4.7 DOX loadingcapacity (a) and encapsulation efficiency (b) of PDA—NT, PEG-PDA-NT, PEG-
PDA-PNIPAM and mag-PEG-PDA-PNIPAM. The error bars are standard error.

Figure 4.7 shows the loading capacity and encapsulation efficiency calculated for the four
samples. Under pH 8.4, DOX presents as a cation, and due to the abundant catechol, the PDA
nanoparticles possess a negative charge at the neutral condition. [590] Furthermore, considering
the possible influence of zeta-potential on DOX loading, the zeta-potentials of samples in neutral
pH were measured and listed in Table 4.2. After the nanoparticle was partially neutralized after
PEG decoration, PEG-PDA-NT has slightly dropped LC and EE than PDA-NT. However, after
PNIPAM was attached, both values significantly increased. On one side, the nanotubes became

more negative after modification; on the other side, a network may be formed in the nanotubes

Table 4.2 Zeta-potential of PDA-NT, PEG-PDA-NT, PEG-PDA-PNIPAM and mag-PEG-PDA-
PNIPAM atpH 7.

Sample Zeta-potential (mV)
PDA-NT -35.5
PEG-PDA-NT -20.8
PEG-PDA-PNIPAM -30.5
mag-PEG-PDA-PNIPAM -22.0
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with the MBA crosslinker used during the PNIPAM polymerization, which can trap more DOX
on the surface of PDA. After the Fe3O4 was decorated via hydrothermal approach, the zeta-

potential raised from -30.5 mV to -22 mV, but the high LC and EE preserved as 29.41% and

50.31 %.

4.3.4 Release Behavior
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Figure 4.8 Release behavior of PDA-NT, PEG-PDA-NT, PEG-PDA-PNIPAM: (a) DOX release plot in
cumulative release percentage by time. (b) DOX release plot in cumulative release amount by time. In
the first 6 h, the samples were mildly shaken at room temperature; after that, the samples were shaken
in45°C. The shortdash linesare the Weibull models fitted using the data in the first 6 h and extrapolated
to 12 h. All error bars are standard error.

In this work, the release profiles were measured by dispersing 0.25 mg loaded samples in
1 ml PBS buffer (pH 7.4 or 5.5) and taking 0.8 mL medium to measure the DOX concentration in
the medium, then refill 0.8 mL fresh buffer to the containers. Previously, it was found that the
presence of PNIPAM significantly enhanced the DOX loading capacity of nanotubes. In this part,
we first tested if the PNIPAM could work as the thermal responsive structure to influence DOX
release at an elevated temperature. In Figure 4.8 (a), less fraction of DOX was released from PEG-
PDA-PNIPAM than PEG-PDA-NT and PDA-NT at pH 7.4. While in pH 5.5 medium, the DOX

release fraction from PEG-PDA-PNIPAM was like PDA-NT and less than PEG-PDA-NT. At
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elevated temperature in the last 6 h, the changes of DOX release rate were slight for three samples.
To compare the release in the first 6 h, Weibull models were fitted using the first 6 h data and
extrapolated to 12 h. Though it is hard to interpret the parameter from the empirical model. the
flexibility of the model can achieve a good fitting of the data and provide a more credible
extrapolation. Asshown in the short dash line in Figure 4.8, the fitting curves of the Weibull model
almost completely overlap the datainthe first 6 h. In the last 6 h, the data values were higher than
the extrapolated values, which indicates the heating accelerated release. For the PNIPAM modified
samples, the differences between extrapolated values and data values were higher than that for
PDA-NT and PEG-PDA-NT. The observation present on both the percentage scale and amount
scale. Therefore, in addition to the high-temperature-induced release acceleration, the thermal
responsiveness of PNIPAM also contributes to the DOX release. Furthermore, by converting the
DOX release fraction to release amount, the highest DOX release amount was achieved for PEG-

PDA-PNIPAM at pH 5.
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Figure 4.9 The release profiles of DOX from mag-PEG-PDA-PNIPAM measured with altering pH,
applying magnetic field and irradiating NIR laser: (a) profiles plotted by average and standard deviation
atrespective conditions, the dashed lines are predicted results of final linear mixed model, the error bars
indicate standard error; (b) scatter plots of raw data and the Korsmeyer-Peppas model fittings using the
datafrom 1 hto 12 h. Therelease in the firsthour was conducted with mild shakingatroomtemperature,
after which the magnetic field or laser was applied.
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The release tests were then conducted by altering pH, applying a magnetic field, and
irradiating the NIR laser to investigate the control release performance of the multi-functional
nanotube, mag-PEG-PDA-PNIPAM. The release profiles were plotted in Figure 4.9. In the first
hour, all samples were released in the same conditions, with mild shaking at room temperature.
Therefore except for the pH resulting difference, DOX was released similarly from each sample.
Then the NIR or magnetic field was applied to alter the release profile. The NIR laser and the low
pH condition significantly enhanced the DOX release, while magnetic field attraction reduced the
DOX release. Then the DOX release model was investigated by fitting the release profiles to
different drug release models. Because DOX was loaded via adsorption, the PDA and PNIPAM
are not degradable in the release medium. Three models based on diffusion mechanism were used
here, i.e., zero-order model, Higuchi model, and Korsmeyer-Peppas model.

It should be noted that due to the release in the first hour, other than pH values, all samples
were released in the same conditions. The stimuli were applied start after one hour. When fitting
the models, all release values were reduced by the release value measured at the first hour. By
comparing the adjusted R squares of each model in every release condition, Table 4.3, Korsmeyer-
Peppas models show the best performance in most cases. In Table 4.4, the parameters of the

Korsmeyer-Peppas models were listed. Generally, the n value reflects the diffusion type of the

Table 4.3 Adjusted R? of release profiles fitted via zero order, Higuchi and Korsmeyer-Peppas models
respectively. The bold value indicates the highest adjust R? at the corresponding condition.

Release profiles Zero order Higuchi Korsmeyer-Peppas
pH 5.5 + laser 0.87393 0.95853 0.97499
pH5.5 0.94903 0.94445 0.99233
pH 5.5 + mag + laser 0.79628 0.98366 0.98525
pH 5.5 + mag 0.72506 0.94092 0.9393
pH 7.4 + laser 0.95968 0.91141 0.98055
pH 7.4 0.96773 0.89896 0.98027
pH 7.4 + mag + laser 0.88239 0.95669 0.9765
pH 7.4 + mag 0.81322 0.87872 0.89457
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release process; the k value indicates the release rate. The k values of the models are consistent
with Figure 4.9. In both pH conditions, the laser condition resulted in the highest k value, 0.152 in
pH 5.5and 0.049 in pH 7.4. The conditions in presence of magnetic field and no laser applied have
the lowest k values, 0.065 in pH 5.5and 0.016 in pH 7.4. While the conditions with magnetic field
and laser applied along with the conditions without both stimuli had comparable k values. Interms
of n, the value in presence of laser is lower, indicating a diffusion close to Fickian mode. For
example, the n value in pH 5.5 without magnetic field is 0.626 vs. 0.733, and in pH 7.4 without
magnetic field, it is 0.800 vs 0.838. And in the presence of a magnetic field, the n value is smaller.

By comparison of the conditions, in pH 5.5, the presence of magnetic field reduces the values

around 0.5 from about 0.65. In pH 7.4, the magnetic field leads to the n value around 0.63 than

about 0.8 without magnetic field. Furthermore, the lower pH value results in a smaller n value.
For the drug release model of the continuum system, two interfaces present, as shown in

Figure 4.10. In the Higuchi model, the drug delivery reservoir (or the polymer matrix) does not

Table 4.4 Fitted Korsmeyer-Peppas models of release profiles.

Profiles Parameter Value Standard Error P value
n 0.62616 2 78E-02 0
PHS.5 +laser k 0.03913 2.24E-03 0
n 0.73308 0.01736 0
PH?S.5 k 2. 19E-02 7.93E-04 0
OH 5.5 + mag + laser n 0.53901 1.83E-02 0
k 2 51E-02 9.29E-04 0
OH 5.5+ mag n 0.50928 3.62E-02 8.88E-16
k 1.66E-02 1.21E-03 2.00E-15
n 0.80027 0.03037 0
PH 7.4 + laser k 0.01254 8.00E-04 0
74 n 0.83803 0.03191 0
k 0.00638 4.29E-04 2.22E-16
OH 7.4+ mag + laser n 0.63879 0.02702 0
k 0.00731 4.06E-04 0
S 7.4+ mag n 0.64045 0.05941 1.65E-12
k 0.00424 5.19E-04 1.52E-09
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swell or dissolve. Thus, the interface between undissolved or unswelling and dissolved or swelling
polymer matrix is the interface of sink and reservoir. And it does not move during the release
process, i.e., thev,,, ., = 0. [591] While the interface between undissolved drug and dissolved
drug in the drug delivery reservoir keeps moving towards the core of the reservoir. Therefore, in

the release described by Higuchi, we have a Fickian diffusion-controlled process with v, >
Vineer» @ ShOwn in Figure 4.10 (a). During the Fickian diffusion release, the drug release fraction

is proportional to square root of time. And it is proved even in a system thatthe ¢, < ¢ such

satu?
a release-time relation still presents.[591] While in the zero-order release process, it is assumed
the drug molecules in swelling or dissolved state matrix have rapid diffusion rate and the

movement speed of the undissolved-dissolved or unswelling-swelling interface, v IS much

inter?
higher than the v, .,,, of undissolved-dissolved-drug front, i.e., v, > Vfpone - IN Other words,
the rate determined process is the swelling or dissolving rate of polymer reservoir rather than the
Fickian diffusion of drug molecules, as shown in Figure 4.10 (b). Therefore, this process is also
called non-Fickian release. In most practical cases, the release is closer to an intermediate process
like Figure 4.10 (c). Though it is pointed out that the continuum models cannot perfectly describe

release on nanosystems. [592] Two effects still can be considered determining the release pattem

direction of drug release direction of drug release direction of drug release
(@) (drug reservoir) (b) (drug reservoir) (c) (drug reservoir)
co co co
(perfect sink) (perfect sink) (perfect sink)
Csutu% % Csatu 7&
N
distance x (qryg front) (interface) distance x (interface) distance x (drug front) (interface)

Vfront Vinter Vfront Vinter
Figure 4.10 Illustration of drug concentration-distance-profile of Higuchi model (a), zero order model
(b) and the anomalousdiffusionsituation (¢). ¢ is the initial concentration of drugin the drug reservoir;
Csaty 18 the saturated drug concentrationin medium; Vs op, 18 the speed of drug front; vy ¢er is the speed
of the interface where the concentration of drug is the same as that in medium. Red line is the interface
between undissolvedanddissolveddrug. Orangeline is the interface between undissolved orunswelling
and dissolved or swelling polymer matrix.
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of nanoparticles that load drug via adsorption. One is the rate of the drug molecules diffusion in
nanoparticle, r4;¢ the other is the rate the equilibrium position moves towards the nanoparticle

COore, Tjer- Figure 4.11 (a) and (b) illustrate the conditions of t = 0 and t = oco. Afterinfinite time,

the drug distribution in nanoparticle is homogenous and in equilibrium with the medium. This can
be achieved via diffusion of drug molecules in nanoparticles and dissolution at the surface of

nanoparticle, in which case we have r4;¢ > 1; Alternately, the equilibrium achieves via the

nter*

equilibrium position moves from nanoparticle surface to the core, i.e., ryis < 71} In the first

nter*
case, the release profile is closer to the Fickian diffusion release and n = 0.5 in the Korsmeyer-
Peppas model. In the other case, the release profile is closer to zero-order release andn =1 in
Korsmeyer-Peppas. Based on previous analysis, for our system, we propose the following
explanation for the changes of n values due to stimuli. The NIR on one side could enhance the

mobility of drug molecules, which can improve the r4;¢ On the other side, the PNIPAM on the

surface of nanotubes shrinks and turns hydrophobic, which prevent molecules transport across the

nanotube surface and reduce the r;

inter:

In the magnetic field, the nanotubes can no longer disperse

(5 A
(@) ol (b) (c)
(medium)
Cequil . .
distance x
Tinter
,_:_;\ ) 2 Al
t=0 — (interface) | t=oo (interface)

Figure 4.11 Illustration of drug release from nanoparticle: initial state of release (a), equilibrium achieved
after infinite time (b) and drug concentration-distance-profile of nanoparticles (c). c.ore 15 the drug
concentration in the core of nanoparticle; o4, 18 the drug concentration that is achieved in drug reservoir

with the release medium in sink; 73, 1S the motion rate of the interface between equilibrium and non-
equilibrium parts in a nanoparticle; 7y;¢ 5 is the diffusion rate of drug molecules in a nanoparticle. (Note for

simplicity, the ceqyi; 1 equal to the drug concentration in medium, while in fact, due to the chemical
potential, the nanoparticles with strong attractive force to drug molecules may have ¢4 than higher than

the drug concentration in medium.)
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in the release medium; instead, they are attracted at the bottom of the release medium. The
molecules need to diffuse across the nanotube's surface and through the accumulated nanotubes to

achieve equilibrium. This change slows down the molecule transport across the nanotube surface

and leads to r;

inter

reduction. In lower pH, the PDA turns more positive, which reduces its
attractive force with DOX cations. Thus, the mobility of DOX molecules is enhanced and r; .,
increases. Therefore, in the presence of the above three stimuli, the n turns out to be reduced.

To further quantify the stimuli effects on release profiles, the Korsmeyer-Peppas model is

converted to its logarithm form, i.e., In (I:I"—f) = In(k) + n - In (t). Dueto the In (0) is undefined,

(o]

the measurements at 1 h were abandoned. In this way, the influences of stimuli could be integrated
as variables that can influence the slope and intercept of a linear regression model. Considering

the possible interactions among stimuli and time, the full model should be:

Table 4.5 Full model of release profile in presence of three stimuli

Variable Parameter Estimate Standard Error t Value Pr>|t|
Intercept -5.14105 0.03948 -130.22 <.0001
In(t) 0.88242 0.02266 38.95 <.0001
laser 0.61371 0.05583 10.99 <.0001
magnet -0.37056 0.05583 -6.64 <.0001
pH5 1.21608 0.05583 21.78 <.0001
laser  magnet -0.15433 0.07896 -1.95 0.0518
pHS5 * magnet 0.15629 0.07896 1.98  0.0489
pHS5 * laser -0.0172 0.07897 -0.22  0.8277
pHS5 * laser » magnet -0.05604 0.11167 -0.5 0.6162
In(t) * laser -0.00424 0.03204 -0.13  0.8949
In(t) x magnet -0.22095 0.03204 -6.9  <.0001
In(t) * pH5 -0.09387 0.03204 -2.93  0.0037
In(t) * pH5 * magnet -0.03796 0.04532 -0.84 0.4031
In(t) « pH5 * laser -0.11181 0.04533 -2.47 0.0143
In(t) * laser  magnet 0.05277 0.04532 1.16  0.2454
In(t) « pH5 * laser « magnet 0.10847 0.0641 1.69 0.0918

yi = Bo + Bilaser; + Bomagnet; + BspHS; + B4 In(t;) + Bslaser; * magnet; + Bglaser; * pH5; +

Bymagnet; * pH5; + Bglaser; * In(t;) + Bomagnet; » In(t;) + B1opH5; * In(t;) + By laser; *
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magnet; * In(t;) + Biz laser; * pHS; = In(t;) + Bizmagnet; x pH5; * In(t;) + Bislaser; x magnet;

pH5; *In(t;)) + ¢ (i =1,2,3..11)
where the y; is the value of In (%) at (i + 1)th measurement, laser; is 1 if NIR laser is applied

before the measurement; otherwise, it is 0. Similarly, magnet; is 1 if a magnet is placed under the

release medium and pH5; is 1 if the release is conducted in pH 5 medium.
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Figure 4.12 LASSO method result (a) the progression of coefficients (top) and Schwarz Bayesian
information criterion (smaller is better, bottom) by the norm of coefficients, (b) the progression of
averaged squared error (ASE) on training, validation and test data.

The full model is in Table 4.5. The regression achieves a high adjusted RZ (0.9889).
However, the interaction terms might lead to the collinearity problem, and some terms were found
not significant, as shown in Table 4.5. The least absolute shrinkage and selection operator (LASSO)
method was used to shrink the coefficients and select variables. In this step, Schwarz Bayesian
information criterion (SBC) was used to choose the model. The dataset was participated into
training, validation, and test data by the ratio 6:3:1, as in Figure 4.12. And fourterms, pH5 * laser,
laser » magnet * pH5 , In(t) * pH5 * magnet , In(t) * laser * magnet , were excluded.
However, it was found the residuals are inconsistent at different response values, as shown in
Figure 4.13 (a). Given that the same release profile measurements were conducted repeatedly on
the same sample, the longitudinal regression is appropriate for this data, which can also deal with

the heteroscedastic problem as in Figure 4.13. By fitting the data with the terms in the reduced
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Figure 4.13 Diagnostics plots of the reduced model: (a) residual vs. predicted value, (b) residual vs.
quantile.

model using linear mixed model, it was found three more terms, laser * magnet, pH5 * magnet,
In(t) * laser, still had nonsignificant p values. After removed them, the final reduced model is
shown in Table 4.6 and Table 4.7. The full model and reduced model estimated via the maximum
likelihood method were also compared by the Chi-square likelihood ratio test. No significant
difference was found with a p-value of 0.203. In addition, the random effects among release
profiles were included in the linear mixed model. It can be found in Table 4.6 the within-subject

error variance (Var(éi j) = 0.001627) is small relative to the between-subject variance of the

intercepts (Var(b;;)=0.01459). Given the final model, the Korsmeyer-Peppas model for the

nanosystem can be expressed as:

M
M—t =k-t" = exp(—5.1387 + 0.5448laser — 0.3836magnet + 1.2716pH5)

co

. t0'8893 —0.2125magnet—0.1171pH5—laser -pH5(0.1013 —0.1045magnet)

The excellent fit of the model to the experimental data can be observed on the dashed line
in Figure 4.9 (a). From the model, the acceleration effect of low pH and laser, as well as the
deceleration effect of magnet in DOX release, can be observed in the exponential function. For the

release mode, when no stimulus is applied, the n value is 0.8893, indicating a tendency of zero-
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Table 4.6 Reduced model of release profile in presence of three stimuli

Variable Parameter Estimate Standard Error t Value Pr>|[t|
Intercept -5.1387 0.04898 -104.92 <.0001
In (t) 0.8893 0.01742 51.04 <.0001
laser 0.5448 0.04305 12.66 <.0001
magnet -0.3836 0.05080 -7.55 <.0001
pH5 1.2716 0.05080 25.03 <.0001
In(t) * magnet -0.2125 0.02127 -9.99 <0001
In(t) * pH5 -0.1171 0.02276 -5.15 <.0001
In(t) « pH5 * laser -0.1013 0.02885 -3.51  0.0005
In(t) « pH5 * laser « magnet 0.1045 0.03375 3.10 0.0022

order release. While in the presence of magnet and low pH, the termis reduced. The laser can only
reduce the n term significantly in low pH, which can be attributed to the more sensitive thermal
response of PNIPAM in low pH conditions, as observed in Gao‘s study.[593] However, we are
not clear about the last positive term related to the magnet in the model, which indicates the higher
n value at pH 5.5 with magnetic field and laser applied than the ones without laser irradiation.
Nevertheless, one possibility is that the DOX release was closed to equilibrium in this situation.
The Korsmeyer-Peppas model is applicable for the first 60 % of a release curve; as the release

approaching the equilibrium, the model becomes inappropriate. As a result, the deviation of the

profile from the model is observed.

Table 4.7 Covariance parameter estimates of the reduced model.

Covariance Parameter Estimate Standard Error Z Value Prz
Var(by)) 0.01459 0.004903 2.98 0.0015
Cov(by;,b3) -0.00348 0.001611 -2.16 0.0307
Var(by;) 0.001994 0.000729 2.73 0.0031
Var(e;) 0.001627 0.000157 10.37 <.0001

4.4 Conclusion in the Chapter

Robust hollow polydopamine nanotubes with accessible lumen were synthesized in this

work through the halloysite-sonication-etch approach. Due to the exposure of inner and outer
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layers of nanotubes in different steps, both surfaces can be modified separately. To demonstrate
the feature, PEG and PNIPAM were decorated on the outer and inner surfaces, respectively. The
PEG was attached via EDC/NHS conjugation, and the PNIPAM was in situ polymerized by the
pre-decorated initiator, V50. Compared to nanotubes with PNIPAM attached but without PEG, the
PEG layer can effectively prevent agglomeration among nanotubes. In addition, the presence of
PNIPAM remarkably improved the loading capacity of DOX on the nanotube. The increased
loading capacity also leads to a higher release amount. It can be confirmed that besides
temperature-enhanced release, the PNIPAM also promotes the DOX release. Finally, the Fe3O4
magnetic nanoparticles were precipitated on the surface of nanotubes, which endowed a magnetic
response to the nanotube. The influences of pH, magnetic field, and laser on release profile were
investigated. The lower pH and laser can enhance DOX release, while magnetic nanoparticles
prevent the release. By fitting with the Korsmeyer-Peppas model, it is found that the lower pH,
magnetic field, and laser can alter the release profile to a more Fickian diffusion release pattern.
Furthermore, the influences were quantified through a linear mixed model. After all, the tri-
responsive nanosystem is expected to behave as a smart multifunctional drug delivery
nanoplatform. Moreover, the anisotropic morphology also makes it valuable to investigate the

shape effect during drug delivery.
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Chapter 5

Summary and Future Work

In the previous study, two kinds of intriguing nanoparticles, nanocapsules and nanotubes
have been fabricated based on polydopamine. Both particles possess hollow and flexible structures,
which are of great interest for biomedical application. The nanocapsules were fabricated using
microphase separation of alcohol/water system. The concentration of alkaline and dopamine, the
contents of alcohol, reaction time, and the supplication of oxygen could all influence the
composition and morphology of final products. With a well-engineered parameter, the anisotropic
bowl-like nanocapsule could even be obtained. Compared to other methods, this approach is
featured with simplicity in operation and the pretty small dimension of the product. The other
novel polydopamine structure is the nanotube. In the preliminary study, the photothermal effect,
as well as the pH- and photo-controlled doxorubicin release, have been demonstrated. Through a
halloysite-sonication-etching approach, a hollow flexible tubular structure with accessible lumen
could be obtained. Dueto the separated exposure of the surfaces tothe surroundings, both the outer
and the inner layers of the nanotubes could be modified with different functional groups. As a
proof-of-concept study, polyethylene glycol and poly(N-isopropylacrylamide) were grafted.
Furthermore, the different hydrophilicity from single-polymer-attached nanotubes was observed.
With the Fe3O4 nanoparticle attached, a tri-responsive nanostructure was obtained. Finally, the
controlled release profiles of doxorubicin from the nanotube under three stimuli were investigated,

and a regression model was fitted. The model could precisely predict the release performance of
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DOX in the presence of stimuli, also quantify and deepen our understanding of the stimuli effect
on drug release from the system.

Nonetheless, plenty of works are still needed to turn these polydopamine nanoparticles into
practical applications. For the nanocapsules, though the fabrication method is simple, the yield is
relatively low due to first the requirement of low polydopamine concentration, second the low-
efficiency purification method. One solution is to collect the product via filtration with a
nucleopore membrane. However, too large pore size will lose all the product; too small pore size
will withhold the oligomer in medium and result in agglomerated products. In addition to the
collection method, the specific surface area should be measured. Though mathematical calculation
indicates the hollow and collapsed structure may have a larger surface area than solid spheres, the
parameter has not been demonstrated via experiment yet. One of the reasons is the low yield in
this method. Nevertheless, once these issues are resolved, the hollow polydopamine nanostructure
prepared with a facile method is of great interest in the biomedical and electrochemical fields.

Furthermore, due to the inner surface modification, the polydopamine nanotubes still rely
on a free radical polymerization to decorate thermoresponsive polymer. The free radical dispersed
in the medium can still lead to the formation of crosslinked poly(N-isopropylacrylamide) on the
outer surface of the nanotubes, which results in the reduced stability of nanoparticle in PBS
medium. In addition, the molecular structure and molecular weight are hard to control in this
method. To make the inner “basket” polymer synthesis more controllable, a more advanced living
polymerization method should be attempted, which can confine the polymerization occurring only
at the inner surface and have a well-controlled crosslink structure. Given a dense network formed
in the lumen, small molecular drugs and macromolecular agents are both expected to be loaded on

the system. On the other side, though polydopamine is regarded theoretically biodegradable, the
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degradation usually requires an alkaline condition or abundant reactive oxygen species, which are
peculiar in cells. Due to the critical functional group in dopamine polymerization is catechol and
amine, the modified molecules with both groups present also possess the “self-polymerization”
property. To enhance the degradability of the system, modification of the dopamine monomer
should be conducted, which can even provide additional responsiveness to the system.
Furthermore, to make it clinically practical, the in vitro and in vivo test should indeed be conducted
on the system.

Though polydopamine nanostructures have been researched for several years, most studies
are conducted based on conventional spherical structures. The non-spherical structures studied in
this work can provide large surface area, additional modification space and are expected to have
different biodistribution due to the shape effect. Therefore there is still expansive research room

in the future.
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Appendix A

SAS code for the reaction time effect on nanoparticle dimension change (at 3.3.2)

set anova_react_t;

if Type="Wall Thi";

if Sample="Nanocaps';
run;

data NS_out;

set anova_react_t;

if Type="Outer Di";

if Sample="Nanosphe";
run;

title 'NC_OUT';

proc glm data=NC_out;

class time;

model Dimension_nm = time;

means time / HOVTEST=levene welch;
run;

title 'NC_IN';

proc glm data=NC _in;

class time;

model Dimension_nm = time;

means time / HOVTEST=levene welch lines;
run;

title 'NC_WALL';

proc glm data=NC_wall;

class time;

model Dimension_nm = time;

means time / HOVTEST=levene welch;
run;

title 'NS_OUT’;

proc glm data=ns_out;

class time;

model Dimension_nm = time;

means time / HOVTEST=levene welch;
run;

if 6<t<12;
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run;

proc ttest h0=0 sides=| data=ns_out_8 10;

class time;
var dimension_nm;
run;

datans out 10 12;
set ns_out;

if 8<t<14;

run;

proc ttest h0=0 sides=| data=ns_out_10 12;

class time;
var dimension_nm;
run;

proc reg data = nc_out;
model dimension_nm =t;
procregdata=nc_in;
model dimension_nm =t;
procreg data = nc_wall;
model dimension_nm =t;
procreg data = ns_out;
model dimension_nm =t;

run;

run;

run;

run;

proc corr data= nc out;

var dimension_nm;
with t; run;

proc corr data= nc_in;

var dimension_nm;
with t; run;

proc corr data= nc wall;

var dimension_nm;
with t; run;

proc corr data= ns out;

var dimension_nm;
with t; run;
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Appendix B

SAS code for the DA concentration and seal condition effect on wall thickness (at 3.3.4)

data thick;

infile '/home/u49813056/Grad/LongFormData.csv' delimiter ="',' dsd missover firstobs=2;
input Wallthick Conc $ Cap S;

run;

proc glm data=thick;
class Conc Cap;
model Wallthick = Conc Cap Conc*Cap/ ss3;
means Conc*Cap;

run;
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Appendix C

SAS code for the thickness increase on halloysite (at 4.3.1)

data thickness;

infile '/home/u49813056/Grad/thickness_sum.csv' delimiter =',' dsd missover firstobs=2;
input excel_label S times ratio th_nm;

drop excel_label;

ratio4 = max(0, ratio-4);

rt = times*ratio;

rat = times*ratio4;

run;

proc reg data=thickness;
model th_nm = times ratiort;
run;

proc reg data=thickness ;

model th_nm = times ratioratio4 rtrat;

output out=weight_set predicted=pred residual=resid;
run;

proc reg data = weight_set;

model resid = pred;

output out=weight predicted=pred;
run;

data thickness w;
set weight;

w = 1/pred**2;
run;

proc reg data=thickness_w;

model th_nm = times ratio ratio4 rtrat / selection=cp rsquare adjrsq mse bic aic;
weight w;

run;

proc reg data = thickness_w;

model th_nm = ratioratio4 rt;
weight w;

output out=result predicted=results;
run;
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Appendix D

SAS code for the release model in response for three stimuli (at 4.3.4)

data release;

infile '/home/u49813056/Grad/linear_mix.csv' delimiter =',' dsd missover firstobs=2;
input condition $ time percent laser pH5 mag In_t In_perc ID;
t=In_t;

lasermag = laser*mag;

pH5mag = pH5*mag;

pH5laser= pH5*laser;

lasermagpH5 = laser*mag*pH5;

In_tlaser = In_t*laser;

In_tmag = In_t*mag;

In_tpH5 =In_t*pH5;

In_tpH5mag =In_t*pH5*mag;

In_tpH5laser =In_t*pH5*laser;
In_tlasermag=In_t*laser*mag;

In_tlasermagpH5 =In_t*laser*mag*pHS5;

run;

proc glmselect data = release plots(stepaxis=normb)=all seed=1;

model In_perc = In_t laser mag pH5 lasermag pH5mag pH5laser lasermagpH5 In_tlaser In_tmag
In_tpH5 In_tpH5mag In_tpH5laser In_tlasermag In_tlasermagpH5 / cvmethod=split(5)
selection=lasso(stop=none choose=shc)

details=all;

partition fraction (validate = 0.3 test = 0.1);

run;

proc reg data=release;

model In_perc = In_t laser mag pH5 lasermag pH5mag pH5laser lasermagpH5 In_tlaser In_tmag
In_tpH5 In_tpH5mag In_tpH5laser In_tlasermag In_tlasermagpH5 / selection=cp rsquare adjrsq
mse bic aic;

run;

title 'Full model';

proc reg data=release;

model In_perc = In_t laser mag pH5 lasermag pH5mag pH5laser lasermagpH5 In_tlaser In_tmag
In_tpH5 In_tpH5mag In_tpH5laser In_tlasermag In_tlasermagpH5;

run;

title 'Reduced model’;
procreg data=release;
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model In_perc = In_t laser mag pH5 lasermag pH5mag In_tlaser In_tmag In_tpH5 In_tpH5laser
In_tlasermagpH5/ r cli clm;
run;

title 'Linear mixed full model';
proc mixed data = release covtest method=reml;
classID t;
model In_perc = In_t laser mag pH5 lasermag pH5mag pH5laser lasermagpH5 In_tlaser In_tmag
In_tpH5
In_tpH5mag In_tpH5laser In_tlasermag In_tlasermagpH5 /s;
random intercept In_t/ type = un subject =D g v vcorr;
run;

title 'Linear mixed model - reduced 1';

proc mixed data = release covtest method=reml;

class D t;

model In_perc = In_t laser mag pH5 lasermag pH5mag In_tlaser In_tmag In_tpH5 In_tpH5laser
In_tlasermagpH5/ s chisq outpm=predM;

random intercept In_t/ type = un subject =D g v vcorr;

run;

title 'Linear mixed model - reduced';

proc mixed data = release covtest method=reml;

class D t;

model In_perc = In_t laser mag pH5 In_tmag In_tpH5 In_tpH5laser In_tlasermagpH5/ chisq
outpm=predM;

random intercept In_t/ type = un subject =D g v vcorr;

run;

proc print data=predM;run;

DATA pvalues; chsg = SDF('chisquare',810-805.4,12-9); RUN;
DATA pvalues; chsg = SDF('chisquare',814.3-805.4,16-9); RUN;

172



