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ABSTRACT

Drug delivery that enables spatial and temporal control is essential to improve
pharmacotherapy. The emergence of nanotechnology has spurred the development of
drug delivery. Herein, we develop a physics-derived approach, magnetically-driven
nanospearing to address challenges associated in drug delivery. Template wetting is
employed to formulate a poly-e-caprolactone nanorod-based spear system that
incorporates functional agents including amine groups, magnetic nanoparticles,
fluorescein molecules, and gold nanorods.

The multifunctional polymeric nanospear provides a promising delivery system
for drug delivery. Overall, the amine-group-functionalized surface favors loading of
negatively charged molecules, and cellular delivery of ATP is successfully achieved.
Gold nanorods functions to enable a photothermally-responsive release behavior for the
polymeric spear system. It is also found that the photothemal heating only induces
localized structural changes in the polymeric matrix thus triggers surrounded encapsulant
release. This localized heating is beneficial to maintain stability of the whole spear
system.

This work provides an alternative way for cell internalization and a promising

delivery system for targeted delivery and controlled release.
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Chapter 1

Introduction

Pharmacotherapy has been impeded by the available administration methods, as
most pharmaceutical drugs cannot be directly administrated due to various risk factorst*-¢l,
For instance, most synthetic drugs suffer poor solubility in aqueous condition®*?l while
biomolecular drugs lack of resistance to enzyme-induced degradationt” 314, Potential
toxicity of therapeutic drugs is also a big concern. In clinic practice, chemotherapy has
been a conventional and effective way to combat cancers so far. However, side effects
originated from toxicity of chemotherapeutic drugs to normal cells and tissues usually
introduce overwhelmed pain and even damage to patients, and thus limit usage of more
aggressive therapies*®17, Besides, enhanced permeability and retention effect and
reduced immune response are other important factors required into consideration in drug
administration®®2l, In pharmaceutical industries, compromise is often seen that less
active but pharmaceutically optimal compounds become more suitable candidates for
development. Such trade-offs may inevitably result in the production of less-ideal
drugs??. Thus it becomes necessary to conduct drug delivery research in drug

development.
1.1  Drug Delivery

Drug delivery refers to transporting pharmaceutical compounds into designated
location within the body as needed to safely achieve its desired therapeutic effect. It

generally involves scientific site-targeting within the body and facilitating systemic



pharmacokinetics. The efforts in the area of drug delivery include the development of
targeted delivery in which the drug is only active in the targeted area of body (for
example, in cancerous tissues), controlled release in which the drug is released over a
period of time in a controlled manner from a formulation system. Using drug carriers
with drug molecules enclosed or attached is the commonly adopted strategy to deal with
the challenges in targeted delivery and controlled releasel?®l. Particularly with the
emergence and advances in nanotechnology, it has become increasingly appealing to
address the issues associated with drug administration? 24261, By using nanoscale
delivery vehicles, it may be possible to achieve (1) improved delivery of poorly water-
soluble molecules; (2) enhanced retention time in the circulation system and reduced
immune response; (3) targeted delivery of drugs in a cell- or tissue-specific manner; (3)
transcytosis of drugs across tight epithelial and endothelial barriers; (4) delivery of large
macromolecule drugs to intracellular sites of action; (5) modified pharmacokinetics of
systemic administrated drugs!i-1t 18 2225 27301 " gq far, tremendous efforts have been
devoted into development of nanoscale delivery systems.

Lipid vesicles, known as liposomes, were the first introduced nanotechnology
drug delivery system[??, Advanced properties of liposomes include enclosed cavity,
modifiable surface and tunable size, which allow liposomes possible to tackle challenges
in target delivery and controlled release®:*2. For example, enclosed cavity acts as a
capsule to load poorly pharmaceutic drugs, such as hydrophobic compounds and
macromolecule drugs; surface modification with recognition moieties enables specific
interaction with targeted cells that diminishes nonspecific delivery; Tunable size is used

to modulate retention time of the carriers in circulation system. So far, a variety of other



organic and inorganic biomaterials for drug delivery have been developed, such as silica
nanoparticles®3, polymeric nanoparticles®, dendrimers® and etc. For most of the
available drug delivery system, transcytosis of carriers across cell membrane barrier is
achieved via endocytosis-induced cell internalization¢-31, To initiate this process, drug
carriers would have to interact with cell membrane through anchor binding or
electrostatic interaction! 381, Thus, chemistry is usually involved to modify surface of
the carriers with functional agents in formulating delivery system. Sparklingly, the
anchor binding interaction opens a door to targeted delivery upon using a range of
biological targeting moieties, including antibodies!®-29 targeting peptides!*®l, aptamers*l
and vitaminst?, The conjugation of targeted moieties to drug carriers modulates their
biodistribution and thus increases local therapeutic concentrations*®l. For instance, the
discovery of new recognition sites has spurred the development of immunotherapies that
use antibodies against diseases such as certain cancersi*¥. Such extraordinary emphasis of
molecular recognition forms the basis of many biologically derived targeted deliveries.

In yet another important aspect of drug delivery is controlling the release rate of
drugs from carrier systems to exhibit the optimal therapeutic concentrations. We have
mentioned that drug molecules are enclosed in the carrier chamber or attached on its
surface to achieve optimal loading. Degradation of the carrier matrix or failure of the
attachment would have the drug molecules released from the delivery system. The central
question that has fascinated biomedical researchers from the beginning has therefore been
how to design and control material properties to achieve a predictive release response.
Strategies widely applied are manipulating the release rates of drugs through synthesis of

biocompatible polymers that degrade in predictable ways, or controlling the diffusion



rates of drugs through design of porous matrix®l. Poly (lactic-co-glycolic acid) (PLGA)
is a great example for development of biodegradable polymers for drug deliveryf® 34 461,
Sophisticated engineering of the polymer makes it possible to modulate its degradable
rates so that the drug release kinetics could be tuned optimal for pharmacokinetics. The
advanced development of PLGA has also inspired vast emergence of other degradable
polymers, natural-derived or artificial-synthesized, in application of controlled drug
release. Additionally, enormous bioavailability of degradable polymers also spurs the
development of polymer-based delivery system for drug delivery. Yet another example is
using a reversible chemical linkage, such as disulfide bonds, to formulate drug loading,
which enables spatial and temporal control of the drug releasel*”-*¢l. Drug molecules are
linked to surface of nanoparticles via disulfide bonds, and thus redox conditions change
in the administration environment would break the linkage bonds that release the loaded
drug molecules. Thus chemistry has created enormous opportunities to tackle challenges

in drug delivery.

1.2 Nanospearing Technology

Today, it has been long interested in biomedical research that how to design and
formulate drug carrier systems enabling spatial and temporal control of drug delivery. For
decades, researchers have been mostly seeking help from chemistry to address these
challenges, and a variety of systems have been developed. As discussed above, chemistry
has created vast opportunities for targeted delivery and controlled release. However, the
tedious work in chemistry often increases complexity of the formulation and sometimes
costs variations from batch to batch production. Beyond those, the basis of chemistry-

derived cellular delivery is rooted under the mechanism of endocytosis-induced cell
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internalization. Even though the advance in biology development provides sophistical
understanding of endocytosis involved cellular transcytosis, lack of direct control and
observation of the process often limits its efficiency on cellular transportation. Moreover,
endocytosis involves hazardous conditions, i.e., acidic condition in endosomes and
enzyme-catalyzed degradation, which would cost instability on macromolecules based
pharmaceutical compounds, such as genes and proteins.

Nowadays, however, the emergence of multidisciplinary development introduces
a powerful set of new design concept and technology. Increasingly, scientists are starting
seeking physics-derived solutions for controlling biological responsest3l. For example,
methods have been developed that implants electric pulse to pierce holes on cell
membrane as a non-fatal invasiveness, through which either exogenous molecules are
able to ship into cellular compartment or endogenous molecules can diffuse out of
cells“5%1 In transdermal drug delivery, microneedles-based delivery system enables
transcytosis of drugs across tight epithelial and endothelial barriers via direct penetration,
so that efficient delivery is achieved®!. Using nanomaterials-induced invasiveness, the

pierced holes are confined at nanoscale dimension and thus non-fatal to cell viability.

Nanotube

Figure 1. Schematic drawing of nanospearing.



This thesis will focus the interest on nanospearing that is another example of
physics-derived technology for cellular internalization. It refers to using magnetic force
to drive nanomaterials through cells, acting as spearing, as shown in Figure 1.
Nanomaterials, referred to carbon nanotubes in Figure 1, encapsulates a nickel particle at
the tips so that their movement is able to be directed by an external magnetic field?,
According to the theoretical study of Xin Yi et al., cell uptake of one-dimensional
nanomaterials is dominated by a single tension and radius of the nanomaterial and
inversely with the membrane bending stiffness®®l. Thus the uptake follows a near-
perpendicular entry mode at small membrane tension while it switches to a near-parallel
interaction mode at large membrane tension. In the case of Figure 1, carbon nanotubes
possess high aspect ratio and radius of as small as 50 nm, and the active force of
magnetic driving aligns the nanotubes perpendicular to cell membrane which overcomes
the membrane tension and bending stiffness®. Therefore, we speculate the near-
perpendicular entry mode would be favored for uptake of the nanotubes into cells during
the nanospearing. In this case, the holes pierced on cell membrane would be confined at
the nanoscale size of as small as the radius of the spears implanted during the
nanospearing process. Cell membrane, formed through the process of self-assembly and
considered as a two-dimensional liquid, could easily restore the tiny damage. David Boal
et al. already illustrates in his book that membrane rupture in the case of holes generation
is modulated by the competition of membrane-derived surface tension and holes-induced
stress tensionl®l. The both tensions are directly correlated to radius of the holes, so that
unbounded rupture would only happen when the radius of the holes reaches a threshold

value, otherwise, the membrane would still be in metastable state.



Actually, we have already demonstrated in our previous studies that nanospearing
is biocompatible to cells, which does not change cell viability or proliferation!. Given
that, we showed that nanospearing provided an alternative way for cell internalization
that achieved a highly efficient gene transfection in mammalian cells®®?. Yet another
important application was that extraction of intracellular molecules from live cells was
achieved through magnetically-driven nanospearing technology™®l. In these studies,
carbon nanotubes modified with a layer of nickel was used as magnetically-drivable
nanospears. Under active force of external magnetic field, the nanospearing process was
completed in less than 10 minutes. In this short time period, the nanotubes were able to
penetrate through cell membranes by the magnetic-driving force. Extending the spearing
time would have possibility to drive the nanotubes into and then out of cells. In this case,
either exogenous molecules could be shipped into cells or endogenous molecules would
be able to transport out of cells, which had both been demonstrated in our previous
studies®? %1, Also worth mentioning is that magnetic-field-directed nanospearing makes
it possible to drive the magnetic-responsive drug carriers moved into a targeted area of
body, and transcytosis of drugs across tight epithelial and endothelial barriers is
achievable through nanospearing technology as well.

Given the efficiency of nanospearing for cell internalization, it presents quite
promising for drug delivery. However, the controversial debate on carbon nanotubes over
its biocompatibility often limits its vast application to address issues associated in
biomedical areal®l. Thus it becomes necessary in the development of nanospearing
technology that explores an alternative material suitable for spears formulation. Besides,

it still remains unaddressed regarding the control of drug release that associates with



pharmacokinetics in the nanospearing-derived delivery system. All these issues will be
sophistically discussed in the following chapters of this thesis. Objective of this thesis is
aiming to extend nanospearing technology, which enables spatial and temporal control, as

a promising approach for drug delivery.

1.3 Outlines

This thesis consists of five chapters. Following the current introductory chapter,
chapter 2 presents fabrication of a core-shell structured polymeric nanorod, including
fabrication methods, structure characterization and surface functionalization. In chapter 3,
application of the polymeric nanorods as nanospears in cellular delivery of ATP small
molecules is demonstrated. A photothermally-responsive release behavior from the
polymeric nanorods based nanospearing delivery system is described in chapter 4. To
conclude, chapter 5 gives a summary of the current progress on nanospearing technology

and outlooks for its promising applications in the biomedical field.



Chapter 2

Fabrication of Nanospears

This chapter presents fabrication of a polymer-based nanospear system, aiming to
provide an alternative formulation system rather than carbon nanotubes with more
advanced multifunctionality. Herein, template wetting is employed to fabricate the matrix
material into nanorod-shaped structure. To advance surface properties, a layer-by-layer
self-assembly approach is introduced to pre-coat template pores with layers of
macromoleular materials such that a core-shell structured nanospear is constructed.
Additionally, magnetic nanoparticles are incorporated into nanospears matrix to impart
the system magnetic drivability. Experimental details are discussed in the following

content of this chapter.
2.1 Force Analysis

Nanospearing is conducted using magnetic force to direct movement of the
nanospears. Figure 2 illustrates two major forces applied on the nanospears during its

movement, i.e. magnetic force and drag force denoted as Fmag and Fq, respectivelyt®sl,

F; Fa
Alignment
—_—
A
Fmag Fmag

Figure 2. Force analysis of the nanospearing process.
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Magnetic force applied on the nanospears is governed by
1
Fmag:%AX'V'VBZa 1)

where | is the magnetic permeability of free space; V and y are the volume and magnetic
susceptibility of the nanospear, respectively, and B is the magnetic field density. As to

drag force, it is calculated as
Fy=6mn-n-r-v-K', @)

where 7 is the viscosity of liquid; r is the radius of the nanospear; v is the velocity of the
nanospear in motion, and K" is the shape factor. Net force applied on the nanospear is the

summation of the magnetic force (Fmag) and the drag force (Fq), as shown as

F=Fmag_Fd- (3)

Efficiency of nanospearing-derived cell internalization is expected to be governed
by the net force applied on the nanospears. Given that, it appears favorable for fabrication
of nanospears that maximizes the active force of magnetic force, meanwhile, maintains
the drag force minimized. Through the governing equations of (1)-(3), a nanospear of
large V but small r would be favored for the efficiency of nanospearing. That means a
one-dimensional nanostructure of high aspect ratio is preferred. In addition, a high aspect
ratio structure would also be favored for a large magnetic field gradient, which would
result in a large magnetic force.

Through the above discussion, we can see two criteria for the nanospears in need
that includes excellent magnetic drivability and one-dimensional nanostructure. As

already discussed in the introduction chapter, matrix material is also a key element for
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application of nanospearing in drug delivery, and biocompatible and biodegradable
polymer based matrix material would be a good candidate for nanospears construction.
Overall, a polymeric nanotubes/nanorods-structured nanospear system is chosen and

constructed in this chapter.
2.2 Poly-g-caprolactone

Poly-¢-caprolactone (PCL), as shown in Figure 3, is a biodegradable polyester
with excellent biocompatibility and bioresorbability, and thus has been intensively used
in the biomedical fields and a number of drug delivery devices®l. Red line in Figure 3
marks the degradable bond of PCL in vitro and in vivo enzyme catalyzed environment.
Additionally, PCL is a hydrophobic and semi-crystalline polymer, which impedes the
aqueous molecules access into the PCL bulk and causes a slow degradation rate in in
vitro and in vivo. It makes PCL suitable for a long-term drug treatment. Furthermore, the
unique surface-involve erosion makes its degradation highly predictable, giving PCL
desirable release vehicles for drugs as release rates can be predetermined. The
exceptional blend-compatibility and low melting point (59-64°C) of PCL can also be well
manipulated in its controlled release research. For instance, blending with more
biodegradable polymers or the enzyme can tune its degradation rate, while the low
melting point of PCL can be used to trigger the release with external stimulust®-%, In
chapter 4, we will discuss more about that employs its low melting point for controlled
release. PCL has been produced into various structures, such as nanoparticles!®, fibersf®,
films and scaffolds and etc, for biomedical application®!. Herein, a PCL-based-nanorod

structure is fabricated to construct nanospear system for drug delivery.
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Figure 3. Chemical structure of poly-g-caprolactone.

2.3 Template Wetting

Template wetting, initially reported by Martin CR, is a widely used approach to
fabricate nanotubes/nanorods of a broad spectrum of materials, including inorganic and
organic materialst®?. It utilizes the wetting process of liquids including polymer melts or
solvents into template pores of high surface energy so that the pores modulate the filled
materials to form corresponded tubes/rods structures. The wetting process can either be
spontaneously triggered because of capillary tensile force of the solvents itself or

externally forced by stimuli like pressure.

Al,O; template Template wetting
Surface polishing Template removing

Figure 4. Template wetting for fabrication of polymer nanorods.

Figure 4 presents schematic drawing for the fabrication process by template

wetting: porous anodic alumina membrane with highly ordered and uniform nano-scale

12



pores is used as template; the pores are wetted by tetrahydrofuran (THF) solvent
contained 7% w/v PCL, then PCL is resided inside of the template pores to form
nanorods-like structures with the evaporation of THF solvent; surface residues of PCL is
removed by direct polish; template is removed to release the PCL nanorods by chemical

etching in 0.4 M NaOH aqueous solution. In this case, PCL nanorods are obtained.

EHT = 5.00 kv Signal A= InLens  Date :7 Nov 2013 m EHT = 5.00 kV Signal A=InLens  Date :7 Nov 2013

2
| WD= S5mm Photo No. = 3207  Time :21:19:34 Mag= 4.06KX Photo No. = 3208  Time :21:20:21

Figure 5. SEM images of PCL nanorods.

As-made PCL nanorods structures are characterized by scanning electron
microscopy (SEM), and images are shown in Figure 5. Fabricated PCL nanorods exhibit
a uniform diameter of 200 nm with lengths over 6 pm. Through the images, we can also
see that yield of the PCL nanorods is quite appreciable. For a template with a 25 mm in
diameter and pore density of about 8 x 10° pores per square centimeter, the total yield is
as high as about 3.9 x 10° nanorods per template. Also worth mentioning is that wetting
in very small pore sizes could induce the formation of discrete nanoparticles with gradual
evaporation of solvent. Recently, Zhang et al. reported the formation of various sub-100
nm pure drug nanoparticles by utilizing this phenomenon, which is avoided herein by

introducing heat to melt the PCL inside of the template pores, reshaping it along the
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dimensions of the porest®l. It might explain that lengths of modulated PCL nanorods are

relatively smaller than template thickness.

2.4  Layer-by-layer Self-assembly

Poly-l-arginine Poly-l-arginine Poly-l-arginine
Bovine serum albumin Bovine serum albumin

Poly-g-
Layer assembling Layer assembling Template we
L35 =

Figure 6. Construction of core-shell structured PCL nanospears.

Hydrophobicity of PCL gives it a good formability in template wetting, however,
impedes its direct application in aqueous environment. Thus a core-shell structure is
constructed to coat surface of PCL nanorod with layers of hydrophilic
biomacromolecules. As illustrated in Figure 6, a layer-by-layer assembly approach is
employed to coat the template pores with layers of biomacromolecules. It is an approach
developed by Komatsu et al. that utilizes electrostatic interaction to assemble molecules
along template pores via alternative self-assembly of positive and negative
macromolecules layer by layer®l. Through this approach, they successfully constructed
two kinds of proteins into a nanotube structure. Similarly, we alternatively flow poly-I-

arginine (PLA) and bovine serum albumin (BSA) solutions through alumina template
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controlled by a syringe pump, as shown in Figure 6. By this way, layers of PLA and BSA
are assembled along the template pores to form a nanotube structure. Followed by
template wetting as shown in Figure 4, PCL is filled inside of the nanotube of PLA and
BSA. So a core-shell structured nanospear is constructed, consisting of hydrophilic

biomacromolecules and hydrophobic PCL as shell and core, respectively.

2.5 Composition Characterization

Figure 7. Optical image of core-shell structured PCL nanospears dispersed in water.

Figure 7 presents an optical image of aqueous suspension of PLA/BSA coated
PCL nanorods, and frame size of the image is 352 x 265 pm. Through surface
modification by layers of PLA/BSA molecules, PCL nanorods become well-dispersed in
aqueous solution. Coating of PLA/BSA molecules on PCL nanorods is characterized by
other approaches as well, such as Fourier Transform infrared spectroscopy (FTIR) and
zeta-potential measurement. Figure 8 shows FTIR spectrum of PLA/BSA coated PCL
nanorods in comparison with spectrums of pure PCL and BSA. There are three

characterized peaks, i.e. ~3300 cm™, ~1600 and ~1490 cm™, appeared in PCL nanorods

15



after PLA/BSA coating, and these peaks are as similar as the peaks in BSA. Analysis of
these peaks reveals that ~3300 cm™ attributes to the amine group in BSA, and its amido
bond contributes to peaks of ~1600 and ~ 1490 cm™. Since PLA has similar functional

groups as BSA, only BSA is used in comparison here.

100

ke
>~
Q
e
g
£
(2]
c
2 ——PCL NRs
40 | PCL
——BSA

20 " 1 " 1 " 1 X 1 L 1 " 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm”

Figure 8. FTIR spectrum of surface modified PCL nanorods.

In addition, outer layer of PLA on PCL nanorods is expected to modulate the
nanorods a charged surface with abundant of amine groups. Thus zeta-potential of the
PLA/BSA coated PCL nanorods in pH 7.0 condition is measured and listed in Table 1.

The positively charged surface in pH 7.0 provides another evidence of the surface

functionalization of PLA/BSA molecules.

Table 1. Zeta-potential measurement of core-shell structured PCL nanorods

PCL nanorods Poly-l-arginine coating
Mobility (M.U.) 3.56
Zeta potential (mV) 47.840.5

16



Bright field FITC

i

Figure 9. Bright field and fluorescent images of FITC-functionalized PCL nanorods.

The abundant of amine groups carried by PLA macromolecules also imparts the
PCL nanorods accessible to chemical functionalization. Fluorescein isothiocyanate (FITC)
is a widely used fluorescence dye that is reactive towards nuleophiles, particularly with
amine groups on proteins. As shown in Figure 9, PLA/BSA coated PCL nanorods exhibit
appreciable fluorescence in FITC channel after fluorescent staining with FITC. The
amine group attached on PCL nanorods provides enormous opportunities for

functionalizations of the system. It will be further discussed in the following chapter.

2.6 Magnetic Functionalization

Iron oxide is biocompatible and paramagnetic, and has been widely used in
diagnosis like magnetic resonance imaging®. In this work, magnetic nanoparticles
(MNPs), i.e. iron oxide, are incorporated into PCL nanospears to confer magnetic
drivability. The MNPs-functionalized PCL nanospears are visualized by SEM (Figure
10a) and transmission electron microscopy (TEM) (Figure 10b), and magnetic drivability
is demonstrated by external magnetic attraction (Figure 10c) and quantitatively measured

by magnetization response to an external magnetic field (Figure 10d).
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Figure 10. Magnetic functionalization of PCL nanospears.

Functionalization of MNPs is followed by the same procedure as PLA/BSA
coating such that MNPs are appeared at the surface of PCL nanorods, as revealed in
electron images. Magnetic drivability of the MNPs functionalized PCL nanorods is
observed through attraction of the nanorods by an external magnet. And its saturated
magnetization is quantitatively measured 4.00 emu g* at ~0.2 T. In addition, a reversible
behavior with no detectable magnetic hysteresis loop displayed in the M-H curve

indicates a superparamagnetic property of the MNPs and its functionalized nanospears.

2.7 Conclusion

In summary, we have fabricated a PCL nanorods based nanospear system that is
comprised of a core-shell structure and functional agents such as MNPs. The core-shell

structure confers the system a hydrophobic core and hydrophilic surface. Meanwhile,
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abundant of amine groups carried by the surface PLA molecules gives the system
accessibility to various chemical functionalizations. Magnetic drivability imparted from
the functional agents of MNPs makes the system applicable for magnetically-driven
nanospearing. Overall, the facile formulation of the nanospear system presented in this

chapter provides a basis for application practice discussed in chapter 3 and 4.

19



Chapter 3

Delivery of ATP Molecules

In chapter 2, we present a polymer-based nanospear system through a facile
formulation method. This chapter focuses interest on application of this spear system in a
drug delivery practice. Adenosine triphosphate (ATP) is a nucleosid triphosphate that
transports chemical energy within cells for metabolism. It is used as a substrate in signal
transduction pathways by kinases that phosphorylate proteins and lipids. Therefore, it is
essential to dissect cellular signal pathways using ATP molecules as tracers. Transcytosis
of ATP across cell membrane is energy required, thus it is impermeable into cells. PCL-
matrix nanospear system developed in chapter 2 provides a promising carrier system for
delivery of ATP molecules into cells. Experimental details of the delivery of ATP

molecules are discussed in the following contents of this chapter.

3.1 Nanospearing across Cells

Tune focus view from bottom to top of cells

Figure 11. Penetration across cells through magnetically-driven nanospearing.

Magnetically-driven nanospearing imparts an active force on the spear delivery
system. When the spears encounter cell membranes, the continuously applied active force

would have possibility to overcome energy barriers to penetrate across cells by physically

20



piercing holes on cell membranes. By this way, delivery of targeted molecules into cells
can be achieved. At the beginning of this chapter, we firstly examine the possibility of
penetration across cells of the nanospears developed in chapter 2. In section 2.6, it is
mentioned that saturated magnetization of the MNPs-functionalized nanospears can be
reached at an external magnetic field of ~0.2 T. In this work, a commercially available
rare-earth magnet of ~0.4 T is used to provide a sufficient magnetic field. Esophageal
cancer EC9706 cells are seeded and cultured to attach on an image dish. Then MNPs-
functionalized PCL-matrix nanospears are supplemented into the culture dish, and they
are driven to penetrate across the cells by the magnet located at bottom of the dish. After
the nanospearing, the whole system is optically imaged. Bright dots in the images of
Figure 11 are functionalized PCL nanospears. To demonstrate the relative location of the
nanospears and cells, lens is initially focused at the bottom of cells and then tuned
towards its top. We can see in Figure 11 that most of the spears are located at bottom of
the dish and even beneath cells, while seldom spears are observed when focus is out of
the bottom. It indicates that MNPs-functionalized PCL-matrix nanospears are capable to

penetrate across cells.

3.2 Conjugation of ATP Molecules

Now the question has become that how to efficiently load ATP molecules onto
the PCL-matrix nanospears system. In section 2.5, zeta-potential measurement reveals a
positively charged surface on the core-shell structured nanospears at pH 7.0, which is
attributed to abundant of amine groups carried by the PLA coating. On the contrary, ATP
carries negative charge at pH 7.0. The loading of ATP molecules can be achieved via

electrostatic interaction that directly absorbs ATP molecules onto the surface of PLA-
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coated nanospears. To characterize the conjugation, ATP molecules are labeled with
Alexa647 dye firstly. Throughout this chapter, Alexa647-labelled ATP molecules
(Alexa647-ATP) are used in lieu of ATP molecules. In this case, ATP conjugation and
delivery are able to be characterized via fluorescent techniques, including fluorescent

microscopy, fluorescent spectrometer and flow cytometry.

BF TXRED

Figure 12. Alexa647-ATP conjugated PCL nanorods.

Figure 12 presents optical images of PCL nanorods after electrostatically loading
Alexa647-ATP. The fluorescence exhibited in TXRED channel provides direct evidence
of the existence of Alexa647-ATP on the nanorods. Meanwhile, we also quantitatively
measure the fluorescence intensity of the conjugated nanorods by a spectrometer, and
reveal the loading amount to be ~2 x 10° dyes per nanorod. Worthy mention is that
simply mixing the nanorods into the ATP solution only results in loading efficiency of 4
x 10? dyes per nanorod. In order to enhance the loading efficiency, the mixture is
lyophilized such that the ATP molecules precipitate from solution to deposit onto the

surface of nanorods. Upon this method, loading efficiency is increased almost 103 times.
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3.3  Delivery of ATP Molecules

Delivery of ATP molecules is practiced using EC9706 as target cells. Label of
Alexa647 provides a tracer for the delivery that would confer cells fluorescence in
TXRED channel. Upon loading of Alexa647-ATP molecules, the PCL-matrix nanospears
are supplemented into cell culture and pulled down to penetrate cells using the magnet.
The whole nanospearing process lasts 10 minutes. Then cells are cultured for another 24
hours such that the delivered Alexa647-ATP molecules would have chances to release
from the carriers to stain cells. Flow cytometry and fluorescent microscopy are used to

evaluate the delivery efficiency.
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Figure 13. Delivery of Alexa647-ATP into EC9706 cells evaluated via flow cytometry.

In flow cytometry, three groups are compared: cells cultured under normal
conditions without any treatment (Control); cells subjected to spearing of bare
nanocarriers without any Alexa647-ATP molecules (Nanocarrier only); cells subjected to
spearing of Alexa647-ATP conjugated nanocarriers (Alexa-ATP delivery). Control group
is used to set the gate that includes majority of the cells under normal conditions,
designated to P1. Then histogram graphics of cells in different gates is counted, and P2
counts cells exhibited fluorescence of Alexa647. In Figure 13, we can see that over 90%

of cells exhibit fluorescence of Alexa647 in the delivery group while cells subjected to

23



bare nanocarriers have no fluorescence detected. It shows a successful delivery of ATP

molecules into cells using the nanospearing technology.

BF DAPI TXRED OVERLAY

Figure 14. Delivery of Alexa647-ATP into EC9706 cells.

Meanwhile, we also check the fluorescent images of the delivery group. Figure 14
shows the delivery of Alexa674-ATP into EC9706 cells using fluorescent dye of
Alexa674 as a tracer. The images are arranged as: BF shows bright-field image of cells
subjected to nanospearing; nucleus-stain of DAPI is used to highlight individual cells;
TXRED channel reveals the fluorescence emitted from the Alexa674 dye; overlay is the
image with DAPI and TXRED channel overlaid. Scale bar is 10 pm in the images. Under
the microscopy, most cells exhibit fluorescence in TXRED as shown in Figure 14. It
provides additional evidence of the successful delivery of ATP molecules into cells by
the nanospearing technology. But it should be noted that lots of red dots (designated to
the nanocarriers) are also observed in TXRED channel, and their red fluorescence is
much stronger than that of cells. It indicates that only a tiny amount of Alexa647-ATP
molecules are delivered into cells, which raises a question to us whether the nanospears

observed in Figure 14 are inside or outside of cells.
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3.4 Gene Transfection

Poly-¢e-caprolactone-matrix nanospears are observed contacted with cells in
multiple experiments, including Figure 11 and Figure 14. But it is difficult to conclude
whether the nanospears are delivered into cells or just stuck onto cell membrane. To
address this issue, gene transfection of green fluorescent protein (GFP) is used, because
GFP would only get expressed when the gene is delivered inside of cells. GFP gene
contained plasmid has the similar negatively charged property as ATP molecules. So
similar loading methods as described in section 3.2 is employed to absorb DNA plasmid
onto the PCL-matrix nanospears. Absorbance of UV-Visible light reveals the loading
amount of plasmid to be 7 x 107 ng per nanorod. Then similar nanospearing process is
conducted to deliver GFP gene into EC9706 cells as well. After the transfection, cells are
continuously cultured for another 24 hours to reach a peak value of GFP expression.
Lastly, the expression of GFP is examined using a fluorescent microscopy, as shown in

Figure 15.

DAPI FITC OVERLAY

Figure 15. Transfection of GFP gene into EC9706 cells.
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Similarly, cells are nucleus-stained with DAPI to highlight individual cells before
imaging. As shown in Figure 15, a weak green fluorescence is observed in FITC channel.
It answers the question that the PCL-matrix nanospears are capable to deliver cargo into
cells. But it is also worthy noted that efficiency of the transfection is relatively low,
which corresponds to the low efficiency of ATP delivery. Given these observations, it
seems that only partial nanospears get accessed into cells while most of them still are
stuck onto cell membrane. The limited efficiency might result from two reasons: (1)
magnetization of the nanospears is not sufficient enough to overcome the energy barrier
of cell membranes; (2) surface interaction of the polymer-matrix nanospears and cell
membrane is too strong that impedes its transcytosis across cell membranes.
Correspondingly, magnetization can be enhanced via increasing loading amount of the
MNPs, while the surface interaction can be tuned by changing the coating materials of
the nanospears. It is important to future work that achieves highly efficient cell

internalization in the development of nanospearing for drug delivery.

3.5 Conclusion

In conclusion, this chapter discusses the application of PCL-matrix nanospears in
the delivery of ATP molecules. Generally, the nanospears developed in Chapter 2 favors
the loading ATP molecules and shows success in its delivery. But the efficiency of
delivery is not satisfactory, which requires improved functionalization of the nanospears

including its magnetization and surface property.
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Chapter 4

Photothermally-responsive Release

Drug delivery that enables spatial and temporal control is essential to improve
pharmacotherapy while minimizing undesirable side effects. Magnetically-driven
nanospearing has already been demonstrated as a physical approach to achieve cellular
internalization that realizes delivery of ATP molecules into cells in chapter 3. In this
chapter, we try to extend the nanospearing technology by imparting temporal control of
cargo release. As mentioned in section 2.2, properties of PCL including its low melting
point (59~64°C) can be manipulated for controlled release research. Meanwhile,
formulation method presented in section 2.3, i.e. template wetting, makes it possible to
feasibly incorporate functional agents, such as gold nanorods and fluorescein molecules,
into matrix of the spear system. The embedded gold nanorods would acts as heat
actuators that enable photothermally-responsive release behavior for the PCL-matrix
spear system. This chapter discusses in detail about the photothermally-responsive

release property of the PCL-matrix spear system and its relevant mechanism.
4.1 Nanospears Functionalization

Functional agents, such as fluorescein dye and gold nanorods, are blended into
PCL-contained THF solution, and then imbedded into matrix of PCL nanospears by the
template wetting approach. Herein, fluorescein dye is used as a surrogate of drug

molecules to mimic the controlled release with the PCL-matrix nanospears system, and
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gold nanorods function as heat actuators to confer the system photothermally-responsive

release.

Bright field FTIC

Figure 16. Fluorescein-stained PCL nanospears imaged in bright field and FTIC channels.

Figure 16 shows optical images of fluorescein-stained PCL nanospears. Green
fluorescence exhibited in FITC channel shows a successful loading of fluorescein dye in
the nanospears carrier system. The loading amount of fluorescein is measured 1 mM. It
should be noted that the fluorescence is relatively weak, which might result from
fluorescence quenching effect originated from high concentration of fluorescein

molecules.

4.2  Thermally-responsive Release

Melting point of PCL is as low as 59-64°C depending on its crystalline ratio, such
that this polymer can be systematically manipulated for controlled releasel®!. To
demonstrate its thermally-responsive behavior, the fluorescein-loaded PCL nanospears
are heated up to the melting point of PCL. Figure 17 shows the release behavior of PCL
nanospears delivery system that is controlled by a thermal stimulus. In Figure 17, grey

represents the release at room temperature (RT) while white marks the release under

28



conditions of heating to 55°C. Release fluorescein is quantitatively measured by its
absorbance of UV-Visible light and determined by a standard curve of the absorbance
versus concentrations. Release quantity at each time interval is normalized to the total

loaded amount in Figure 17.
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Figure 17. Thermally-responsive release from PCL nanospears delivery system.

We can see that fluorescein is sealed inside the PCL matrix and escapes at a very
small diffusion rate (undetectable in UV-Visible absorbance) at RT. Upon heating, the
PCL nanostructure is disrupted, and the diffusion rate of embedded fluorescein is
accelerated, for instance, ~65% is released in the first cycle of 10 minutes heating and
~25% in the second cycle. Only minor residual fluorescein remains inside the capsule of
PCL matrix at the end. This thermally-responsive behavior introduces temperature-
stimulus controlled release within the PCL-based delivery system. However, because
bulk heating disrupts the nanospear structure, making the carrier inapplicable for

systemic drug administration, a better heating mechanism is needed.

29



4.3  Photothermally-responsive Release

Gold nanoparticles have been widely used in biomedical research, due to its
excellent optical propertiest®l. Upon light irradiation, a collective oscillation of free
conducting electrons on gold nanoparticles would be induced to create a surface plasmon
resonancel®”. The resonance coupled with the incident electromagnetic field induces
plasmonic absorption of light energy and thus generates heat, which is called
photothermal effectl®® 68 Thus the light-triggered photothermal effects of gold
nanoparticles make them excellent heat actuators that are able to induce a thermally-
responsive change in the drug carriers to trigger payload release. For example, wrapping
polyelectrolyte multilayers on gold nanorods enables light-controlled molecular
releasel®’l: a liposome-based carrier system is structurally disrupted to release contents by
light irradiating on encapsulated gold nanoparticlest’®: and mesoporous silica

nanoparticles break the protection of a capping agent to induce photothermal releasel™!.
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Figure 18. Schematic drawing of photothermally-responsive release of PCL nanospears.

In this work, we incorporate gold nanorods into the PCL-matrix nanospear system

to trigger encapsulant release using external light as a stimulus. As illustrated in Figure
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18, the system is designed such that fluorescein dye and gold nanorods are co-embedded
into PCL nanospearing as described in section 4.1; gold nanorod actuators generate heat
confined at its vicinity, inducing only a localized structural change of PCL-matrix
nanospears; heat triggers encapsulant release without compromising nanostructure of the
delivery system. Resonant light for the gold nanorods used in this work is ~830 nm as
near-infrared light (NIR). We expect that the NIR-induced heating is only localized at the
vicinity of gold nanorods such that bulk temperature of each nanorod is unaffected. Thus,
the overall nanostructure of the carriers can be preserved during the triggered release

process.
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Figure 19. NIR-induced controlled release of PCL nanospears.

Figure 19 shows the experimentally-measured NIR-triggered release profile
within the PCL nanospears delivery system. Similarly, the release quantity at each time
interval is normalized to the total loaded amount in Figure 19, and grey marks the release
without light while white indicates the release upon NIR illumination (NIR on). It is
observed that the release of embedded fluorescein dye is triggered and stopped with the

start and stop of NIR illumination. This observation corresponds well to the previously
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observed thermally-responsive release, but at a smaller diffusion rate. Checking the
nanostructure after the release confirms that the overall structure of the spears is intact. In
a control experiment, no melting is observed in PCL film samples with gold nanorods
embedded upon NIR irradiation. Thus, it is speculated that heat generated by gold
nanorods (upon NIR irradiation) induces only localized structural change of PCL, which
triggers release of the surrounding fluorescein dye. Upon withdrawing NIR illumination,
PCL cools and reforms a sealed capsule for the residual dye and stops further release, The
localized effect reduces the risk of carrier instability and also enhances the controllability

of release.

30

+ +

-9 AuR
—@— Au NolIR
——NoAu IR
—/— NoAu NolR

[
o
L

104

Normalized release (%)

T T

T T
0 20 40 60 80 100
Time (min)

Figure 20. Kinetics of NIR-induced release of PCL nanospears.

Meanwhile, a continuous release profile upon NIR illumination is also quantified,
as shown in Figure 20. Four groups are compared: sample incorporates gold nanorods
and is subjected to NIR (Au IR); sample incorporates gold nanorods but has no light
illumination (Au NolIR); sample is subjected to NIR but has no gold nanorods (NoAu IR);
and sample has neither gold nanorods nor light illumination (NoAu NoIR). Also, the

released quantity of each time interval is normalized to the loaded amount in Figure 20,
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and then the amount released in the first 10 minutes is subtracted per group to normalize
the starting level of the four groups. Figure 20 exhibits a pseudo-first-order kinetic
diffusion process for the experiment group. Controls lacking either gold nanorods or NIR
have barely detectable diffusion rates. These results suggest a photothermally-responsive

release behavior of the gold-nanorods-functionalized PCL nanospears delivery system.

4.4  Temperature Measurement
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Figure 21. Temperature measurement of gold-nanorods-functionalized PCL nanospears.

To verify the role of gold nanorods in NIR-triggered release of PCL nanospears,
we experimentally measure the time-resolved temperature profile of the sample upon
NIR irradiation. As shown in Figure 21, the temperature profile is recorded by an infrared
camera (A320G, FTIR) with NIR irradiation (Ti-sapphire lase, 2 mm diameter beam, 5
w/cm?, 830 nm, Spectra Physics) turned on at 15 seconds and off at 75 seconds. Figure
21 is arranged as: (a) shows time-resolved temperature maps of the sample; (b) presents
the corresponding temperature profile of the peak value of the irradiated spot (dotted
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circle in (a), 2 mm in diameter); shared color bar represents temperature in degrees
Celsius.

In a short period of ~14 seconds irradiation, the temperature measured from the
peak value of irradiated spots on gold-nanorods-functionalized PCL nanospears increased
from ~25°C to ~67°C, as shown in Figure 21. After turning off the laser, the temperature
exponentially decays to ambient temperature. Remarkably, this elevated temperature is
already above the melting point of PCL. Yet, it should be noted that the mapped circle in
Figure 21a does not indicate the bulk temperature elevation of the circle’s highlighted
area, but only marks the laser-irradiated position. An infrared camera captures the
infrared light that irradiates from designated areas, and these data are interpreted into
corresponding temperatures, which might not have to be equivalent to the bulk
temperature of the entire circular area. This result indicates that photothermal heating of
gold nanorods is sufficient to elevate temperatures as high as 67°C to induce structural

changes of PCL.

45 Photothermal Simulation

To demonstrate the confined-heating of gold nanorods, we also simulate the
temperature distribution along gold nanorod with input parameters identical to the
experimental conditions. When gold nanorod is illuminated, the collective oscillation of
free electrons on the surface generates surface plasmon resonance. This resonance
couples with incident electromagnetic waves, thus inducing an enhanced electric field on
the extremities outside the structure. On the contrary, the charge accumulation on the
extremities induces a weaker electric field inside the structurel®-%8l. Accordingly, Figure

22a shows a stronger electric field at the inside center of the structure, while the inset
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shows a weaker electric field at the outer center of the structure. However, the magnitude
of electric fields inside nanorods are much smaller than the enhanced electric fields
outside, and the volumetric integration of electric fields inside structures are the main
sources of heat, which also corresponded well to the calculated power density on
nanorods (Figure 22b). Generated heat is transported from gold surfaces to the

surrounding polymer medium, thus increasing temperatures in the corresponding area.
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Figure 22. Simulation of photothermal heating of gold nanorod.

Even though the heating power density undergoes spatial variations, the thermal diffusion
in gold is so fast that temperature equilibrates quickly and remains almost uniform.
Therefore, the steady state temperature increase is determined by the efficiency of
thermal diffusion through the surroundings; in this case, the PCL polymer forms a good

thermal insulator. Figure 22c¢ shows that the temperature on gold was as high as 77<C (i.e.
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350 K), and it drops dramatically to room temperature in the vicinity of the nanorod.
Outside the vicinity, the temperature in the polymer matrix remains the same as room
temperature.

To more clearly illustrate the localized temperature elevation, we plot the
temperature profile in Figure 22d and the inset, respectively, with the center point of the
nanorod as the origin. This plot shows that the temperature of gold is elevated by up to
~77<C, and the increase drops dramatically to half at a vicinity of ~20 nm along the x-
direction and ~15 nm along the z-direction of the gold surface. These results strongly
support the notion that photothermal heating of gold nanorods would induce only a
localized impact on the matrix of the PCL nanospears. Therefore, NIR-responsive release
can be imparted to a PCL-based nanospear system by utilizing the photothermal heating

of gold nanorods, and the overall nanorod structure is preserved during triggered release.

4.6 Conclusion

In summary, we functionalize the PCL-matrix nanospears with gold nanorods
such that the nanospears are conferred a photothermally-responsive release behavior as
drug carriers. Surprisingly, the overall nanostructure of the spears is well preserved upon
the photothermal heating. Direct temperature measurements indicate that photothermal
heating is sufficient to induce structural changes in the PCL matrix. Further simulation of
temperature distribution shows that the photothermal heating localizes the temperature
elevation around the gold nanorods and has no impact on bulk temperature of the PCL
matrix. These data supports a hypothesis that temporal control of encapsulant release is

induced by localized strucutural changes in PCl via photothermal heating. The work
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presented in this chapter extends the PCL-matrix nanospears as a promising drug delivery

system by imparting it a temporal control of cargo release.
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Chapter 5

Conclusion and Outlook

This thesis focuses the study of a physics-derived approach, i.e. magnetically-
driven nanospearing, for the challenges associated in drug delivery including cellular
internalization and controlled cargo release.

At the beginning, a polymeric nanospear delivery system is feasibly formulated
via template wetting approach. Matrix material of the nanospear is based on PCL that
associates the biocompatibility and biodegradability of drug carriers. Charged layers of
PLA and BSA are coated on the surface of PCL nanospear to construct a core-shell
structured carrier system by a layer-by-layer self-assembly method. The coating layers of
PLA/BSA makes the PCL-matrix nanospear well dispersed in aqueous solution, and
abundant of amine groups carried by PLA imparts the nanospear delivery system
accessibility to amine-reactive chemistry functionalization. Meanwhile, functional agents,
including MNPs, fluorescein dye and gold nanorods, are incorporated into the nanospear
delivery system via a facile in situ blending strategy in template wetting. This
multifunctional polymeric nanospear provides a promising delivery system for the
nanospearing-derived drug delivery.

Next, cellular delivery of ATP molecules is conducted using the fabricated
multifunctional polymeric nanospear carriers. Amine group coated surface of the
nanospear favors the loading of negatively charged molecules, such as ATP molecules
and DNA plasmid, via electrostatic absorption. Additionally, it is also found to

significantly enhance the loading of ATP molecules onto nanospear carriers that
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lyophilizes the mixture. The delivery experiment shows that cellular delivery of ATP
molecules is realized through magnetically-driven nanospearing. But the delivery
efficiency is not satisfactory. Transfection of GFP gene confirms the capability of
magnetically-driven nanospearing in cellular internalization, but also reveals its low
efficiency in cargo release by the fabricated polymeric nanospear delivery system.

Meanwhile, we also discuss controlled release property of the gold-nanorods-
functionalized PCL nanospears carrier system. A photothermally-responsive release
behavior is revealed. To explore its relevant mechanism, we experimentally measure
temperature elevation induced by the photothermal-heating of PCL-encapsulated gold
nanorods and theoretically simulate the temperature distribution around gold nanorod
with electromagnetic wave interaction. Results support a hypothesis that photothermal
heating of gold nanorods only induces localized structural changes in PCL thus triggers
surrounded encapsulant release. By this way, we extend the nanospearing as a promising
delivery system by imparting it a temporal control of cargo release.

Overall, this thesis presents a physics-derived nanospearing technology that is
promising in drug delivery. Its properties including facile formulation, capability of
cellular internalization and multifunctionalization enable its potential application in
targeted delivery and controlled release. But its efficiency of cellular internalization is
required further improvement in the future work. Nevertheless, this thesis provides an
alternative strategy to address challenges in biomedical research, which is physics-

derived approach to direct biological response.
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