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Abstract

Active transport of gas molecules is critical to preserve the physiological functions of organisms.
Oxygen, as the most essential gas molecule, plays significant roles in maintaining the metabolism
and viability of cells. Herein, we report a nanomotor-based delivery system that combines the fast
propulsion of acoustically-propelled gold nanowire nanomotors (AuNW) with the high oxygen
carrying capacity of red blood cell membrane-cloaked perfluorocarbon nanoemulsions (RBC-
PFC) for active intracellular delivery of oxygen. The oxygen delivery capacity and kinetics of the
AuUNW nanomotors carrying RBC-PFC (denoted as “Motor-PFC”) are examined under ultrasound
field. Specifically, the fast movement of the Motor-PFC under an acoustic field accelerates
intracellular delivery of oxygen to J774 macrophage cells. Upon entering the cells, the oxygen
loaded in the Motor-PFC is sustainably released, which maintains the cell viability when cultured
under hypoxic conditions. The acoustically-propelled Motor-PFC leads to significantly higher cell
viability (84.4%) over a 72-hour period, compared to control samples with free RBC-PFC (44.4%)
or to passive Motor-PFC (32.7%). These results indicate that the Motor-PFC can act as an effective
delivery vehicle for active intracellular oxygen transport. While oxygen is used here as a model
gas molecule, the Motor-PFC platform can be readily expanded to the active delivery of other gas
molecules to various target cells.
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Gas molecules have essential physiological and pathological roles, impacting various
signaling and metabolic pathways. Simple gas molecules such as nitric oxide,! 2 carbon
monoxide,3 4 hydrogen sulfide,® and hydrogen® have been studied extensively. The transport
of gas molecules in appropriate amounts to corresponding tissue sites is critical for positive
health outcomes, ranging from heart protection’ and neuronal repair,8 to regulation of blood
pressure® and inflammation.1® Among a variety of gas molecules being routinely transported
during metabolism, oxygen is the most essential for life maintenance. Hypoxia, the decrease
in oxygen levels below normal physiological levels, has been shown to play a critical role in
the progression of different diseases.!! The majority of cellular activities requires energy in
the form of oxygen, and prolonged and severe hypoxia results in cell death.12 It is thus
crucial to maintain sufficient oxygen availability to cells and tissues.13 When oxygen levels
are critically low, the infusion of donated red blood cells (RBCs) is life-saving measure for
patients with significant blood loss. However, due to significant strain on available resources
and infrastructure,1 tremendous efforts have been devoted to the development of viable
alternatives to human RBCs for oxygen delivery.1% 16 Towards this goal, materials with high
oxygen solubility have been used as nano/microcarriers for effective blood circulation and
deep tissue penetration.1”: 18 In particular, perfluorocarbon (PFC)-based oxygen nanocarriers
offer many intrinsic benefits, such as high loading capacity, facile release profile, and
relative small size.1®-21 RBC membrane-coated PFC nanoemulsions (RBC-PFC) have
recently been reported as a viable candidate for blood substitutes.22 The formulated
biomimetic RBC-PFC could be stored at room temperature for several months and
demonstrated high capacity for oxygen delivery. Notably, the RBC-PFC formulation was
able to attenuate the effects of hypoxia 7n vitro and could fully resuscitate mice in a model of
hemorrhagic shock. The biomimetic surface coating of natural RBC membrane also helped
to improve biocompatibility and minimize immunogenicity. Nevertheless, by solely relying
on passive circulation and diffusion, the current delivery platforms are not able to actively
and effectively localize oxygen to ischemic tissues and hypoxic cells, resulting in suboptimal
delivery efficiency.

Over the past decade, researchers have reported on active delivery methods using nano/
micromotors, which consist of synthetic nano/microscale structures of different shapes and
materials that can convert different energy inputs into mechanical motion.23-2% The nano/

ACS Nano. Author manuscript; available in PMC 2020 October 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 3

micromotor field has been growing rapidly and has started to demonstrate great promise for
medical applications such as active delivery of therapeutic payloads, fast sensing of
important disease markers, accelerated detoxification of human fluids, and cargo-transport
towards and into cells.26-32 Specifically, acoustically-propelled nanomotors have
demonstrated major advantages for active intracellular delivery and actuation.33 34 These
nanomotors are based on gold nanowires (AuNWSs), which can display rapid propulsion
under an ultrasound (US) field.32 3536 The gold surface allows facile modification and
functionalization of the nanomotors with therapeutic payloads or specific receptors. Then,
the acoustic propulsion enables the concentration of nanomotors around target cells, their
rapid penetration through cellular membranes, continuous motor motion within the
intracellular space, and finally the active delivery of the payloads. Such acoustic propulsion
and fast cell internalization have proven useful for accelerating a variety of intracellular
processes. For example, US-powered hanomotors have been utilized for rapid intracellular
delivery of therapeutic proteins,37: 38 fast miRNA sensing inside cancer cells,3° and
enhanced siRNA delivery accelerating gene silencing.2? The capabilities demonstrated by
US-propelled nanomotors for active intracellular delivery and actuation shed light on a wide
range of potential biomedical applications. Nonetheless, most of the payloads delivered by
acoustic nanomotors have been large biomolecules, with no attention given to gas delivery.
Thus, we anticipated that combining the mobile nanomotor with an oxygen delivery
nanocarrier would lead to the active intracellular delivery of small gas molecules by
nanomotor technology.

In this work we describe a nanomotor-based gas delivery strategy for active intracellular
oxygen delivery. Our approach took advantage of the combination of the rapid acoustic
propulsion of AUNW nanomotors with the high oxygen loading capacity of RBC-PFC,
enabling oxygen delivery to the intracellular space of J774 macrophage cells and helping
maintain their viability when cultured under hypoxic conditions. Briefly, positively-charged
poly-L-lysine (PLL)-modified AuNWSs were functionalized with negatively-charged RBC-
PFC viaelectrostatic interactions; then, the resulting RBC-PFC loaded nanomotors (denoted
as Motor-PFC) were propelled under an US field and actively incorporated into J774
macrophages. Upon entering the cells, the oxygen loaded in the Motor-PFC was sustainably
released intracellularly under hypoxic culture conditions, helping to maintain the cell
viability against hypoxia. As indicated above, while different platforms have been designed
for oxygen delivery, the present active acoustic nanomotor strategy offers significant
advantages in terms of cellular penetration and intracellular delivery towards maintaining
sufficient oxygen availability to cells. This approach combines the active acoustic motor
delivery with the high oxygen-carrying capacity of synthetic PFC and the biocompatibility
of the natural cell membrane. These advantages make the Motor-PFC platform an attractive
candidate for biomedical application. While the present proof-of-concept study demonstrates
active intracellular oxygen delivery to macrophages, a variety of other versatile gas-loaded
nanocarriers could be combined with acoustic nanomotors for intracellular delivery of
different therapeutic gases.
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RESULTS AND DISCUSSION

Figure 1a schematically illustrates the stepwise surface modification of a AUNW nanomotor
for the loading of the RBC-PFC oxygen carrier. Initially, the AUNW was functionalized with
a self-assembled monolayer of 3-mercaptopropionic acid (MPA), introducing negatively
charged carboxyl moieties to the nanomotor surface. A positively charged poly-L-lysine
layer was then incorporated onto the AUNW/MPA surface vi/a electrostatic interaction.
Finally, the RBC-PFC, fabricated according to an early work,22 were immobilized onto the
AUNW/MPA/PLL surface by further electrostatic interaction with the outer PLL layer,
leveraging the attraction between the negatively charged RBC membrane surface and the
positively charged PLL nanomotor surface. As shown in Figure 1b, the resulting Motor-PFC
could be effectively propelled under an acoustic field and actively incorporated into J774
macrophage cells upon a 5 min US treatment. The efficient nanomotor movement under the
US field enables effective cell membrane penetration.38 Upon internalization, the Motor-
PFC released the dissolved oxygen under hypoxic culture conditions. The efficiency of the
active nanomotor-assisted oxygen delivery could be visualized directly by using fluorescent
microscopy. Image-iT Green hypoxia reagent-labelled cells remained nonfluorescent
following a 72 h incubation, confirming the oxygen release and prolonged maintenance of
the cell viability (Figure 1c, left). In contrast, without the Motor-PFC treatment, the cell
displayed a bright fluorescent color, reflecting the significant amount of accumulated
hypoxic stress (Figure 1c, right).

The RBC-PFC nanoemulsion formulation is based on the one described earlier with small
modifications.22 The resulting RBC-PFC nanoemulsions have a diameter of ~170 nm. To
gain further insights into the morphology and integrity of the RBC-PFC nanoemulsion, we
performed confocal fluorescence imaging of dual-labeled RBC-PFC nanoemulsions (Figure
2a). Scanning electron microscopy (SEM) was carried out to characterize the structural
morphology of the Motor-PFC. The SEM imaging (Figure 2b, left) showed that RBC-PFC
was bound onto the structure of a AUNW that was 2 pm in length and 400 nm in diameter.
Energy-dispersive X-ray (EDX) spectroscopy mapping analysis was also conducted, (Figure
2b) confirming the presence of gold (Au), sulfur (S), phosphorus (P), and fluorine (F),
corresponding to the nanomotor core, MPA coating, RBC membrane, and PFC, respectively.
To further characterize the efficient RBC-PFC immobilization onto the surface of the AUNW
nanomotors, RBC membrane was labeled with the fluorescent dye 1,1”-dioctadecyl-3,3,3,
3’-tetramethylindodicarbocyanine (DiD) before immobilization onto the AUNW/MPA/PLL
nanomotors. Figure 2c shows bright-field, fluorescent (Cy5 channel), and merged images of
a group of Motor-PFC (from left to right, respectively). The microscopy images
demonstrated the successful immobilization of the DiD-labeled RBC-PFC onto the surface
of the AUNW nanomotors. The stepwise surface modification of the AUNW nanomotors was
further confirmed by measuring the corresponding zeta potentials (Figure 2d). The
introduction of the MPA carboxyl layer was confirmed by the change to a more negative zeta
potential value (from —=10.4 mV to -25.7 mV). The following modifications with the
positively charged PLL and negatively charged RBC-PFC layers were also confirmed by the
corresponding zeta potential values (18.1 and —30.1 mV, respectively). The zeta potential
value obtained from the resulting Motor-PFC was nearly identical to that observed for RBC-
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PFC alone, used as a positive control. These results were in agreement with a previous study
on RBC membrane-coated PFC cores.22 The loading capability of RBC-PFC on AuNWs
was evaluated using different amounts of nanomotors (Figure 2e). Samples containing
different amounts of nanomotors were incubated with 1 mg/mL of RBC-PFC solution for 1
h, and then the protein content from RBC membrane was calculated. The results
demonstrated a gradual protein increase that correlated with the number of nanomotors,
from 0.67 pg to 6.5 pg of protein for AUNW nanomotors at concentrations of 6.5 x 104/mL
and 5.2 x 10%/mL of, respectively.

Next, we characterized the propulsion of Motor-PFC in water under an acoustic field. The
propulsion performance of the Motor-PFC was compared to that of the unmodified AUNWSs
(without RBC-PFC) at different ultrasound voltages. The histogram shown in Figure 3a
displays the increase of the average Motor-PFC speed from 28.5 pm/s at 2 V, to 49.8 um/s at
4V, to 73.5 um/s at 6 V. The bare nanomotors displayed overall higher average speeds (53.0,
77.8,and 107.8 um/s at 2, 4, and 6 V, respectively). The slight speed decrease observed with
the Motor-PFC was attributed to the acoustic streaming change around the nanomotor after
binding with the RBC-PFC. In low Reynolds number fluid under ultrasound field, the
motion of nanomotor is dominated by the Stokes law.3 The acoustic driving force equals to
the Stokes drag force, which can be calculated from the following equation:

2anLU

Fdriving = Fstokes = In(L/a) — 0.5 @

Where 7 is the viscosity coefficient, L and a are the length and radius of Motor-PFC,
respectively, and U is the velocity of the motor under ultrasound (6V, 2.66Hz). When RBC-
PFC attached to the AuNW, the radius of the Motor-PFC increased to about 350 nm
compared to 200 nm of the bare motor. Therefore, as expected from Equation (1), the speed
of the Motor-PFC decreased compared to the bare motor under the same acoustic pressure.

Despite the small effect that the loaded RBC-PFC has on the nanomotor propulsion, the
movement of the Motor-PFC provided sufficient thrust for effective penetration through the
cell membrane for further internalization and delivery of oxygen molecules, as it will be
illustrated below. Figure 3b shows representative tracking trajectories of individual Motor-
PFC at the different studied voltages within a 1 s interval in water. In accordance to earlier
observations, the distance and speed increased dramatically with applied voltage (more than
doubling between 2 and 6 V).

The binding stability of the RBC-PFC on the AuNWs after acoustic propulsion was then
evaluated (Figure 3c). For this study, DiD-labeled RBC (red) and BODIPY-labeled PFC
(green), prepared as in a previous study,22 were used for nanomotor modification.
Microscopic optical and fluorescent images of Motor-PFC before and after applying the
acoustic field (top and bottom rows, respectively) were taken. The merged fluorescence
images displayed in the top row demonstrate the binding of RBC-PFC onto the AUNW
nanomotors (Figure 3c top, in orange). The Motor-PFC was then allowed to propel in water
for 5 min under an acoustic field (6 V and 2.66 Hz). The fluorescent and overlay images
(Figure 3c bottom, in orange) demonstrate that the RBC-PFC remained stable on the
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nanomotor surface following acoustic propulsion, verifying the good stability of the system,
as desired for its application for intracellular oxygen delivery.

We further examined the oxygen delivery capacity and kinetics of the Motor-PFC by
following our previously reported protocol.22 Specifically, a volume of water was first
deoxygenated by nitrogen purging, and various samples were injected into the closed
system. The corresponding dissolved oxygen (DO) levels were monitored over time (Figure
4a). We first evaluated the oxygen release profiles in the absence of an US field. Owing to
the high oxygen loading capacity of PFC, Motor-PFC presented similar DO kinetics
compared with RBC-PFC (1.7 mg/L) when normalized to the same RBC-PFC content
(Figure 4a, empty red circles versus empty blue triangles). Based on this oxygen saturated
value, we calculated the total loading capacity of our Motor-PFC to be 0.4 pg/motor. In
contrast, bare motors displayed a basal level of oxygen release, which was similar to the
regular water control (0.7 mg/L), due to the lack of any oxygen loading (Figure 4a, empty
purple diamonds). Subsequently, we examined whether the DO kinetics of Motor-PFC could
be expedited by applying an US field. Interestingly, the Motor-PFC demonstrated a faster
oxygen release pattern under US, reflecting the impact of nanomotor motion in promoting
fast mass exchange with the surrounding environment (Figure 4a, red circles). Not
surprisingly, in the absence of nanomotor propulsion, free RBC-PFC (not bound to AUNWS)
exposed to the US field did not display accelerated DO kinetics (Figure 4a, full blue
triangles). On the other hand, despite the fast propulsion of bare AUNWSs under the US field,
minimal oxygen release was observed under these conditions due to the absence of the RBC-
PFC oxygen reservoir (Figure 4a, purple diamonds). We also quantified the time required to
reach kinetic equilibrium in each condition (Figure 4b). Here, we define equilibrium as the
state when the level of dissolved oxygen reaches a plateau with no further increase.
Similarly, we define the time to equilibrium as the time taken to reach such plateau. US-
propelled Motor-PFC reached the kinetic equilibrium within 40 s, while more than 80 s were
needed under static conditions. Moreover, we compared the DO levels of each sample in the
first 40 s, which clearly demonstrated that Motor-PFC under US showed the highest DO
level and the most favorable release profile at each examined timepoint (Figure 4c).

Furthermore, we found that the oxygen delivery profiles could be finely manipulated by
adjusting the US voltage, as shown in Figure 4d. Specifically, by increasing the applied US
voltage, the oxygen could be released into the environment in a faster manner. With the
Motor-PFC, it only took 40 s for oxygen levels to reach equilibrium using a 6 V' US field,
compared to 56 and 72 s for under 4 and 2 V fields, respectively (Figure 4e). In terms of DO
levels, Motor-PFC under 6 V US outperformed the hanomotor under lower voltages at each
timepoint (Figure 4f). Overall, these results highlight the essential roles of the RBC-PFC and
the US propulsion in the hybrid nanomotor system, with the RBC-PFC offering high oxygen
loading while the AUNW nanomotors accelerating the oxygen transport and release.
Furthermore, these data also demonstrate that the oxygen release rate can be controlled by
tuning the US voltage.

After validating the oxygen delivery capability of Motor-PFC bestowed by the synergistic
effects of both components (RBC-PFC and US-propelled AUNW), we assessed the ability of
this dynamic nanomotor system for intracellular oxygen delivery into hypoxic cells. Murine
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J774 macrophages were selected for this study due to their ability to be cultured in
suspension, which helps to increase motor-cell contacts and facilitate penetration by US-
powered Motor-PFC through the cell membrane and subsequent intracellular oxygen
delivery. More importantly, macrophages have high sensitivity to oxygen and prompt
response to hypoxia, which has been well characterized by their significant biological
functions against inflammation and relationships with tumor growth.#1: 42 In the present
experimental setup, the Motor-PFC was first brought to a levitation plane by the acoustic
radiation force exerted on the nanowire motor.43 After levitation, the local acoustic
streaming effects arising from the shape asymmetric property of AUNWSs can lead to the
small amplitude oscillation in a standing wave which is translated into motion of Motor-PFC
in a direction perpendicular to the acoustic wave.** The motion of Motor-PFC provides
thrust towards the cell and the driving force contributes to the active macrophage penetration
and internalization.

First, we evaluated the US-driven intracellular oxygen delivery to cells under hypoxic
conditions (Figure 5). Specifically, J774 cells were suspended at 4 million cells/mL,
followed by the addition of Motor-PFC. Then, the cell/nanomotor suspension was exposed
to the US field for 5 min. During the treatment, the ultrasound field provided energy for the
Motor-PFC propulsion generating the force beneficial for cell poration. The driving force of
the US-powered Motor-PFC can be estimated to be around 2.1pN based on equation (1).
After the application of the US field, we tested the viability of the motor-treated cells by a
cell proliferation assay and compared it to that of the untreated cells over a given time
period, observing minimal difference between the two groups (data not shown). The cells
were washed extensively to remove all unbound nanomotors, leaving only the internalized
nanomotors for analysis. The ultimate proof for the effective penetration through the cell
membrane and subsequent internalization of Motor-PFC into J774 cells has been
demonstrated by optical imaging (Figure 5a). For example, the optical image on the left
shows clearly that the US-propulsion greatly enhances the Motor-PFC penetration and
internalization into J774 cells, as indicated from the presence of several Motor-PFC within
the cell. The image was taken right after performing the ultrasound treatment for 5 min. In
contrast, no nanomotors were found in J774 cells treated with the same motors but in the
absence of ultrasound (Figure 5a right panel), as expected from the short treatment time (5
min).

The cells were then cultured under hypoxic conditions for varying amounts of time (/.e. 24,
48, 72 h), and the effects on cell viability were assessed by a MTS cell viability assay.
Notably, the active Motor-PFC was capable of preserving cell viability even after long
periods of hypoxia induction, with near 85% cell recovery throughout the study (Figure 5b,
red line). In contrast, only ~30-40% cell recovery was observed over a 72-h period for all
control groups, including the RBC-PFC under US (/.e. without the AUNW carrier). We
attributed the benefits (85% cell recovery) of the US-driven Motor-PFC system to the
sustained oxygen release from the internalized nanomotors. Under hypoxic conditions, the
nanomotors localizing in the cytoplasm could release sufficient oxygen to mitigate the
negative effects. In contrast, without applying the US field, most of the Motor-PFC in
suspension would be removed, leading to an inability to maintain the cell viability. In
contrast, RBC-PFC is not able to achieve such restoration efficiency since it could not
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effectively penetrate the plasma membrane. Only a small portion of RBC-PFC was attached
to the cells during the US treatment, resulting in slightly improved cell viability. Although
bare motors could penetrate cell plasma membrane, they lacked RBC-PFC and oxygen
delivery capacity. The intracellular oxygen delivery efficiency to hypoxic cells was also
visualized fluorescently by staining the cells with a commercial detection reagent (Figure
5c¢). In general, significant fluorescent signals were observed in cells subjected to hypoxia
over time, and only the intracellular oxygen delivery by US-driven Motor-PFC resulted in
the absence of this signal. The two data sets do show good correlation: whereas cells without
any treatment present most hypoxic stress and lower the cell survival, the Motor-PFC-treated
cells demonstrate minimum hypoxic stress and best survival. Thus, the relief of hypoxia
should be the main reason for the significantly higher viability of the cells treated by Motor-
PFC under US, highlighting again the significant role of the active oxygen delivery
capability of the Motor-PFC. Finally, we evaluated the impact of Motor-PFC concentration
on the protective effects of the formulation (Figure 5d). At the highest concentration tested,
minimal reduction in cell viability was observed. Fluorescence microscopy measuring
hypoxia levels matched well with the cell viability data (Figure 5¢). It is noteworthy that the
intracellular delivery efficiency could be further optimized by increasing the loading of
RBC-PFC onto the AUNWSs or by adding more Motor-PFC to the cell suspension.

CONCLUSIONS

We have presented an effective method to actively deliver oxygen inside living cells using
US-propelled nanomotors modified with biomimetic RBC-PFC nanoemulsions. The RBC-
PFC, possessing a high oxygen loading capacity, was readily functionalized onto the
nanomotor surface without affecting the acoustic propulsion. Oxygen release kinetic studies
indicated that the US-driven Motor-PFC formulation could release oxygen significantly
faster compared to other controls (/.e. same Motor-PFC under static conditions). The oxygen
release rate could also be tuned by adjusting the ultrasound intensity. We also confirmed that
the combination of synthetic AUNW nanomotors with oxygen-carrying RBC-PFC
nanoemulsions enabled direct and efficient intracellular oxygen delivery inside J774
macrophage cells, which significantly improved cell viability. Notably, the Motor-PFC could
penetrate through the cell membrane and deliver oxygen into cells under hypoxia,
maintaining 85% cell viability after 72 h, compared to 45% with free RBC-PFC and 30%
with their static counterparts. Such motor-based oxygen delivery could also be used to target
other cell types, such as tumor cells for therapeutic purposes like photodynamic therapy and
cardiac muscle cells for myocardial oxygen consumption. While this nanomotor-based
intracellular delivery platform is still in its early stage and future system optimization is
needed before leveraging this delivery strategy into clinical settings, this proof-of-concept
work clearly demonstrates the advantages of the nanomotor-based system for in vitro
intracellular oxygen delivery. Future studies will aim at optimizing this nanomotor-based
oxygen delivery system towards application at local hypoxic tissue sites. Meanwhile, these
findings demonstrate that Motor-PFC can act as a powerful oxygen delivery vehicle with
considerable promise for future therapeutic applications. While oxygen was selected here as
a model gas molecule, we anticipate that this work will encourage the nanomotor-based
dynamic intracellular delivery of other therapeutic gas molecules towards diverse biomedical
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applications. By reducing the size of the AUNW motors, switching to other biocompatible
motor systems or discovering alternative active delivery mechanisms, we envision it is
possible to design advanced motor systems for oxygen delivery in more practical scenarios.

MATERIALS AND METHODS

Reagents and materials

Polycarbonate (PC) membranes (400 nm pore size) were supplied from Whatman (cat. No.
110407). Gold and silver-plating solutions (Orotemp 24 RTU RACK and 1025 RTU at 4.5
Troy/gallon) were purchased from Technic Inc. (Anaheim, CA). 3-mercaptopropionic acid
(MPA), poly-L-lysine (PLL) and PFC (perfluorooctyl bromide) were purchased from Sigma-
Aldrich. Methylene chloride (HPLC grade) was obtained from Fisher Scientific. Human O-
positive RBCs were obtained from the San Diego Blood Bank. DiD (1,1’-dioctadecyl-3,3,3’,
3’-tetramethylindodicarbocyanine perchlorate) and Image-iT Green hypoxia reagent were
obtained from Invitrogen. BODIPY PFC staining dye was synthesized using a previous
reported approach.® J774 macrophages (TIB-67; American Type Culture Collection) were
maintained in Dulbecco’s modified Eagle medium (HyClone) supplemented with 10% fetal
bovine serum (HyClone) and 1% penicillin-streptomycin (Gibco). CellTiter AQeous One
Solution cell proliferation assay was obtained from Promega.

Preparation of AUNW nanomotor

The AuUNW nanomotors were fabricated by a template-assisted electrodeposition method. A
400-nm diameter porous PC membrane was first sputtered with a thin layer of gold. The
membrane was then assembled in a Teflon plating cell and served as a working electrode
using aluminum foil as an electrical contact for subsequent electrodeposition. A thin
sacrificial silver layer was initially electrodeposited into the PC membrane using a charge of
0.1 C and a potential of —0.9 V (versus Ag/AgCl reference electrode, and a Pt wire as a
counter electrode). Then, Au was electroplated using a gold plating solution at —1 V (versus
Ag/AgCl) with a charge of 2 C. The sputtered gold layer was removed by mechanical
polishing with cotton tip applicators soaked with 3—4 um aluminate powder. The silver
sacrificial layer was then removed by a quick chemical etching using 8 M HNOj3 solution.
The removal of this sacrificial layer helped to form the concave shape in one end of the
AUNW. Subsequently, the membrane was dissolved in a pure methylene chloride solution for
30 min under vigorous shaking for complete release of the AUNWS. The resulting
nanomotors were separated from the solution by centrifugation at 4600 g for 3 min and
washed twice with isopropanol, ethanol and ultrapure water. Between each step, the
nanomotor was mixed with desired solvent and briefly sonicated to ensure the complete
dispersion in the solvent. All AuNWSs were stored in 1 mL of ultrapure water at room
temperature until use.

Preparation of RBC-PFC

RBC-PFC was prepared following a previously reported method.22 Specifically, RBC
membrane ghosts were obtained by hypotonic lysis. The RBC membrane was suspended at a
final protein concentration of 2 mg/mL. To prepare RBC-PFC, 50 pL of the PFC was mixed
with 2 mL of RBC membrane solution, followed by emulsification on ice using Fisher
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Scientific 150E Digital Sonic Dismembrator for 2 min with an on/off interval of 2 s/1 s. The
resulting RBC-PFC was centrifuged at 600 g for 5 min to remove the excess of membrane
vesicles, followed by resuspension in 1 mL of water. For fluorescent imaging of the RBC-
PFCs, dual-labeled samples were immobilized on glass slides with Tissue-Tek OCT
compound (Sakura Finetek) and visualized using an Olympus F\V1000 confocal microscope.

Preparation of Motor-PFC

Motor-PFCs were prepared by the immaobilization of the RBC-PFC onto the surface of
AUNWS. Firstly, 100 pL of AuUNWs were mixed with 5 uL of 11.5 M MPA solution and kept
stirring overnight to successfully form the self-assembly monolayer (SAM) onto the
nanomotor surface. The resulting MPA-AUNWSs were washed twice with ultrapure water and
then incubated with 100 pL of a 0.01% PLL solution for 2 h under vigorous shaking, aiming
to obtain a positively charged PLL coating on the AUNWSs. Finally, the resulting PLL-
AuUNWS were incubated with 100 L RBC-PFC at 37 °C for 1 h to obtain Motor-PFC. The
nanomotors were washed with ultrapure water between each modification step (centrifuging
at 4600 g for 3 min).

Characterization of Motor-PFC

SEM image of Motor-PFC was obtained with a Zeiss Sigma 500 scanning electron
microscope instrument using an acceleration voltage of 10 KV. EDX mapping analysis was
performed using an Oxford EDX detector attached to SEM instrument and operated by
Pathfinder software. Brightfield and fluorescent images of Motor-PFC modified with
BODIPY labeled PFC and DiD labeled RBC membrane were captured using an EVOS FL
microscope. Zeta potential measurements were conducted by a Malvern Instruments
Zetasizer Nano ZS. The RBC-PFC loading was determined by Pierce BCA protein assay kit
(Thermo Scientific).

Ultrasound equipment and propulsion studies

The acoustic cell setup consisted of a piezoelectric transducer (Ferroperm PZ26 disk 10 mm
diameter, 0.5 mm thickness) responsible for the generation of ultrasound waves, attached by
conductive epoxy glue to the bottom center of a steel plate (50 x 50 x 0.94 mm3); then the
steel plate was covered with a 240 um Kapton tape protective layer and a sample reservoir at
the center (5 mm). A glass slide was used to cover the reservoir for ultrasound reflection and
to protect the sample. The continuous ultrasound sine wave was applied viaa piezoelectric
transducer, through an Agilent 15 MHz arbitrary waveform generator, in connection to a
homemade power amplifier. All propulsion experiments were conducted by applying a
continuous sine wave form that had a frequency of 2.66 MHz and an amplitude of 2.0 V, 4.0
V or 6.0 V (voltage at the output of the function generator). Videos were captured using a
Cool SNAP HQ? camera, with 20x and 40x objectives and acquired at 10 frames per second
using the Metamorph 7.1 software (Molecular Devices, Sunnyvale, CA). The particle
displacement image stacking was performed using ImageJ software and Flow Trace Plugin.
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Dissolved oxygen kinetics

A measurement apparatus was built by a 20 mL glass vial with a foam cap, which was
sealed in place using Parafilm (Bemis). Three holes were cut into the foam cap in order to
accommodate with a syringe for nanomotor injection, an oxygen probe, and a plastic pipette
for degassing. An acoustic cell setup was attached by conductive epoxy glue to the bottom
center of the glass vial. Before the start of each experiment, 1 mL of water was added to the
vial, and purged with nitrogen to remove dissolved oxygen. When dissolved oxygen meter
was stable, 1 mL of Motor-PFC was injected into the bottom of vial under ultrasound with a
frequency of 2.66 MHz and an amplitude of 6.0 V. The control experiment (RBC-PFC or
bare motor) with ultrasound was conducted under the same conditions as Motor-PFC with
normalized concentration. The static controls, oxygen release of Motor-PFC, RBC-PFC,
bare motor and water without ultrasound were employed in the same condition. Intensity-
dependent oxygen release of Motor-PFC was conducted at various amplitudes (2.0 V, 4.0 V
and 6.0 V; keeping the frequency constant at 2.66 MHz).

Intracellular oxygen delivery

J774 cells cultured in suspension (2.5 L, containing ~10000 cells) were treated with Motor-
PFC (2.5 uL, 1.3 x 10% motors) during 5 min in the ultrasound setup (6 V, 2.66 MHz, 5 min).
The 5 min treatment time was chosen based on previous reports.38 In order to obtain enough
cells for the following studies, the US treatment was repeated multiple times (20 times) for
every control experiment, and the treated cells were combined at the very end. The resulting
cell-nanomotor suspension (~100 pL) was collected in an Eppendorf tube. After leaving
undisturbed for 5 min at room temperature, the unbound Motor-PFC was removed and the
settled cells were resuspended in 100 uL. DMEM medium. An EVOS FL microscope with
100X oil objective lens was used to image the motor internalization to the cells. 5 uL of cells
were transferred to the well of a 96-well plate containing 95 pL culturing medium. The cells
were then incubated under hypoxic conditions (1% O,/5% CO,/94% N5) in a Thermo
Scientific Forma Series 3 WJ incubator. Cells were examined at certain timepoints (/e 24 h,
48 h, 72 h) by cell viability assay and hypoxia imaging. Specifically, cell viability was
quantified using a CellTiter AQuequs One Solution cell proliferation assay (Promega)
following the manufacturer’s instructions, and cells were stained by Image-iT Green
hypoxia reagent and imaged using an EVOS FL microscope. Normoxic control cells were
incubated under normoxic conditions (20% O,/5% CO,/75% N5) in a Thermo Scientific
Heracell 150i incubator. For static control of Motor-PFC, the ultrasound treatment was
omitted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustration of a nanomotor-based active O intracellular delivery system.
(a) Loading of RBC-PFC onto AUNW nanomotor surface (Motor-PFC) along with a

schematic dissection of the preparation processes: AUNW is first modifed with 3-
mercaptopropionic acid (MPA), followed by coating with a poly-L-lysine (PLL) layer.
Preformed RBC-PFC nanoemulsions are then attached onto the outer surface of the motors
to prepare Motor-PFC. (b) Acoustically-assisted intracellular oxygen delivery to J774
macrophages by Motor-PFC, which help cells preserve appropriate oxygen level and
maintain viability in hypoxic conditions. (c) Intracellular hypoxic stress was indicated by
green fluorescence marker, whereas the cells treated by Motor-PFC maintain low hypoxic
stress. Scale bars, 100 pm.
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Figure 2. Structural characterization of Motor-PFC.
(a) Confocal fluorescence imaging of dual-labeled RBC-PFC; the RBC membrane was

labeled with DiD (red), and the PFC core was labeled with BODIPY (green). Scale bar: 500
nm. (b) Scanning electron microscopy (SEM) image of a Motor-PFC and corresponding
Energy-dispersive X-ray spectroscopy (EDX) analysis showing the distribution of Au
(yellow), S (green), P (purple) and F (orange). Scale bar, 1 um. (c) Bright-field, fluorescent
and merged images of a group of Motor-PFC; the RBC membrane was labeled with DiD to
help visualization (red). Scale bar, 10 um. (d) Zeta potential of sequential modification of
Motor-PFC (from left to right): bare AUNW, MPA-modified AUNW, PLL-modified AUNW,
RBC-PFC bound AuNW and free RBC-PFC (n=3, mean + s.d.). () Total RBC content on
different numbers of Motor-PFC, measured by lipoprotein content from RBC membrane
(n=3, mean £s.d.).
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Figure 3. Motion behavior characterization of Motor-PFC.
(a) Comparison of the speed of bare motors and Motor-PFC at different US voltages (2, 4,

and 6 V; 2.66 MHz) in water (n=3, mean £ s.d.). *p < 0.05, **p < 0.01, ***p < 0.001; t-test.
(b) Tracking trajectories of Motor-PFC at different voltages within a 1 s interval in water
(Videos S1-S3). Scale bar, 10 um. (c) Verification of the Motor-PFC integrity before (top)
and after (bottom) 5 min US propulsion (6 V, 2.66 MHz). The AUNW motor was visualized
under brightfield (BF); the RBC membrane was labeled with DiD (red) and the PFC was
labeled with BODIPY (green) for fluorescent imaging. Scale bar, 20 um.
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Figure 4. Oxygen delivery kinetics.
(a) Dissolved oxygen kinetics after the addition of oxygenated water, bare motor (with or

without US), RBC-PFC (with or without US), Motor-PFC (with or without US) into
deoxygenated water. The US field was applied at 6 V. (b) Time to reach kinetic equilibrium
of each sample indicated in (a). (c) Dissolved oxygen levels within first 40 seconds of each
sample indicated in (a). (d) Dissolved kinetics after the addition of Motor-PFC into
deoxygenated water at different US voltages. (€) Time to reach kinetic equilibrium of each
sample indicated in (d) at different US voltages. (f) Dissolved oxygen levels within first 40
second of each sample indicated in (d) at different US voltages. A constant US frequency of
2.66 MHz was used in all experiments.

ACS Nano. Author manuscript; available in PMC 2020 October 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al. Page 19

1201
2
°+‘
o - --
] === Blank - - -
-=- Bare motor + US
204 =~ RBC-PFC + US
== Motor-PFC ‘
5 == Motor-PFC + US \°
0 24 48
Time (h)

1201
- ---
8@%
NS
60— 6\& ---
,\Q
407 == 52108 /mL &
26108 /mL o
201 = 1.3x10% /mL '~°
6.5 105 /mL
0 . y
0 24 48

Time (h)

Cell Viability (%)
D
o

Cell Viability (%)

Figure5. Intracellular oxygen delivery using acoustically-propelled M otor-PFC.
(a) Motor-PFC internalization into J774 cells treated with 5 min US (left) or without US

(right); cells imaged under optical microscope. Scale bars, 5 um. (b) Viability of J774 cells
after incubation with different treatment conditions and then being subjected to hypoxia.
Cells were incubated under hypoxic conditions for 24, 48, or 72 h, and then normalized to
corresponding viability in normoxia (n=4, mean % s.d.). (c) Fluorescence microscopy of
J774 cells after incubation with different treatment conditions and then being subjected to
hypoxia. Cells were labeled with Image-iT Green hypoxia reagent (green) for visualization.
Images taken at 24, 48, and 72 h. Scale bar, 100 pm. (d) Viability of J774 cells after
incubation with Motor-PFC at different input concentrations and then being subjected to
hypoxia. Cells were incubated under hypoxic conditions for 24, 48, or 72 h, and then
normalized to corresponding viability in normoxia (n=4, mean + s.d.). (e) Fluorescence
microscopy of J774 cells after incubation with Motor-PFC at different input concentrations
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and then being subjected to hypoxia. Cells were labeled with Image-iT Green hypoxia
reagent (green) for visualization. Images taken at 24, 48, and 72 h. Scale bar, 100 um.
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