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Bioinspired microrobots capable of actively moving in biological fluids have attracted
considerable attention for biomedical applications because of their unique dynamic features that
are otherwise difficult to achieve by their static counterparts. This thesis is dedicated to extending
the current microrobotics by utilizing natural cells as the basic elements to design biohybrid
microrobots and apply them in diverse biomedical and environmental applications. The first
section demonstrates the feasibility to combine natural cell-based materials (e.g. microalgae and
blood cell) with synthetic components to fabricate biohybrid microrobots towards versatile
applications. The second section focuses on design and fabrication of different types of
microalgae-based biohybrid microrobots with efficient autonomous motion, effective cargo
loading, long lifespan, adaptable utilization and biological function towards operation in different
body locations, such as lung, small intestine and stomach. It further explores the possibility of
functional algae-based microrobots to perform versatile tasks including pulmonary infection
treatment, targeted GI delivery and virus detoxification. The third section explores the use of blood
cell as the main composition to establish biohybrid microrobots. By replicating and inheriting the
intrinsic biological functions of the cells, the new cell-based microrobots can be applied to
neutralize lipopolysaccharide, deliver antibacterial and anticancer drugs, transport oxygen to treat
hypoxia. The biohybrid microrobot platform described in this thesis creates new opportunities in

the development of autonomous drug delivery vehicles for treating many diseases.

XViil



Chapter 1. Introduction

1.1 Opportunities for small scale robotics

Robots have been a transformative force to society by enhancing our capabilities beyond
biological limitations and by providing a better life quality for the world population.!™ For
example, the Da Vinci surgical system operates inside patients with more precision than a freehand
physician.* Moreover, robots are fundamental to the exploration of extreme environments such as
the current NASA Rover.> While certain technological advances in materials development have
resulted in lightweight yet strong macroscale structures with superior performance, the majority
of improvement has been on the software side. On the hardware side, current robotic designs
consist of an assembly of discrete mechanical and electronic components with individually
prescribed functionalities. Such macroscale robots mainly rely on operator inputs or artificial
intelligence software to adapt to their ever-changing environmental conditions. Nature, on the
other hand, programs adaptability and multifunctionality directly in the constituent materials. For
example, microorganisms contain the necessary tools to adapt to and function in dynamically
varying environments and replicate and synthesize an assembly of molecules and cells.’® Inspired
by microorganisms, we can learn from nature how to develop cell-sized robots furnished with their

own propulsion, intelligence, programmability, and adaptability to the environment.

Tremendous progress in developing synthetic micromotors based on different propulsion
mechanisms and designs has been achieved in the last decade.®*? Powered by local fuels or
external forces, artificial micromotors have been shown to navigate in biological fluids while
performing diverse tasks connected to critical biomedical applications ranging from targeted drug

delivery to precision surgery. This impressive progress has placed synthetic micromotors at the



forefront of biomedical research.*** While several initial successful in vivo animal tests have been
reported,'®>" key challenges need to be addressed before micromotors can be safely and efficiently
applied in living systems and translated to practical applications. The performance and
effectiveness of these micromotors rely largely on synthetic materials, which are susceptible to
immune response and biofouling process in complex biological systems. Practical in vivo
applications of synthetic micromotors thus require biocompatible and biomimetic designs, capable
of prolonged and efficient operation in the physiological environment without producing any

unintended harmful consequences.

1.2 Microalgae-based biohybrid microrobots

Despite the distinct advantages of synthetic micromotors, key challenges, such as
improvement of the propulsion in complex biofluid, collective actuation for targeted drug delivery,
and realization of fuel-free movement, need to be addressed further towards their practical in vivo
operations. Nature has provided us with many examples of realizing collective motion behavior.
For example, living microorganisms can efficiently propel in biofluid and complete versatile tasks
in a collective mode. Learning from nature, biohybrid micromotors—coupling natural
microorganisms (e.g., sperm, bacteria, and microalgae) with artificial substrates—were fabricated
in recent years to produce biofunctional devices with new and improved capabilities.'®?? Among
them, magnetic field-driven sperm can be controlled to swim toward an egg for assisted
fertilization.'® Magneto-aerotactic bacteria carrying drug-loaded liposomes has been delivered to
tumor hypoxic regions.?’ Phototactic algae were steered under visible light to collectively self-
propel for on-demand cargo delivery.?> Looking forward, the integration of multifunctionality,

versatility, and adaptivity of cell membranes with the smart behavior of natural micromotors and



the efficient propulsion of synthetic micromotors, will create powerful biohybrid systems with
expanded capabilities towards diverse in-vitro and in-vivo operations. Such developments of
biomimetic micromotors require close collaborative efforts among researchers from different
disciplines. The new capabilities of cell membrane-functionalized micromotors are expected to

advance the fields of micromotors and nanomedicine.

Algae are a diverse group of photosynthetic organisms that live primarily in freshwater and
marine environments. They are high in photosynthetic pigments like chlorophyll, which can trap
light energy from the sun, convert it to chemical energy, and store it as photosynthesis products.
These organisms are thought to be among the fastest-growing creatures due to their highly efficient
photosynthesis. As a result, algae are abundant in nature and are regarded as a significant source
of free oxygen in the atmosphere. Microalgae are currently gaining popularity due to their
extensive application potential in the renewable energy, food production, and healthcare industries.
Microalgae's distinct morphological characteristics and easily functionalized surfaces enable the
attachment of diagnostic or therapeutic agents to their surfaces, making them promising candidates

for the development of novel biochemical probes, drug carriers, or biomedical scaffolds.

In the Chapter 2, a thorough discussion of algae-based biohybrid microrobots, ranging from
design, fabrication, and applications, will be presented. To achieve the goal, we take a critical look
at the existing algae-based technology and highlight the foundation of algae-based biohybrid
microrobots from three aspects: inherent properties of microalgae, functionalization of microalgae
to form biohybrid systems, and versatile applications using as-fabricated biohybrid microrobots
(Fig. 1.1). First, we explain the locomotion modalities of the algae in order to provide an

understanding of motility and actuation in the microscopic world. Next, we critically review the



desired properties of the artificial constructs and the approaches used to integrate them into the
microorganisms. Finally, we describe the important biohybrid microrobot designs used in
biomedical and environmental applications and discuss key challenges for improving the concept

of biohybrid microrobots.

I \ I

Movement PhototaXIs

\
S

Drug delivery Environmental remediation

Figure 1.1 Fundamental of microalgae-based micromotors.



1.3 Blood cell-based biohybrid microrobots

Combining the advantages of the dynamic movement of synthetic motors with the
versatility and unique biological functions of natural cells leads to cell-like micromotors that
enable new opportunities for overcoming many obstacles that synthetic motors currently face in
numerous biomedical operations.!” By taking inspiration from nature, essential biological
functions of natural blood cells, such as immune stealth, faithful antigen presentation, cell- or
tissue-specific targeting, and selective binding with bacterial toxins or pathogens, can thus be
harnessed and imparted to mobile synthetic microsystems. Cell membrane coating also represents
a powerful top-down approach for replicating complex protein profiles and biological functions of
host cell membrane that are otherwise impractical to achieve with bottom-up synthetic approaches.
The cell membrane-synthetic motor coupling results in novel active biocompatible devices,
offering synergistic functionalities and new capabilities for a broad range of applications. In

particular, recent attention has been given to cell membrane-functionalized micromotors.

In this Chapter 3, the preparation, unique capabilities, and advantages of biomimetic
micromotors will be discussed by leveraging the attractive properties of whole cell and cell
membrane-derived biomaterials and dynamic synthetic micromotors. Cellular membranes play
crucial roles in the interface of cells with their complex surrounding biological environment.?® The
use of natural cell membranes to functionalize micromotors has been shown recently to address
major barriers (e.g., biofouling) that hinder in vivo operations of synthetic motors while rendering
them with a wide range of new properties and unique capabilities that greatly enhance their
performance in biological systems. For instance, the cell membrane-functionalized micromotors

can achieve prolonged propulsion in complex biofluids and efficient neutralization of harmful



agents through the cell membrane receptors. This new class of biomimetic microscale motors thus
combines the merits of synthetic motors with those of natural cell membranes. The diversity of
different types of cell membranes and their associated biological functionalities enables the
development of numerous biomimetic micromotor platforms with broad applicability. The
judicious coupling of these different types of cell membranes with various types of synthetic
micromotors has shown robust utility, including active and targeted drug delivery,
biodetoxification, immune modulation, and photothermal therapy (Fig. 1.2). As a result, the cell
membrane functionalization bestows artificial motors with superb biocompatibility that enables
the advancement of micromotor research from laboratory test-tubes to whole living systems. These
developments, unique capabilities, and representative applications of cell membrane-
functionalized micromotors are reviewed in the following sections, along with the discussion on

prospects and new opportunities.
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Figure 1.2 Cell membrane-functionalized micromotors for biomedical applications. Schematic
illustration of a wide range of synthetic micromotors based on different propulsion mechanisms
(inner) that are functionalized with various types of cell membranes (middle) for a variety of
biomedical applications, including drug delivery, detoxification, immune modulation, and
phototherapy (outer).
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Chapter 2. Microalgae-based Biohybrid Microrobots

2.1 Microalgae microrobots for drug delivery to infected lung

2.1.1 Introduction

The potential of micro-/nanorobots for biomedical applications has been extensively
explored over the last decade’=. Although early microrobot designs, consisting primarily of rigid
metallic or polymeric structures, allowed for various in vitro applications, novel platforms based
on biocompatible and deformable materials have offered some unique advantages towards in vivo
operations, including improved drug delivery, deep-tissue imaging and precision microsurgery*°.
The in vivo application of these microrobots has typically been restricted due to limitations in the
availability of natural fuels, accessibility to certain organs and tissues, and potential toxicity.
Biodegradable zinc- and magnesium-based microrobots have been used for drug delivery in the
gastrointestinal tract’®. Magnetically powered microrobots have demonstrated deep penetration in
the vitreous humour6 and actuation in the peritoneal cavity®°. Achieving active propulsion in
other body locations is difficult, but if successful, would offer unprecedented benefits for the

treatment of important diseases.

Here we report a bioinspired microrobot platform consisting of nanoparticle (NP)-modified
algae for active therapeutic delivery to treat lung disease. Biohybrid microrobots, which combine
the motility of natural organisms with the multifunctionality of synthetic components, have
recently been studied as an alternative to purely synthetic microrobots**?. For instance,
Magnetococcus marinus, which swims along local magnetic fields and towards low oxygen

concentrations, were used for transporting drugs into hypoxic tumor regions®3. The natural

10



movement of sperm has been leveraged to construct hybrid microrobots with distinct advantages
towards assisted fertilization'®. In our design, we create a biohybrid microrobot consisting of
Chlamydomonas reinhardtii microalgae modified with neutrophil membrane-coated and drug-
loaded polymeric nanoparticles (denoted as ‘algae-NP-robot”) for the in vivo treatment of lung
infection (Fig. 2.1a). C. reinhardtii-based microswimmers have been recently used as the
microcarriers of synthetic cargo, demonstrating efficient movement and biocompatibility*>16,
They can be facilely cultured and offer self-propulsion based on flagella beating (>110 um s %),
intrinsic autofluorescence, phototactic guidance and a long lifespan’. Neutrophil membrane-
coated NPs are used because of their unique cell-mimicking properties, including shielding
payloads from biological environments, reducing immune clearance and enabling specific binding
with target pathogens'®. The unique properties of natural algae are combined with the engineering
versatility of biomimetic NPs to yield a hybrid microrobot platform capable of active drug delivery.
Among the numerous applicable conditions, we choose to first test the algae-NP-robot for in vivo
antibiotic delivery to treat bacterial lung infections. Specifically, ventilator-associated pneumonia
(VAP) is an acute and potentially fatal infection characterized by onset 48 h after the initiation of
mechanical ventilation in intensive care unit (ICU) settings'®. VAP represents one of the most
common infections among hospital patients, affecting between 10% and 25% of those who are
intubated®, resulting in considerable mortality, prolonged ICU stays and an increased number of
days on ventilation?*?%, Multidrug-resistant pathogens such as Pseudomonas aeruginosa are
becoming increasingly prevalent as antibiotics continue to be indiscriminately used and with
waning effectiveness®*. We hypothesized that pulmonary antibiotic delivery efficiency could
benefit from the deep tissue penetration and prolonged drug retention enabled by the algae-NP-

robot system in an experimental model of VAP.
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To transform microalgae into algae-NP-robot, we first modified the algal surface with
azido N-hydroxysuccinimide (NHS) ester>>28, followed by conjugation with dibenzocyclooctyne
(DBCO)-modified neutrophil membrane-coated polymeric NPs via click chemistry (Fig. 2.1b).
This type of reaction has been used to modify cells for a number of applications?’°. The motion
and cargo-carrying behavior of the resulting algae-NP-robot in simulated lung fluid (SLF),
combined with their uniform distribution, effective inhibition of macrophage phagocytosis and
prolonged retention in lung tissue, is verified and highlights the considerable promise of the
platform for in vivo drug delivery. Additionally, the therapeutic efficacy and safety of the drug-

loaded algae-NP-robot are demonstrated using a murine model of P. aeruginosa lung infection.

2.1.2 Preparation of algae-NP-robot

C. reinhardtii algae were cultivated in a Tris-acetate-phosphate (TAP) medium. For further
modification, the algae were conjugated with azido-PEG4-NHS ester, which reacts with primary
amines on the algal surface. The algae functionalization was confirmed, and negligible cytotoxicity
was observed. We then fabricated neutrophil membrane-coated poly(lactic-co-glycolic acid)
(PLGA) NPs® for use as a therapeutic payload. For visualization, the hydrophobic dyes 1,1°-
dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil) and 3,3’-
dioctadecyloxacarbocyanine perchlorate (DiO) were loaded into the PLGA cores and neutrophil
membranes, respectively. The overlap of both fluorescence signals indicated the successful
association of the two components (Fig. 2.1c). The NPs were further characterized by dynamic
light scattering, transmission electron microscopy (TEM) and immunostaining, verifying their

core—shell structure and right-side-out membrane orientation. The surface of the NPs was further
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reacted with DBCO-PEG4-NHS ester, and successful modification was qualitatively confirmed
by fluorescence microscopy using an azide-functionalized dye. Conjugation to the algal surface
was achieved through click chemistry by incubating the azido-modified algae with DBCO-
modified NPs. Scanning electron microscopy (SEM) imaging confirmed the formation of NP-
modified algae (Fig. 2.1d). By optimizing the NP input concentration, 91.2% of the algae
population could be conjugated with NPs (Fig. 2.1e). Fluorescence microscopy was used to
confirm that the NPs were firmly attached to the algal surface after multiple washing steps (Fig.

2.1f,9).
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Figure 2.1 Preparation and structural characterization of the algae—nanoparticle hybrid microrobot
(denoted as ‘algae-NP-robot”). a, Schematic depicting the use of algae-NP-robot for the treatment
of a bacterial lung infection. C. reinhardtii algae is modified with drug-loaded NPs and then
administered in vivo for the treatment of P. aeruginosa lung infection. The NP consists of a
neutrophil membrane-coated PLGA core. b, Schematic of the functionalization of C. reinhardtii
with drug-loaded NP using click chemistry. c, Bright-field (BF) and fluorescent images of the NP,
in which the PLGA cores are labelled with DiO (green colour) and the neutrophil membranes are
labelled with Dil (red colour). Scale bar, 1 um. d, Pseudo-coloured SEM images of an unmodified
algae (left) and an algae-NP-robot (right). Scale bar, 2 um. e, Flow cytometry analysis of algae
before (left) and after (right) functionalization with DiO-labelled NPs. f, BF and fluorescent
images of algae-NP-robot. Autofluorescence of natural algae chloroplast in the Cy5 channel; DiO-
labelled PLGA cores in the GFP channel; Dil-labelled cell membranes in the RFP channel. Scale
bar, 20 um. g, Merged images from f. Cy5 and GFP channels (left); GFP and RFP channels
(centre); all the three channels (right). Scale bar, 20 um. In ¢, f and g, independent experiments
were performed (n = 3) with similar results.

Algae (Cy5)

14



2.1.3 Motion behaviour of algae-NP-robot

The speed of algae-NP-robot (104.6 + 11.2 pm s %) was similar to that of bare algae (115.5
+ 11.8 um s%) in TAP medium at 22 <C, suggesting that NP coupling had a negligible effect on
algal motility. As we sought to leverage algae-NP-robot for deep lung delivery, propulsion
characteristics in SLF®! were first evaluated. The motion behaviour of bare algae at room
temperature (RT, 22 <C) and at body temperature (BT, 37 <C) in SLF was compared (Fig. 2.2a-c).
The bare algae maintained a steady speed of ~115 pm st (11.5 body lengths per second) over 1 h
at RT but displayed a gradual decrease in speed from ~101 to ~55 um s! at BT, indicating that
higher temperatures could impact algal motion®. The growth rate of bare algae was monitored at
both temperatures, and an inhibition of growth was observed at BT, Algae-NP-robot
demonstrated similar trends in their motion (Fig. 2.2d—f). To mimic the elevated BT of patients
with VAP, an additional test was carried out at 40 <C, and no significant differences were observed
compared with algae-NP-robot at BT. Figure 2.2g-I shows the representative tracking trajectories
of individual algae-NP-robot over 0, 1 and 2 s intervals and the corresponding mean speed
distribution in SLF at different operation times at BT. It is important to note that 95% of the algae
remained viable after 1 h of motion in SLF, reflecting the good adaptivity of algae under these
conditions. At longer timepoints of 12 and 24 h, approximately 85% and 60% of the algae-NP-
robot, respectively, remained motile when exposed to SLF in the dark at BT; this percentage
further decreased to less than 20% after 48 h of exposure. Algae-NP-robot did not exert
cytotoxicity when incubated with different cell types, and their capacity for phototaxis was
unaffected. Overall, these results demonstrate that modification with NPs has a negligible effect
on the intrinsic motion behaviour of algae, allowing algae-NP-robot to be employed as an active
delivery platform in physiological conditions.
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Figure 2.2 Motion behaviour of algae-NP-robot. a—f, Comparison of the speed of bare algae (a
and b) and algae-NP-robot (d and e) in simulated lung fluid (SLF) at room temperature (22 °C),
body temperature (37 °C) and elevated body temperature (40 °C) (blue, red and green bars,
respectively) (n = 6; mean + standard deviation (s.d.)). Optical tracking trajectories of the motion
of bare algae (c) and algae-NP-robot (f) in SLF at 37 °C over 1 s (obtained at 0, 15 and 60 min:
red, yellow and orange, respectively). g—I, Representative trajectories (g, i and k) corresponding
to 0, 1 and 2 s, respectively, and mean speed distribution (h, j and I) of algae-NP-robot in SLF at
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2.1.4 In vivo distribution, retention and clearance in the lungs

The lung distribution of algae-NP-robot was examined after intratracheal administration®,
Leveraging autofluorescence from the algae’s chloroplasts, the distribution was visualized by ex
vivo fluorescence imaging of the excised lungs at various timepoints (Fig. 2.3a). Fluorescence
from the algae-NP-robot permeated throughout the lung tissue within 1 h, and the strong signal
was retained for at least 24 h. In contrast, NP-modified deflagellated algae (denoted as ‘static
algae-NP’), incapable of moving, were characterized by SEM and used as a control. The signal of
static algae-NP sharply decreased within 4 h and nearly disappeared after 12 h, highlighting the
role of active motion in promoting robust lung distribution and retention. To quantitatively
compare algal retention, we homogenized the lungs and measured the fluorescence intensity. The
total fluorescence of the algae-NP-robot slowly decreased over the course of 72 h and was
significantly higher than that of the static algae-NP up to 48 h. After 72 h, the fluorescence intensity
returned to near the baseline for both groups. The normalized fluorescence data further verified
the slower clearance of algae-NP-robot, as 86% and 65% of the original signal were present at 4
and 24 h, respectively (Fig. 2.3b). In comparison, static algae-NP exhibited greatly reduced signals,
with 24% and 8% remaining at 4 and 12 h, respectively. Overall, these data indicate that the motion

behaviour of algae-NP-robot greatly improved their lung retention.

To better understand the greatly reduced clearance of algae-NP-robot compared with static
algae-NP, we sought to elucidate the potential role of macrophages, an abundant cell population
in the lung alveoli capable of clearing exogenous species by phagocytosis®. Algae-NP-robot and
static algae-NP were mixed with murine J774 macrophages at a 1:1 ratio and incubated at 37 <C

in the dark. Figure 2.3c displays the different stages of the algae-NP-robot phagocytosis by
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macrophages. Algae-NP-robot showed strong autofluorescence from the algae before binding and
on contacting the macrophage (0 min). After being taken up by the macrophages via phagocytosis,
the algae-NP-robot was gradually degraded, as indicated by a progressive decrease in
autofluorescence (15-75 min). By counting the numbers of unbound algae-NP-robot and
macrophages at different timepoints, the uptake of algae-NP-robot over time was quantified. As
shown in Fig. 2.3d, static algae-NP were internalized significantly faster than their active
counterparts, indicating that active motion facilitates escape from macrophage uptake. A cryo-
treated algae-NP-robot, incapable of moving, was also taken up faster by macrophages compared
with algae-NP-robot, confirming that the physical presence of flagella is not a major factor in the
inhibition of phagocytosis. Quantification of the total fluorescence intensity showed that the signal
of the algae-NP-robot was consistently higher than that of the static control during 72 h of
incubation. Compared with the uptake profiles (Fig. 2.3d), the relative fluorescence profiles of the
algae were reversed (Fig. 2.3e). It should be noted that the optical absorbance and fluorescence of
the algae-NP-robot without the macrophages was constant, further supporting that macrophage

phagocytosis was an important reason for the observed lung-clearance kinetics.

To better understand the clearance mechanism in vivo, flow cytometry analysis of the
macrophage uptake was performed at different timepoints after intratracheal administration in
mice (Fig. 2.3f,g). A minimal uptake of algae-NP-robot by alveolar macrophages was observed
within the first 12 h, and a large increase of uptake was observed at 48 h. In comparison,
approximately 20% of the macrophages were positive for static algae-NP uptake after only 1 h,
with the uptake peaking at 4 h post-administration before decreasing at later timepoints. The
decreased signal is attributed to the degradation of algae after uptake, which destroys their
autofluorescence (Fig. 2.3c). These results indicate that alveolar macrophage uptake is a major
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clearance mechanism for algae in the lungs. The delayed in vivo uptake of the algae-NP-robot by
alveolar macrophages corroborates the in vitro findings and could explain the enhanced lung

retention that was observed.
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Figure 2.3 Lung distribution of algae-NP-robot. a, Ex vivo fluorescent imaging of lungs at various
timepoints after intratracheal administration with TAP medium, algae-NP-robot or static algae-NP
(negative control) (H, high signal; L, low signal). b, Normalized intensity per gram of tissue of
lung samples collected in a (n=3; mean+s.d.). ¢, BF and fluorescence microscopy images of
representative algae-NP-robot incubated with macrophages at various stages of their interaction.
Scale bar, 10 um. Independent experiments (n=3) were performed with similar results. d,
Macrophage phagocytosis of static algae-NP or algae-NP-robot over time (n =3; mean +s.d.). e,
Relative fluorescence intensity of algae-NP-robot or static algae-NP over time after incubation
with macrophage cells in vitro (n=3; mean +s.d.). f, Representative flow cytometry dot plots of
algae-NP-robot (left) and static algae-NP (right) uptake by alveolar macrophages (CD11c+ Siglec-
F+) at various timepoints after intratracheal administration in vivo. g, Comparison of algae-NP-
robot and static algae-NP uptake in alveolar macrophages at various timepoints after intratracheal
administration in vivo (n=3; mean + s.d.).
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2.1.5 Drug loading and in vivo antibacterial efficacy

Based on the uniform lung distribution and prolonged retention, we postulated that algae-
NP-robot may serve as an effective drug carrier for treating infection in the lower respiratory tract.
In the study, ciprofloxacin (Cip), acommon antibiotic drug used in combinational regimens against
susceptible strains of P. aeruginosa, was encapsulated into NP (denoted as ‘NP(Cip)’). The drug
loading was optimized to meet the therapeutic threshold for P. aeruginosa®. The same method as
before was used to fabricate algae conjugated with the drug-loaded NPs (denoted as ‘algae-
NP(Cip)-robot’). We then evaluated the Cip loading yield onto the algae (Fig. 2.4a). Using a
constant drug input, the total amount of Cip loaded increased linearly with algae number up to
approximately 4 =107 algae and then slowly saturated. The formulation consisting of 6 pg Cip
loaded onto 4 <107 algae was thus selected for subsequent in vitro and in vivo studies. Similar to
NP(Cip), algae-NP(Cip)-robot demonstrated an initial burst release of drug over the initial 20 h,
followed by a slow release up to 96% by 72 h (Fig. 2.4b). The minimal inhibitory concentration
against P. aeruginosa was then evaluated. Bacterial growth was inhibited at a Cip concentration of
62.5 ng mI™* for all the groups (Fig. 2.4c), consistent with what has been previously reported®’.
Figure 2.4d shows the enumerated bacterial colony-forming units (CFU) after treatment with
algae-NP(Cip)-robot and with other controls, enabling us to establish the minimal bactericidal
concentration. Algae-NP(Cip)-robot had a comparable inhibitory efficacy to free Cip, and the
minimal bactericidal concentration of both was determined to be 125 ng mi™*. Bare algae and NPs
had negligible effects on the bacteria, supporting the fact that the inhibitory efficacy of algae-
NP(Cip)-robot was solely due to the loaded Cip. An in vitro study was also performed to confirm
that the algae-NP-robot is able to bind to P. aeruginosa. After 24 h of incubation, a signal from the
Hoechst 33342-stained DNA of the bacteria co-localized with that of the Dil-labelled NPs,
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demonstrating effective binding between the two. The binding efficiency was further quantified
by the enumeration of unbound bacteria, revealing that 95% of the initial bacterial input was bound
to algae-NP-r