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19 SUMMARY:
20  This article describes the protocols used to produce a novel vaccine delivery platform,
21  “polybubbles,” to enable delayed burst release. Polyesters including poly(lactic-co-glycolic acid)
22  and polycaprolactone were used to form the polybubbles and small molecules and antigen were
23  used as cargo.
24
25  ABSTRACT:
26  Vaccine delivery strategies that can limit the exposure of cargo to organic solvent while enabling
27  novel release profiles are crucial for improving immunization coverage worldwide. Here, a novel
28 injectable, ultraviolet- curable and delayed burst release- enabling vaccine delivery platform
29 called polybubbles is introduced. Cargo was injected into polyester-based polybubbles that were
30 formed in 10% carboxymethycellulose -based aqueous solution. This paper includes protocols to
31 maintain spherical shape of the polybubbles and optimize cargo placement and retention to
32 maximize the amount of cargo within the polybubbles. To ensure safety, chlorinated solvent
33  content within the polybubbles were analyzed using neutron activation analysis. Release studies
34  were conducted with small molecules as cargo within the polybubble to confirm delayed burst
35 release. To further show the potential for on-demand delivery of the cargo, gold nanorods were
36  mixed within the polymer shell to enable near-infrared laser activation.
37
38 INTRODUCTION:
39 Limited immunization coverage results in the death of 3 million people specifically caused by
40  vaccine-preventable diseases!. Inadequate storage and transportation conditions lead to
41  wastage of functional vaccines and thus contribute to reduced global immunization. In addition,
42  incomplete vaccination due to not adhering to the required vaccine schedules also causes limited
43  vaccine coverage, specifically in developing countries?. Multiple visits to medical personnel are
44  required within the recommended period for receiving booster shots, thus limiting the
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percentage of population with complete vaccination. Hence, there is a need for developing novel
strategies for controlled vaccine delivery to circumvent these challenges.

Current efforts towards developing vaccine delivery technologies include emulsion-based
polymeric systems>*. However, cargo is often exposed to greater quantity of organic solvent that
can potentially cause aggregation and denaturation, specifically in the context of protein-based
cargo>®. We have developed a novel vaccine delivery platform, “polybubbles”, that can
potentially house multiple cargo compartments while minimizing the volume of cargo that is
exposed to solvent’. For example, in our polybubble core-shell platform, one cargo pocket of
diameter 0.38 mm (SEM) is injected in the center of a 1 mm polybubble. In this case, surface area
of cargo exposed to organic solvent would be approximately 0.453 mm?2. After considering the
packing density of spheres (microparticles) within a sphere (cargo depot), the actual volume of
microparticles (10 um in diameter) that could fit in the depot is 0.17 mm3. The volume of one
microparticle is 5.24x10® mm? and thus number of particles microparticles that can fit the depot
is ~3.2x108 particles. If each microparticle has 20 cargo pockets (as a result of double-emulsion)
of 0.25 um diameter, then the surface area of cargo exposed to organic solvent is 1274 mm?.
Cargo depot within the polybubble thus would have ~2800-fold less surface area exposed to
organic solvent compared to that of organic solvent-exposed cargo in microparticles. Our
polyester-based platform can thus potentially reduce the quantity of cargo exposed to organic
solvent which can otherwise cause cargo aggregation and instability.

Polybubbles are formed based on phase-separation principle where the polyester in organic
phase is injected into an aqueous solution resulting in a spherical bubble. Cargo in the aqueous
phase can then be injected in the center of the polybubble. Another cargo compartment can
potentially be achieved within the polybubble by mixing a different cargo with the polymer shell.
The polybubble at this stage will be malleable and will then be cured to result in a solid
polybubble structure with cargo in the middle. Spherical polybubbles were chosen over other
geometrical shapes to increase the cargo capacity within the polybubble while minimizing the
overall size of the polybubble. Polybubbles with cargo in the center were chosen to demonstrate
delayed burst release. Polybubbles were also incorporated with near infrared (NIR)- sensitive
(i.e., theranostic-enabling) agent, namely gold nanorods (AuNR), to cause increase in
temperature of the polybubbles. This effect could potentially facilitate faster degradation and
could be used for controlling kinetics in future applications. In this paper, we describe our
approach to form and characterize polybubbles, to achieve delayed burst release from the
polybubbles, and to incorporate AuNR within the polybubbles to cause NIR-activation.

PROTOCOL:
1. Polycaprolacyone triacrylate (PCLTA) synthesis

1.1.  Dry 3.2 mL of 400 Da polycaprolacyone (PCL) triol overnight at 50 °C in an open 200 mL
round bottom flask and K>COs in a glass vial at 90 °C.

1.2.  Mix the triol with 6.4 mL of dichloromethane (DCM) and 4.246 g of potassium carbonate
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(K2COs3) under argon.

1.3. Mix 2.72 mL of acryloyl chloride in 27.2 mL of DCM and add dropwise to the reaction
mixture in the flask over 5 min.

1.4. Cover the reaction mixture with aluminum foil and leave it undisturbed at room
temperature for 24 h under argon.

1.5.  After 24 h, filter the reaction mixture using a filter paper on a Buchner funnel under
vacuum to discard excess reagents.

1.6.  Precipitate filtrate from step 1.5 that contains the endcapped polymer in diethyl ether in
a 1:3 (vol/vol) and rotovape at 30 °C to remove the diethyl ether.

2. Formation of the polybubble

NOTE: Injecting polymer in the deionized (DI) water would cause the polybubbles to migrate to
the bottom of the vial resulting in flattened bottom. Use 10% (wt/vol) carboxymethyl cellulose
(CMC) fill the glass vial instead to avoid polybubble flattening.

2.1. Prepare 10% (wt/vol) CMC solution in DI water.

2.2.  Filla 0.92 mL glass vial with 0.8 mL of 10% CMC using a 1 mL transfer pipet.

2.3. Mix 1000 mg/mL of 14 kDa PCL in DCM and synthesize PCLTA in a 1:3 (vol/vol) for a total
volume of 200 pL or prepare 200 pL of 1000 mg/mL of 5 kDa poly (lactic-co-glycolic acid)
diacrylate (PLGADA) in chloroform.

2.4. Mix the 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator) with
the polymer (PLGADA or PCL/PCLTA) mixture in 0.005:1 (vol/vol).

2.5. Load 200 pL of polymer mixture into a 1 mL glass syringe mounted on a syringe pump that
is connected to a dispensing stainless-steel tube with an inner diameter of 0.016 inch.

2.6. Use a micromotor to control the forward and backward motion of the polymer tube to
inject polymer into the 10% CMC in the glass vial to form the polybubble.

2.7.  Cure the polybubbles under ultraviolet (UV) at 254 nm wavelength for 60 s at 2 W/cm?.

2.8. Flash freeze the polybubbles in liquid nitrogen and lyophilize overnight at 0.010 mBar
vacuum and at -85 °C.

2.9. Separate the polybubbles from the dried CMC using forceps and wash the polybubbles
with DI water to remove any residual CMC. Note that other polymers can be used likely with
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modifications to alter the release kinetics.
3. Modulation of polybubble diameter
3.1.  Filla 0.92 mL glass vial with 10% CMC using a 1 mL transfer pipet.

3.2.  Mix PCL/PCLTA in a 1:3 (vol/vol) with 1000mg/mL 14kDa PCL and synthesize PCLTA. Mix
the photoinitiator with polymer mixture in a 0.005:1 (vol/vol).

3.3. Load the polymer mixture into a 1 mL glass syringe mounted on a syringe pump that is
connected to a dispensing stainless-steel tube with an inner diameter of 0.016 inch.

3.4. Use a micromotor to control the forward and backward motion of the polymer tube to
inject polymer into the 10% CMC in the glass vial to form the polybubble.

3.5. To obtain polybubbles with various diameters, vary dispensing rate from 0.0005 to 1 pL/s.
3.6. Take images of the vial with the polybubbles with varying diameter.

3.7. Use Imagel to quantify the diameter of the polybubbles and use the size of the vial as
scale.

4, Centering cargo within polybubble
4.1. Modulation of PCL/PCLTA viscosity using K.CO3:

NOTE: Viscosity of PLGADA does not have to be modified using K,CO3z because the viscosity of 5
kDa PLAGDA at 1000 mg/mL is sufficient for centering the cargo.

4.1.1. Add K,COs (that was isolated after the PCLTA reaction) to the PCLTA at varying
concentrations including 0 mg/mL, 10 mg/mL, 20 mg/mL, 40 mg/mL, and 60 mg/mL.

4.1.2. Measure the dynamic viscosities of the solutions by changing the shear rate from 0 to
1000 1/s using rheometry.

4.1.3. Manually inject the cargo in the middle (refer to step 4.2 to prepare the cargo mixture) of
the polybubbles that were formed using the PCL/PCLTA solutions with different concentrations
of K,COs (step 4.1.1). Determine the optimal concentration of K,CO3 by observing which solution
from step 4.1.1 can result in retention of the cargo in the middle.

4.2. Centering of the cargo (already shown feasibility with small molecules) with CMC

4.2.1. Mix the cargo with 5% (wt/vol) CMC in a rotator overnight to increase the viscosity of the
cargo.
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4.2.2. Manually inject 2 pL of cargo mixture in the polybubble and proceed with UV curing at
254 nm wavelength for 60 s at 2 W/cm?.

4.2.3. Flash freeze the polybubbles in liquid nitrogen for 30 s and lyophilize overnight at 0.010
mBar vacuum and at -85 °C.

4.2.4. Separate the polybubbles from the dried CMC using forceps and wash with DI water to
remove any residual CMC.

4.2.5. Cut the polybubble in half and image the halves using confocal microscopy to ensure that
the cargo is centered (refer to step 6 for excitation and emission wavelengths used).

5. Cargo Formulation

NOTE: Polybubble formulation can house various cargo types, including small molecules,
proteins, and nucleic acids.

5.1. Based on previous studies, in the case of protein cargo, use excipients including
polyethylene glycol (PEG)®, polyvinylpyrrolidone (PVP), and glycopolymers® to improve the
stability of protein during polybubble formulation.

5.2.  Form polybubbles based on the protocol in step 2.

5.3.  Prepare the antigen solution by adding 17.11 g of trehalose to 625 pL of HIV gp120/41
antigen.

5.4. Manually inject 1 uL of antigen solution in the middle of the polybubble.

5.5.  Open polybubbles on days 0, 7, 14, and 21, and record the fluorescence of antigen with
excitation and emission wavelengths 497 nm and 520 nm, respectively.

5.6. Determine the functionality of the antigen using enzyme-linked immunosorbent assay
(ELISA) and use 5% nonfat milk as a blocking buffer.

6. Release of cargo
NOTE: Small molecule or antigen can be used as the cargo type
6.1. Small molecule

6.1.1. Incubate polybubbles with centered acriflavine in 400 pL of phosphate buffer saline (PBS)
at 37 °C, 50 °C for PLGADA polybubbles and at 37 °C, 50 °C, 70 °C for PCL/PCLTA polybubbles.
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NOTE: The reason why we recommend testing above body temperatures is to a) simulate the
temperature (50 °C) at which the polybubble reaches while lasering the gold nanorods (AuNRs)
within PCL and PLGA; and b) accelerate the degradation process of PCL (50 °C, 70 °C).

6.1.2. At each time point, collect the supernatants and replace with 400 pL of fresh PBS.

6.1.3. Use a plate reader to quantify the fluorescence intensities in the collected supernatants.
NOTE: Use ex/em of 416 nm/514 nm for acriflavine.

6.2. Antigen

6.2.1. Incubate polybubbles with centered bovine albumin serum (BSA)-488 in 400 uL of PBS at
37 °C, 50 °C for PLGADA polybubbles and at 37 °C, 50 °C for PCL/PCLTA polybubbles.

6.2.2. At each time point, collect the supernatants and replace with 400 pL fresh PBS.

6.2.3. Use a plate reader to quantify the fluorescence intensities in the collected supernatants.
Use ex/em of 497 nm/520 nm for BSA-488.

NOTE: Release study at 70 °C for PCL/PCLTA polybubbles should not be conducted to avoid
exposing the antigen to extreme temperature.

7. Toxicity
7.1. Quantifying chlorine content in polybubbles using neutron activation analysis (NAA)

7.1.1. Use polybubbles that were lyophilized for 2, 4, 6, 20, and 24 h for this study at 0.010 mBar
vacuum and at -85 °C.

7.1.2. Measure 5-9 mg of polybubbles and place them on LDPE irradiation vials.

7.1.3. Prepare 1000 g/mL of chlorine calibration solution from national institute of standards
and technology (NIST)-traceable calibration solution.

7.1.4. Use 1- megawatts Triga reactor to carry out neutron irradiations on each sample at
neutron fluence rate of 9.1 x 102 /cm?-s for 600 s.

7.1.5. Transfer the polybubbles to unirradiated vials.
7.1.6. Use HPGe detector to obtain gamma-ray spectra for 500 s after 360 s decay intervals.

7.1.7. Use NAA software by canberra Industries to analyze the data.
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7.2. Quantifying chlorine content released from polybubbles using NAA

7.2.1. Incubate polybubbles that were lyophilized overnight (at 0.010 mBar vacuum and at -85
°C) in 400 pL of PBS at 37 °C.

7.2.2. Collect the supernatants at weeks 1, 2, and 3 after incubation.

7.2.3. Analyze the supernatants for chlorine content using NAA using the same method as
described above in step 7.1.

8. AuNR Synthesis by Kittler, S., et al.?

8.1. Prepare AuNR seeding solution by mixing 250 pL of 10 mM chloroauric acid (HAuCls), 7.5
mL of 100 mM cetrimonium bromide (CTAB), and 600 puL of 10 mM ice cold sodium borohydride
(NaBH4).

8.2.  Prepare Growth solution by mixing 40 mL of 100 mM CTAB, 1.7 mL of 10 mM HAuCl,, 250
uL of silver nitrate (AgNOs), and 270 uL of 17.6 mg/mL ascorbic acid to a tube.

8.3.  Vigorously mix 420 pL of seed solution with the growth solution at 1200 rpm for 1 min.
Then leave the mixture undisturbed to react for 16 h.

8.4. Remove the excess reagents from the mixture by centrifuging at 8000 x g for 10 min and
discard the supernatant.

9. Hydrophobicization of AuNRs by Soliman, M.G., et al.®

9.1. Adjust pH of 1.5 mL of synthesized CTAB-stabilized AuNRs to 10 using 1 mM sodium
hydroxide (NaOH).

9.2.  Stir the solution with 0.1 mL of 0.3 mM methylated PEG (mPEG) thiol at 400 rpm
overnight.

9.3. Mix PEGylated AuNRs with 0.4 M dodecylamine (DDA) in chloroform at 500 rpm for 4
days.

9.4. Pipet out the top organic layer containing hydrophobicized AuNRs and store at 4 °C until
future use.

10. NIR-activation of polybubbles

10.1. Mix the polymer (PLGADA or PCL/PCLTA) solution with hydrophobicized AuNRs in a 1:9
(vol/vol).
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10.2. Add photoinitiator to the polymer-AuNR mixture in a 0.005:1 (vol/vol).

10.3. Form polybubbles by injecting the polymer-AuNR mixture into a 0.92 mL glass vial with
10% CMC (wt/vol) (refer to step 2).

10.4. Cure the polybubbles at 254 nm wavelength for 60 s at 2 W/cm?.

10.5. Flash freeze in liquid nitrogen for 30 s and lyophilize overnight at 0.010 mBar vacuum and
at -85 °C.

10.6. Separate the dried polybubbles using forceps and wash with DI water to remove any
residual CMC.

10.7. Incubate the polybubbles in 400 uL of PBS at 37 °C.

10.8. Activate the polybubbles using 801 nm NIR laser at 8A for 5 min every Monday,
Wednesday, and Friday.

10.9. Take forward-looking infrared (FLIR) images of the polybubble before and after laser
activation to obtain temperature values.

10.10. Calculate temperature differences between before and after laser activation based on the
temperature values from the FLIR images.

REPRESENTATIVE RESULTS:

Polybubbles were extensively characterized using SEM and NAA. Cargo was successfully centered
to result in a delayed burst release. Polybubbles were also successfully laser-activated because
of the presence of AuNRs within the polybubbles.

Polybubble characterization

Polybubbles injected in an aqueous solution without CMC resulted in a flattened polybubble due
to their contact with the bottom of the glass vial (Figure 1A,B). Partial flattening was observed
when 5% CMC-based aqueous solution was used in place of DI water (Figure 1C). Subsequently,
10% CMC-based aqueous solution in the glass vial resulted in polybubble being suspended in the
solution and thus successful maintenance of sphericity of the polybubble (Figure 1D).

Cargo centering

Cargo injection into the polybubble in the absence of CMC resulted in leakage causing no
retention of cargo within the polybubble (Figure 3). To counter this challenge, two approaches
were used: 1) viscosity of PCLTA was successfully increased using K,COs that was isolated after
endcapping PCL triol with triacrylate (Figure 2), and 2) viscosity of the cargo was successfully
increased after mixing the cargo with 5% CMC (Figure 3,4). Viscosity of the PLGADA polybubbles
were sufficient to facilitate centering of the cargo and thus was not modulated using K,COs.
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Antigen functionality

HIV gp120/41 antigen was mixed with and without trehalose before injecting into the polybubble
(Figure 5). Binding efficiency of antibody to the antigen (termed as functionality) with and
without trehalose was observed to have no statistically significant difference.

Release studies without laser activation

Delayed burst releases were observed in PLGADA polybubbles with acriflavine in the middle on
days 19 and 5 for polybubbles incubated at 37 °C (Figure 6A) and 50 °C (Figure 6B), respectively.
Delayed burst releases were also observed in PCL/PCLTA polybubbles with acriflavine in the
middle on days 160 and 60 for polybubbles incubated at 50 °C (Figure 7A) and 70 °C (Figure 7B),
respectively. These release studies were conducted in the absence of laser-activatable AuNRs.

In vitro laser activation of polybubbles

Polybubbles with AuNRs in the shell were successfully laser activated multiple times in PLGADA
polybubbles (Figure 8A) and PCL/PCLTA polybubbles (Figure 8B). Temperature changes from
before and after laser activation were 10 £ 1 °Cand 5+ 1 °Cin PCL/PCLTA polybubbles with higher
and lower AuNR concentration in the shell, respectively. Temperature changes observed before
and after laser activation were 11 +2 °Cand 6 + 1 °C in PLGADA polybubbles with higher and
lower AuNR concentration in the shell, respectively.

FIGURE AND TABLE LEGENDS:

Figure 1: Maintaining sphericity of polybubbles. SEM images of (A) 14 kDa PCL/300 Da PCLTA
flattened polybubble due to the contact of polybubble with the bottom of the glass vial; (B) 14
kDa PCL/300 Da PCLTA polybubble from the top that was not in contact with the glass bottom;
(C) the PCL/PCLTA polybubbles with lesser degree of flattening when injected into a 5% CMC
solution compared to DI water solution, causing the formation of hemisphere-like shape at the
point of contact with the vial; (D) polybubble that did not reach the bottom of the glass vial when
injected into a 10% CMC solution, allowing for the spherical shape to be maintained. All of the
scale bars indicated are 500 um. This figure has been modified from Lee et al.’.

Figure 2: Modulation of PCLTA viscosity. Concentration of K;CO3 was increased from 0 to 80
mg/mL in PCLTA and dynamic viscosity was observed to increase proportionally with the
concentration of K2COs.

Figure 3: Cargo injection into the polybubble with and without CMC. Top panel shows frames
extracted from the video of cargo leakage during injection in the absence of CMC. Bottom panel
shows frames extracted from the video of cargo retention within the polybubble in the presence
of 5% CMC. This figure has been modified from Lee et al.”.

Figure 4: Centered cargo. Fluorescent microscope images of (A) PCL/PCLTA polybubble with
centered cargo, (B) PCL/PCLTA polybubble with cargo in the shell and centered non-fluorescent
dye.



396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

Figure 5: Antigen functionality with trehalose. Functionality of HIV gp120/41 with and without
trehalose within the polybubble was analyzed using ELISA. The binding efficiency of an antibody
to the protein is generally regarded as an indicator for the functionality of the protein. When we
discuss the functionality of antigen in this study, we intend it to mean that it aids the antibodies
binding the protein of interest (which is an indicator for protein functionality). No statistical
significance was observed between the two groups. Confidence intervals are indicated by solid
and dotted lines. This figure has been modified from Lee et al.”.

Figure 6: Delayed burst release from PLGADA polybubbles. Release studies showing delayed
burst releases from PLGADA polybubbles with acriflavine in the middle at (A) 37 °C, (B) 50 °C.
Solid line indicates the fitted curve obtained based on the data points.

Figure 7: Delayed burst release from PCL/PCLTA polybubbles. Release studies showing delayed
burst releases from PCL/PCLTA polybubbles with acriflavine in the middle at (A) 50 °C, (B) 70 °C.

Figure 8: NIR laser activation of polybubbles. Temperature change observed before and after
NIR laser activation in (A) PLGADA polybubbles, (B) PCL/PCLTA polybubbles with higher and lower
concentration of AuNRs in the polymer shell. This increase in temperature could be leveraged to
potentially expedite the polymer degradation leading to earlier release of the cargo.

DISCUSSION:

Current technologies and challenges

Emulsion-based micro- and nanoparticles have been commonly used as drug delivery carriers.
Although release kinetics of the cargo from these devices have been extensively studied,
controlling burst release kinetics has been a major challenge *°. Cargo versatility and functionality
is also limited in emulsion-based systems owing to the exposure of cargo to excess aqueous and
organic solvents. Protein-based cargo are often not compatible with micro-and nanoparticles due
to the possibility of cargo denaturation and aggregation®!. In addition to cargo stability, cargo
kinetics is especially important in the context of vaccines because of the need for booster shots
leading to seroconversion. Previous efforts to address these challenges in vaccine delivery have
not been sufficiently successful, as the notion of single injection vaccine systems have been
around for a couple of decades and has not yet been clinically translated.

Our polybubble vaccine delivery platform can potentially overcome the challenges with increased
exposure of cargo to organic solvent by minimizing the exposed cargo volume. This technology
can potentially accommodate at least two cargo compartments: cargo in the shell and cargo in
the center. Polybubbles with centered cargo can be used to control the burst release of the cargo
while being compatible to different cargo types, including small molecules and antigen. In this
study, we used polyesters with varying degradation times, PLGADA (shorter degradation time)
and PCL/PCLTA (longer degradation time), as the polymer carriers and acriflavine (small
molecule) as the cargo type to demonstrate delayed burst release. In the following sections we
describe the crucial steps in forming polybubbles that are capable of enabling both delayed burst
release and NIR activation, especially for future on-demand delivery applications.
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Cargo centering within the polybubble

Cargo centering was one of the significant challenges that was encountered during the
formulation of the polybubbles. Immediately after injection, cargo would migrate to the surface
and the cargo pocket would be stabilized without bursting into the aqueous 10% CMC solution.
Polybubbles with such off-centered cargo can result in earlier release due to the non-uniform
thickness of the polymer surrounding the cargo. Modulating the viscosity of the polymer and the
cargo was thus crucial in resolving issues related to cargo centering. Viscosity of the cargo was
increased by mixing the cargo solution with 5% CMC. To increase the viscosity of the polymer,
molecular weight of the polymer could have been modified. However, increasing molecular
weight often results in slower polymer degradation thus causing further delay in cargo release.
Viscosity of the polymer was thus modified by increasing the concentration of the polymer.
Higher concentration (1000 mg/mL) was sufficient to increase the viscosity of PLGADA. However,
viscosity of PCL/PCLTA was not adequate to retain the cargo in the middle. Thus, K,COs that was
isolated after the endcapping reaction of PCLTA was used to increase the viscosity of PCLTA.

Novel delayed release

Delayed burst release was observed from the release studies conducted using the polybubbles
with centered cargo. Small molecule (acriflavine) was used as centered cargo in the polybubbles
to study the release profile. Unique release profiles were observed based on the polyester used
due to the difference in the degradation time of the polymers. Burst release was observed earlier
in PLGADA polybubbles compared to that of PCL/PCLTA polybubbles. Early cargo release was
observed in PLGADA polybubbles because PLGA degrades faster compared to PCL'%. Upon
successful modulation of release kinetics with two types of polyesters, we further wanted to
engineer the polybubble to potentially enable on-demand release of the cargo.

NIR-activation of polybubbles

On-demand release of the cargo with respect to timing of the patients’ needs has been
challenging to achieve using current delivery strategies'3. We hypothesized that expediting the
cargo release on-demand could be possible by accelerating the polymer degradation through the
use of NIR- sensitive (i.e., theranostic-enabling) agents. AuNRs have been extensively studied for
their ability to be activated using NIR laser that can travel few centimeters through the skin4.
CTAB-stabilized AuNRs were thus prepared based on the protocol by Kittler, S, et al. and were
hydrophobicized based on the methods published by Solimon, M.G., et al. Polybubbles with
hydrophobicized AuNRs in the shell were then irradiated with NIR laser at desired time points for
5 min to observe temperature change. Temperatures before and after laser were measured
based on the FLIR images. Cured polymer shell helped preserve the shape of AuNRs during the
laser activation thus enabling multiple NIR activations of polybubbles. This is an interesting
observation because in previous literature, AuNRs have often been known to lose their rod-like
shape (crucial for NIR activation) due to laser activation®. The successful laser-activation of the
polybubbles with AuNRs could pave the way to control on-demand release of the cargo in the
next generation of polybubbles.

Significance and future applications
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The results obtained from this study thus shows that polybubbles have the potential to be used
as a novel vaccine delivery platform. Preparation of polybubbles described in this paper will
further enable other researchers to use polybubbles as a delivery platform for other therapeutic
applications. For example, in addition to vaccine delivery, polybubbles can also be potentially
used to delivery synergistic therapeutic agents with varying release kinetics. Furthermore,
polybubbles are made of polyesters that are biodegradable and have been used in many FDA-
approved medical devices. We further validated the safety of polybubbles by showing that the
chlorine released from polybubbles are well within the safety levels recommended by the EPA?®,
Thus, our novel, injectable, UV-curable polybubble platform has the potential to be used as a safe
and effective drug delivery platform for a variety of cargo types.

Limitations of this technology

The polybubble platform technology can be used as a vaccine delivery platform potentially
enabling controlled release. Our studies highlight the versatility of this platform capable of
delivering different cargo types, including antigens and small molecules. However, one of the
current limitations of this technology is that the cargo is currently being injected manually. For
scaling purposes, we are currently engineering an automated platform that will enable injection
(i.e., as an array) of cargo within the polybubble and will potentially help alleviate the concerns
regarding translatability of this technology.
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1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

We would like to thank the editor for this suggestion. We have proofread the manuscript
ensured that there are no spelling or grammar issues.

2. The highlighted protocol steps are over the 2.75-page limit (including headings and spacing).
Please highlight fewer steps for filming.

Thank you for your comment. We modified the highlighted protocol to fit the 2.75 page. Now
the highlighted steps are 2 pages long.

3. Reviewer 1’s comment: The proposed advantage of this method is decreased exposure of
vaccine components to organic solvents compared to conventional microsphere/microcapsule
fabrication protocols, leading to better stability of the proteins. However, no data supporting
this claim is provided.

We would like to thank the reviewer for their helpful comment. We would like to provide an
example to clarify the claim regarding the reduced surface area exposure. We have also added
this example to the manuscript for better clarity.

“For example, in our polybubble core-shell platform, one cargo pocket of diameter 0.38 mm
(SEM) is injected in the center of a 1 mm polybubble. In this case, surface area of cargo exposed
to organic solvent would be approximately 0.453 mm?. After considering the packing density of
spheres (microparticles) within a sphere (cargo depot), the actual volume of microparticles (10
um in diameter) that could fit in the depot is 0.17 mm3. The volume of one microparticle is
5.24E-08 mm? and thus number of particles microparticles that can fit the depot is ~3.2E6
particles. If each microparticle has 20 cargo pockets (as a result of double-emulsion) of 0.25 um
diameter then the surface area of cargo exposed to organic solvent is 1274 mm?. Cargo depot
within the polybubble thus would have ~2800-fold less surface area exposed to organic solvent
compared to that of organic solvent-exposed cargo in microparticles.”

We also modified the sentence “Our polyester-based platform can thus potentially alleviate the
concerns with cargo aggregation and instability while enabling the release of multiple cargo
boluses” to the following to reflect the result from the example used:

“Our polyester-based platform can thus potentially reduce the quantity of cargo exposed to
organic solvent which can otherwise cause cargo aggregation and instability”
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As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
assoclated materials such as texts, figures, tables, artwc:’r.lr::

les contalned therein; “Auth
to this Agreement;

s a periodical issue,

dia, In which the Materials In their
long with a number of other
rate and independent
into a collective whole;
mmons Attribution-
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1. Defined Terms.

a work, such a

anthology or encyclope
entirety in unmodified form, a
contributions, constituting sepa

works in themselves, are assembled
“CRC License” means the Creative Co
perivs 3.0 Unported

Non commercial-No

terms and conditions of which can

http://creatfvecommons.org/licenses/by-nc-

nd/3.0/legalcode; “perivative Work” means 3 work based
Materials and other pre-

upon the Materials or upon the
existing works, such as a translation, musical arrangement,

dramatization, fictionalization, motion picture version,

sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may

be recast, transformed, or adapted; “Institution” means

the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE" means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JOVE;
:‘Video"‘ means any video(s) made by the Author, alone or
in E_omunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, an

appear.
2. Background. The A

Article, in order to ensure the
of the Article, desires to have t

and create and transmit videos base
goals, the Parties desi\re

furtherance of such
he respective rights of eac

in this Agreement t
to the Article and the video.

. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to sections 4 and 7 below, the exclusive,
royalty-free, perpetual {for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter

devised, and include the right to make such modifications

as are technically necessary to exercise the rights in other

media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the

CRC License.

uthor, who is the author of the
dissemination and protection

he JoVE publish the Article
d on the Article. \n
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4, Retention of Rights In Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the

Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JOVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
S. Gmnofllkhtsk\\ﬂdoo-sundardmmls
section § applies If the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JOVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.
6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,

the exclusive, royalty-free, perpetual (for the full term of

copyright in the Article, including any extensions thereto)
duce, distribute, display and

license (a) to publish, repro

formats and media whether
ding without
hout

video into other languages,
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now known or hereafter d
limitation In print, digital an

the world, (b) to translate the
create adaptations, summarles or extracts of the Video or

other Derivative Works or Collective Works based on allor
any portion of the video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derlvative Works or Collective Warks
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 I applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided In, but subject to all limitations and
requirements set forth in, the CRC License.
7. Government Employees. If the Author Is a United
States government employee and the Article was pre pared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.5.C. 403, then the
rights granted hereunder shall be limited to the maximum

612542.6 For questions, please contact us at su
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such statute. In such case, all
rein that are not in conflict with
n In full force and effect, and all

provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JOVE belleves some third party could be infringing or
might infringe the copyright of either the Author’s Article

and/or Video.

9. Likeness, Privacy, Personal
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article Is original, that it has not been
published, that the copyright interest Is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only

authors of the Materials. If more than one author is listed

at the top of this Agreement and if any such author has not
Article and Video License

entered Into a separate
Agreement with JOVE relating to the Materlals, the Author
represents and warrants that the Author has been

authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/for modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional

review board.
11. JoVE Discretion.

rights permitted under
provisions contained he
such statute shall remai

ity. The Author hereby

If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

bmissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.
12. indemnification. The Author agrees to indemnify
JOVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JOVE, making of videos by JoVE, of publication in JOVE or
elsewhere by JOVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages cau.sed'bv Ak oF
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JOVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author's expense. All indemnifications provided herein
shall include JOVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmiess shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, €-mall or other

means of electronic transmission shall be deemgd o have
the same legal effect as delivery of an OF iginal signed copyY

of this Agreement.
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