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cleavage and disassembly of their supramolecular assemblies.

Distinct methods used to self-assemble amphiphilic Janus dendrimers produced either nanometer size small unilamellar
vesicles or micron size giant multilamellar and onion-like dendrimersomes. In situ observation of giant photosensitive
dendrimersomes via confocal microscopy elucidated rapid morphological transitions that accompany vesicle breakdown upon
405 nm laser illumination. Giant dendrimersomes displayed light-induced cleavage, disassembling and reassembling into much
smaller vesicles at millisecond time scales. Additionally, photocleavable vesicles demonstrated rapid release of molecular and
macromolecular cargos. These results guided our design of multilamellar particles to photorelease surface-attached proteins,
photoinduce cargo recruitment, and photoconvert vesicle morphology. Real-time characterization of the breakdown and
reassembly of lamellar structures provides insights on partial cargo retention and informs the design of versatile, optically
regulated carriers for applications in nanoscience and synthetic biology.
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For many applications in nanoscience, the efficiency of
loading into carriers and quantitative release of cargo are
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Figure 1. Photoresponsive dendrimersome vesicle platform. (a) Design of photocleavable amphiphilic Janus dendrimers containing a single
NB unit between hydrophobic and hydrophilic dendrons. (b) Molecular cleavage of a photocleavage dendrimer as a function of illumination
time using a mercury lamp with a DAPI filter. Conversion % monitored by product appearance on NMR. (c) Breakdown fits first-order
kinetic reaction. (d—g) Strategies for vesicle photoregulation. (d) Schematic of vesicle breakdown and cargo release. (e) Strategy for
photorelease of protein attached to outer lamellar layer at low power. (f) Photoinduced cargo recruitment: vesicle breakdown reveals
attachment sites. (g) Morphological photoconversion of vesicle ultrastructure.

vesicle ultrastructure dynamics at millisecond time scales.
Breakdown of vesicles can be induced via the incorporation of
pH-responsive,”” ™" redox,”** or light-responsive’>~** units
in the membrane of nanocarriers, and release measured by
biochemical assays.”””’~** In the case of optically triggered
cargo release,"” strategies have included photochemical
cleavage of chemical bonds®’~* or cis—trans isomerization of
azobenzene to change bilayer packing.”' However, at low-
power UV irradiation, cargo release kinetics are limited by the
rate of vesicle breakdown, which can be slow. Furthermore, the
cleavage products of giant vesicles including dendrimersomes
have not been investigated.”’

Previous work from our laboratory elaborated twin—
twin,””* single—single,** and sequence-defined” ™"’ amphi-
philic Janus dendrimers and glycodendrimers. These amphi-
philes self-assemble by injection in water or thin-film hydration
to form stable dendrimersomes and glycodendrimersomes that
readily encapsulate hydrophobic and hydrophilic molecules.”
Their stability and dynamic membranes make dendnmersomes
capable of forming cell- hke hybrids with both bacterial®® and
human cell membranes”’ and engulfing living bacteria via
endocytosis.”® Their exteriors can be decorated with proteins
and nucleic acid,” and glycodendrimersomes have been used
to generate surface nanostructures for elucidating features of
protein— glycan interactions on a biomimetic synthetic cell
membrane.*** We reasoned that the chemical flexibility of
these dendrimer amphiphiles would provide an ideal platform
for generating a photoresponsive vesicle platform.

In this study, a library of 12 single—single type®*
photocleavable amphiphilic Janus dendrimers was designed
and synthesized to create photocleavable dendrimersome
compartments (Figure 1). The ortho-nitrobenzyl (NB)
group® ™' was used as a photolabile unit between the

hydrophobic and hydrophilic dendrons of the amphiphilic
Janus dendrimers (Figure la), and the molecular products of
dendrimer photocleavage were measured by NMR (Figure
1b,c). A majority of members of the library of Janus
dendrimers self-assembled into photoactive vesicles (Figure
1d), including unilamellar and multilamellar, onion-like
dendendrimersomes and other complex supramolecular
architectures. Illumination via 405 nm laser and confocal
imaging of giant dendrimersomes in situ enables direct
observation of vesicle breakdown and lamellar reassembly.
Following milliseconds to seconds of illumination, dendrimer-
somes photocleaved, disassembled, and reassembled into
smaller vesicles and tubular structures (Figure 1d). When
preloaded with cargo, these dendrimersomes released up to
75—90% of their molecular or macromolecular cargos
following seconds of illumination. This effect was specific
because control dendrimersomes lacking a photocleavable
group did not break down or release their cargo. We further
designed multifaceted strategies for optical modulation,
including photorelease of proteins bound to the vesicle surface
(Figure le), optical cargo recruitment (Figure 1f), and
conversion of vesicle morphology (Figure 1g).

RESULTS AND DISCUSSION

Synthesis of Photocleavable Amphiphilic Janus
Dendrimers. In contrast to the incorporation of multiple
photocleavable units in the hydrophobic branches of Janus
dendrimers,”” single—single photocleavable amphiphilic Janus
dendrimers were designed with 12 AB; and constitutional
isomeric AB, hydrophobic dendrons and with AB; hydrophilic
dendrons.””*"** The photocleavable unit, NB group,” ™"
bridges the hydrophobic minidendron to the hydrophilic one
(Figure la). In principle, the NB group can be cleaved by
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Scheme 1. Synthesis of hydrophobic dendrons.”

HO ) RO p RO
1
%;>—coom-|3 —_— COOCH; ——3» @1
1000 OH
HG 56-91%  pd 74-100% RG
1 2a: R = CqgHyq, 80% 3a: R=CyoHy, 92%
2b: R = Cy3Hys, 91% 3b: R = CqzHas, 100%
2c: R = 2-ethylhexyl, 56% 3c: R = 2-ethylhexyl, 100%

2d: R = 3,7-dimethyloctyl(rac), 82%  3d: R = 3,7-dimethyloctyl(rac), 74%

HOQ RO ii RO

i ii
|-|o—%:>—coocm3 —_— RO—@—COOCH3 —_— Ro—©—\
62-100% 84-92% OH
4 5a: R= CyoHaq, 77% 6a: R = Cy4oHyq, 92%
5b: R = C42H55, 100% 6b: R = C45Hazs, 92%
5c: R = 2-ethylhexyl, 63% 6c: R = 2-ethylhexyl, 84%

5d: R = 3,7-dimethyloctyl(rac), 62% 6d: R = 3,7-dimethyloctyl(rac), 89%

HO RO . RO
i 1
1
Ho—€:>—coocm3 —_— RO—@—COOCH;, —_— Ro@ﬂ
— 82-1009 OH
HG 46-91% Rd % RG
7 8a: R = CygHzq, 70% 9a: R = C4gHz4, 100%
8b: R = Cy,H,s, 91% 9b: R = CyyHas, 82%
8c: R = 2-ethylhexyl, 46% 9c: R = 2-ethylhexyl, 82%

8d: R = 3,7-dimethyloctyl(rac), 66% 9d: R = 3,7-dimethyloctyl(rac), 95%

2-ethylhexyl: I/\/ 3,7-dimethyloctyl(rac): ,\}\/\)\

rac

“Reagents and conditions: (i) RBr, K,CO5;, DMF, 120 °C, 4 h; (ii) LiAlH,, THF, 0-23 °C, 1 h.

Scheme 2. Synthesis of hydrophobic dendrons containing ortho-nitrobenyl (NB) units”
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ultraviolet light to generate an aldehyde with the hydrophobic Twelve esters of hydrophobic AB; and constitutional AB,
minidendron with an acid containing the hydrophilic dendron minidendrons (2a—d, Sa—d, and 8a—d) were synthesized
(Figure 1a).*~>! orthogonally via an optimized Williamson etherification from
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Scheme 3. Synthesis of Libraries of Photocleavable Janus Dendrimers”
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four alkyl bromides (RBr) including n-decyl bromide, n-
dodecyl bromide, branched 2-ethylhexyl bromide, and racemic
branched 3,7-dimethyloctyl bromides with methyl 3,5-dihy-
droxybenzoate (1), methyl 3,4-dihydroxybenzoate (4), and
methyl 3,4,5-trihydroxybenzoate (7) (Scheme 1). Their
reduction by LiAlH, in tetrahydrofuran (THF) gave the
corresponding hydrophobic minidendron alcohols (3a—d, 6a—
d, and 9a—d) in 70—100% yields.

A bifunctional molecule containing NB unit 4-(bromometh-
yl)-3-nitrobenzoic acid (12) was synthesized according to a
literature procedure (Scheme 2).>* The commercially available
4-methylbenzoic acid (10) was selectively monobrominated by
N-bromosuccinimide (NBS) on its methyl group via a radical
mechanism mediated by benzoyl peroxide (BPO) in chloro-
form to obtain 4-(bromomethyl)benzoic acid (11) in 59%
yield.>” Nitration of 4-(bromomethyl)benzoic acid with fuming
HNO, gave 4-(bromomethyl)-3-nitrobenzoic acid (12) in 76%
yield.”"”* 4-(Bromomethyl)-3-nitrobenzoic acid (12) was
reacted with the alcohols 3a—d, 6a—d, and 9a—d under mild
esterification conditions with N,N’-dicyclohexylcarbodiimide
(DCC) in the presence of 4-(dimethylamino)pyridinium 4-
toluenesulfonate (DPTS) to generate the corresponding esters
13a—d, 14a—d, and 15a—d containing active bromomethyl
units.

Finally, a very mild Williamson etherification in the presence
of NaHCO; at 40 °C between the esters 13a—d, 14a—d, and
15a—d with the active bromomethyl units and 3,4,5-tris(2-(2-
(2-methoxyethoxy)ethoxy)ethoxy)benzoic acid (16) was
successfully applied to obtain the 12 target photocleavable
amphiphilic Janus dendrimers 17a—d, 18a—d, and 19a—d
containing NB units, with a range of yields from 46% to 86%
(Scheme 3). Among these photocleavable amphiphilic Janus
dendrimers, 17, 18, and 19 correspond to their constitutional
isomeric AB, 3,5-, 3,4-, and AB; 3,4,5-substitued alkyl benzoic
ester on their hydrophobic dendron part, and a, b, ¢, and d
correspond to n-decyl, n-dodecyl, branched 2-ethylhexyl, and

racemic branched 3,7-dimethylocty chains. To easily recognize
their molecular structures, the nomenclature for all the
photocleavable Janus dendrimers (Figure 2a and Figure 3a)
was also provided by following the rules developed by our
laboratory.””*' For example, 17b: (3,5)12G1-NB-
(3,4,5)3EOG1 means that the molecule has a 3,5-didode-
cyoxyl benzoic minidendron [(3,4,5)12G1, G1 denotes a first-
generation dendron] in its hydrophobic part, a 3,4,5-tris(2-(2-
(2-methoxyethoxy)ethoxy)ethoxy)benzoic [(3,4,5)3EOG1] in
its hydrophilic part, and an NB unit connecting these two
parts.

Photocleavage of Dissolved Janus Dendrimer Mole-
cules. To monitor the photocleavage reaction of Janus
dendrimers (Figure S1), we used a variety of analytic methods,
including NMR, LC-MS, and MALDI-TOF. Photocleavage
reactant and products are detectable via NMR (Figure S2a),
confirming the proposed mechanism. Kinetics of photo-
cleavage of the 17b: (3,5)12G1-NB-(3,4,5)3EOG1 dendrimer
was monitored by NMR, and half-cleavage was achieved in a
matter of minutes using a focused mercury lamp and a DAPI
filter (Figure la,b). Kinetics could also be monitored for
standard overhead illumination via a 365 nm UV lamp (Figure
S2b,c). Additionally, photocleavage products were confirmed
and monitored by MALDI-TOF (Figure S3) and LC-MS
(Figures S4, S5).

Self-Assembly of Nanoscale Dendrimersome Vesicles
by Injection. Nanoscale self-assemblies of photocleavable
amphiphilic Janus dendrimers were prepared by injection of a
THEF solution containing a dendrimer into water. These
vesicles were subsequently characterized by dynamic light
scattering (DLS) and cryogenic transmission electron micros-
copy (cryo-TEM) (Figure 2 and Figure S1). Janus dendrimers
with 3,5- or 3,4-substituted hydrophobic dendrons with linear
n-decyl or n-dodecyl chains had a narrow polydispersity in DLS
(PDI lower than 0.3) (Figure 2a). Representative cryo-TEM
images showed that Janus dendrimers with 3,5-substituted
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Figure 2. Library of photocleavable dendrimers and visualization of the structure of self-assembled nanovesicles formed by injection via
cryo-TEM. (a) Chemical structures of photocleavable Janus dendrimers with linear decyl or dodecyl chains containing an NB linker,
assembled by injecting a THF solution containing them into water (0.5 mg/mL). Z-average diameters (Dp,g), an intensity value, and
polydispersities (in parentheses; color code: red, narrow; blue, broad; black: moderate) (b—d) Representative cryo-TEM images of self-
assembled dendrimersomes at 1.0 mg/mL: (b) unilamellar dendrimersomes; typical image for 17a and 17b; (c) dendrimersomes with inner
networks; typical image for 18a and 19a; (d) mixtures of globular dendrimersomes and tubular dendrimersomes; typical image for 19b. Red
tracing indicates electron-dense regions. (e) Chemical structures of photocleavable Janus dendrimers with branched 2-ethylhexyl or racemic
3,7-dimethyloctyl chains containing an NB linker, assembled by injection. Diameters (Dp) and polydispersities obtained at a 0.5 mg/mL
final concentration. (f—h) Selected cryo-TEM of self-assembled unilamellar dendrimersomes: (f) small size unilamellar dendrimersomes;
typical image for 17c, 17b, 18c, and 18d, (g) medium size unilamellar dendrimersomes; typical image for 19c, and (h) large size unilamellar
dendrimersomes; typical image for 19d. Larger diameters are obtained at concentrations higher than 0.5 mg/mL.

dendrons tended to assemble into vesicular dendrimersomes substituted dendrons often assembled into dendrimersomes
(Figure 2b). Janus dendrimers with 3,4- and 3,4,5-n-decyl- with inner networks (Figure 2c). Janus dendrimers 18b and
E https://dx.doi.org/10.1021/acsnano.0c02912
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Figure 3. Self-assembly of giant dendrimersomes, morphologies, and imaging of vesicle photocleavage. (a) Giant vesicles formed by
hydration achieved characteristic morphologies and sizes. Shape types observed included unilamellar-like vesicles with <2 visible layers)
(blue), onion-like multilayer vesicles (red), and dense vesicles (green). Dendrimersomes labeled with (3,5)12G1-RhB (0.2% w/w) was used
during film hydration for fluorescence microscopy. Scale bar is 10 gm. (b) Frequency of observing distinct types of vesicle morphology for
four photocleavable dendrimers: 17a—d; n > 90 vesicles per sample. (c) distribution of vesicle morphologies for control dendrimers
(3,5)10G1-PE-(3,4,5)3EOG]I. (d) Mean and standard deviation of vesicle diameters formed via thin-film hydration. The differences in the
mean diameters are not statistically significant (n.s.). (e) Means and standard deviation of vesicle diameters for shape classes of vesicles for
the 17a dendrimer. Differences in mean vesicle sizes were not statistically significant (f—i) Photocleavage of giant vesicles upon 1 s of 405
nm laser illumination. Representative images of light-triggered vesicle breakdown for photosensitive dendrimers (f) 17b, (g) 17a, (h) 17d,
and (i) 17c show breakdown of all three types of vesicle morphologies. (j) Control dendrimer (3,5)12G1-PE-(3,4,5)3EOG1 does not
disassemble in response to 10 s of 405 nm illumination. Scale bar is 10 gm.

19b self-assembled into a mixture of morphologies, including
globular and tubular dendrimersomes (Figure 2d). Janus
dendrimers containing branched 2-ethylhexyl or racemic
branched 3,7-dimethyl chains on their hydrophobic dendrons
had a narrower PDI compared to their linear chain analogues
(Figure 2e). All of them self-assembled into uniform vesicular
dendrimersomes whose dimensions depend on the concen-
tration (Figure 2f—h).*"** These results suggest that the
branched alkyl chains may prevent the formation of more
organized assemblies such as onion-like dendrimersomes.
UV-Mediated Breakdown of Nanoscale Dendrimer-
somes. Light-responsive nanoscale dendrimersome vesicles
were self-assembled by injection of 17b: (3,5)12G1-NB-
(3,4,5)-3EOG1 in THF solvent into water. After assembly,
vesicles were illuminated for 30 min using a 365 nm UV lamp
and imaged via cryo-TEM. Electron microscopy revealed that
after prolonged irradiation the photocleavable dendrimersomes
evolved to dense structures or were broken down into vesicles
much smaller in size and aggregates (Figure S2). Dendrimer
cleavage results in two dendrons: a hydrophilic one, readily
soluble in water, and the insoluble hydrophobic one, whose
aggregation is observable via cryo-TEM. Such hydrophobic
aggregates could provide a reservoir to reassemble small

vesicles from uncleaved amphiphiles or contribute to retention
of loaded cargos. One challenge with this approach is that we
could not track the dynamics of optically mediated vesicle
disassembly or image the direct breakdown products of the
same vesicle before and after illumination. Therefore, we
turned to real-time imaging of giant vesicles using fluorescence
microscopy.

Self-Assembly and Photocleavage of Giant Dendri-
mersomes. A useful feature of thin-film vesicle rehydration is
formation of cell-sized particles that display a diverse range of
structural morphologies.””>* Unlike nanoscale vesicles formed
by injection, the morphologies of hydrated giant vesicles are
more varied. However, the sizes and broad diversity of shapes
provide an excellent opportunity to characterize the photo-
responsiveness of an assortment of vesicles’ ultrastructures.
Importantly, the micron sizes of these giant vesicles formed by
hydration enable real-time imaging of lamellar dynamics on a
fluorescence microscope.”

To characterize the dynamic, light-induced breakdown of
photosensitive dendrimersomes, giant vesicles were formed by
thin-film hydration at 50 °C on a Teflon sheet in water.”>** To
enable fluorescence imaging via confocal microscopy in situ, a
tracer, thodamine B red-fluorescent-labeled Janus dendrimer
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Figure 4. Kinetics of light-induced vesicle breakdown observed in real time. (a, b) Dendrimer 17a photocleavage via 405 nm laser
illumination leads to vesicle disassembly in millisecond time scales: (a) power 2.74 mW, (b) power 1.66 mW. (c) Distribution of times
required to observe initial lamellar breaking—defined as duration of 405 nm exposure required to first observe breaks in dendrimersome
lamellae from confocal microscopy images—displays a laser power dependence. Gaussian fit: Mean: 193 ms at 2.74 mW power (n = 73
vesicles) and 370 ms at 1.66 mW power (n = 63 vesicles). Distributions differ significantly: p-value < 0.0001. Scale bar is 10 pm. (d)
Cumulative frequency distribution for photobreakage upon 405 nm exposure time. Cumulative Gaussian fit. Inset time to generate initial
breaks in 50% of vesicles. (e) Average time to initial photocleavage for three morphological types of vesicles: unilamellar-like, onion-like,
and dense for 2.74 mW laser power. Standard deviation from mean. Not statistically significant (n.s.). Scale bar is 10 gm.

(3,5)12G1-RhB, was included (Figure $9a).”>*° The giant
dendrimersomes hydrated from photocleavable Janus den-
drimers typically self-assembled to a vesicle diameter of 5—10
um, achieving one of a reproducible subset of morphologies
(Figure 3a). Unilamellar-like vesicles containing two or fewer
visible layers, multilamellar onion-like*>***” and dense or net-
like dendrimersomes, were regularly observed. The frequency
of these morphologies among vesicles self-assembled from four
distinct photocleavable dendrimers was similar (Figure 3b) and
similar to vesicles assembled from control dendrimers (Figure
3c). Further, the average sizes of vesicle observed via thin-film
hydration were statistically indistinguishable (Figure 3d). And
even among the different types of morphologies, vesicles often
assembled to a similar size (Figure 3e). Overall, we did not
observe a photocleavable dendrimer that predominantly
formed only one morphological class of vesicles. Instead, a
diverse set of vesicle morphologies, of relatively similar sizes,
was accessible with each dendrimer molecule.

Photocleavable dendrimers self-assembled into giant den-
drimersomes that readily disassembled in response to a 1 s
pulse of a 405 nm laser at 1.66 mW. Illumination of vesicles
formed by photocleavable dendrimers 17a, 17b, 17c, and 17d
led to rapid vesicle disassembly (Figure 3f—i). Light-regulated
disassembly occurred for four types of dendrimersomes and
three morphological classes of vesicles. Importantly, a control
experiment using photoinsensitive Janus dendrimer
(3,5)12G1-PE-(3,4,5)-3EOG]I, containing a pentaerythritol
(PE) core,””*® demonstrated that the laser power and
exposure times used in our experiments do not nonspecifically
ablate standard dendrimersomes (Figures 3j, S9a,b). There-
fore, photocleavage is selective. LC-MS analysis of photo-
cleavage shows identical products, regardless of whether
illumination is performed on dendrimer molecules or

preassembled vesicles, validating our strategy (Figure S8).
Debris from photocleavage was visibly present (Figure 3b—e),
leading to re-formation of small dendrimer vesicles (Figure
S9¢), although some of the objects are likely smaller than the
resolution of the microscope (<280 nm).

Kinetics of Light-Mediated Vesicle Breakdown. To
observe real-time optical disassembly of dendrimersome
vesicles, we shortened the illumination to 20 ms pulses and
collected image time courses as a function of a 405 nm
exposure time. We observed initial vesicle photobreakage—
defined as the duration of 405 nm exposure required to visually
observe first breaks within the lamellae from confocal
microscopy images—within tens to hundreds of milliseconds
(Figures 4a,b and S10 and supplemental movies 1—4) and near
complete breakdown within seconds. The average time to
observation of initial breaks in lamellae was dependent on laser
power and varied between 193 and 370 ms (Figure 4c). Within
that duration, more than half of vesicles displayed visible
breaks to the lamellae (Figure 4d). At higher power, greater
than 90% of vesicles displayed initial photobreakage within 400
ms. The morphology of the vesicle had a small impact on
photosensitivity: unilamellar vesicles were slightly more labile
than onion-like vesicles, which in turn broke more quickly than
dense vesicles (Figure 4e); however these differences were not
statistically significant. Altogether, this in situ imaging reveals
the rapid breakdown kinetics achievable using photocleavable
dendrimer vesicles when the illumination source is not the
rate-limiting step to vesicle disassembly and demonstrates the
real-time optical disassembly of a variety of distinct vesicle
morphologies.

Cargo Release from Photoactive Dendrimersomes.
To characterize the functionality of our photosensitive
dendrimesomes as carriers, we first loaded them with small-
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Figure 5. Dose-dependent, optically controlled cargo release from multilayer dendrimer vesicles. (a) Vesicle breakdown and doxorubicin
cargo release. (b) Quantitation of doxorubicin release—measured by imaging of fluorescent cargo retained in the vesicle—from
photosensitive and control dendrimersomes as a function of 405 nm exposure time. (c) Vesicle breakdown and release of a hydrophobic
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dendrimersomes at indicated time points. Scale bar is 10 gm.

molecule cargos. The drug doxorubicin and hydrophobic small
molecule Bodipy are green fluorescent low molecular weight
molecules readily encapsulated in giant dendrimersome
vesicles.”> Upon 405 nm illumination, we observed small-
molecule cargo release concomitant with vesicle disassembly
(Figure Sa—d). Release was dependent on the dose of light,
and photocleavable dendrimersomes released 70—85% of their
cargo within 15 s (Figure Sb,d). Multiple members of the
photocleavable dendrimer library showed photoinduced cargo
release (Figure S1la—f). Control dendrimersomes that lack
photocleavable groups were insensitive to illumination: they
did not break down and showed no photobleaching of
(3,5)12G1-RhB dendrimer tracer or cargos over 20 s of 405
nm illumination (Figure Se, Figure S11lgh). Retention of a
fraction of initial cargo upon photoinduced disassembly is

likely due to the presence and spontaneous re-formation of
breakdown products into small lamellar structures.

Next, we investigated the photorelease of macromolecular
cargo, such as enzymes, encapsulated in giant dendrimersome
vesicles. E. coli dihydrofolate reductase (DHFR)*® fused to
GFP was loaded during the vesicle hydration step and
accumulated in giant dendrimersomes (Figure S12a). Similar
to small-molecule release, 405 nm illumination triggered
vesicle breakdown and enzyme release from photocleavable
but not control dendrimersomes (Figure S12b—d). These
results demonstrate the feasibility of photoreleasing proteins
and enzymes, offering a tool to interface with and modulate
cells in response to light stimuli for synthetic biology.

Optical Strategies to Selectively Release or Recruit
Macromolecular Cargos. Multilamellar dendrimer-
somes”**"7 offer a multitude of regulatory handles for
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optically controlled recruitment and release of protein
components. Their lamellae can be photocleaved to release
encapsulated components (Figures S, S12). Additionally, the
internal layers of performed dendrimersome particles are
largely impermeant to macromolecules added in solution, and
their outer layers can be functionalized with moieties such as
nitrilotriacetic acid (NTA) to selectively recruit histidine-
tagged proteins (Figure 6a).”> Hydration of photocleavable
vesicles in the presence of 4% (3,5)12G1-NTA (Figure 6b)
facilitated the surface recruitment of a His-tagged red
fluorescent protein (His-RFP) to the dendrimersome exterior
(Figure 6). Upon low doses of 405 nm illumination (<1 s), we
observed breakage and rapid release of the outer vesicle layer,
thereby liberating the cargo from the dendrimersome particle
(Figures 6¢, S13a). Control vesicles did not release surface-
attached cargo (Figure S13b).

Next, we tested the feasibility of photomediated cargo
recruitment. In stable multilamellar dendrimersomes, the
internal lamellae are largely inaccessible to proteins present
in solution. We hypothesized that photomediated breakdown
of NTA-decorated dendrimersomes would generate nascent
NTA vesicles capable of binding to His-tagged protein (Figure
7a). Indeed we observed strong light-induced recruitment of
His-RFP to vesicles produced from photocleavage of the initial
carrier (Figure 7b,c). Altogether, this versatile platform
provides a system to inducibly sequester protein from the
surrounding environment for remediation or to rapidly
optically trigger the release internal or surface-attached cargos.

Finally, we observed a reproducible morphological phenom-
enon of vesicle shape conversion in response to light (Figure
8a,b). Pointed illumination of outer lamellar layers in
elongated dendrimersomes led to rapid retraction and
formation of spherical particles (Figure 8c, supplemental
movies S and 6). Such localized illumination had no effect on
control dendrimer vesicles, demonstrating that the laser power
does not ablate normal vesicle lamellae (Figure 8d). Addition-
ally, in some dense dendrimersome vesicle structures we
observed steady hole formation and growth (Figure 8e),
suggesting the mechanism by which photocleavable dendrimer
vesicles change structure and break down.

CONCLUSIONS

A library of 12 photocleavable amphiphilic Janus dendrimers
that self-assemble into light-responsive vesicles and real-time
imaging of their disassembly, reassembly, and morphological
conversion elucidated kinetics of cargo release and mecha-
nisms of cargo retention. Direct imaging of the dynamics of
vesicle breakdown, layer-by-layer release, and cargo binding is
not feasible via cryo-TEM. Therefore, we combined high-
power laser illumination and in situ visualization using confocal
microscopy to directly observe photoinduced disassembly of a
broad variety of giant dendrimersomes of distinct morphotypes
and dynamic release of molecular and macromolecular cargos.
We also observed spontaneous reassembly of lamellar and
other nanoscale components, which may partially explain
incomplete release of cargo from carriers reported by other
laboratories.*”*”*>°%¢! "By leveraging the multilamellar
structure of dendrimersomes and an NTA Janus dendrimer,
we developed a generalizable optical cargo release and
recruitment platform that can be readily functionalized with
His-tagged proteins that are commonly available in bioscience
laboratories. The physicochemical mechanisms that underlie
the morphological transformation of these dendrimersomes

upon photocleavage is an important area for future study.
Together, this versatile platform helps illuminate problems and
challenges related to the molecular design of nanocarriers”> ™
and reveals alternative paradigms for photoregulation of and

component release from vesicle-based carriers.

METHODS

Chemical Reagents. All reagents were obtained from commercial
sources and used without purification unless otherwise stated. CH,Cl,
(DCM) was dried over CaH, and freshly distilled before use. THF
was distilled over Na/benzophenone immediately before use. DMF
was dried from CaH,, distilled, and kept over molecular sieves prior to
use. Solvents and reagents were deoxygenated when necessary by
purging with nitrogen.

UV Photocleavage of Molecules. To monitor and analyze the
products of photocleavage of Janus dendrimers, two UV illumination
strategies were used. First, we tested a UV curing lamp (4., & 365
nm) equipped with two 8 W bulbs.®” The sample solution in a 5 mL
glass vial was placed under the lamp at a distance of S cm. Using this
strategy and monitoring product formation via NMR, we determined
the half-time to be <4 h. We reasoned that cleavage could be carried
out much more quickly and therefore tested a second illumination
strategy using more focused light. We illuminated wells containing 0.5
mL of dendrimer molecules in chloroform in a Labtek eight-well
chamber using a Mercury lamp with a DAPI filter set, focusing the
light through a 20X air objective on an Olympus IX81 inverted
fluorescence microscope. To illuminate the entire well, we used the
scan slide plugin in Metamorph software, exposing each image frame
to 0.6 s of illumination and repeating the scan to achieve total
illumination durations ranging from 1 to 21 min. For example, a 25 X
25 scan area (625 frames) with 0.6 s/frame illumination received 375
total seconds of exposure (6.25 min). Ultimately this strategy enabled
50% cleavage in just minutes.

NMR. 'H and "*C NMR spectra were recorded at 500 and 126
MHz respectively, on a Bruker DRX (500 MHz) NMR spectrometer.
All NMR spectra were measured at 23 °C in CDCIl; or d,-CD;0OD.
Chemical shifts () are reported in ppm, and coupling constants (J)
are reported in hertz (Hz). The resonance multiplicities in the 'H
NMR spectra are described as “s” (singlet), “d” (doublet), “t”
(triplet), “quint” (quintet), and “m” (multiplet), and broad
resonances are indicated by “br”. Residual protic solvents of CDCl;
(*H, 6 7.26 ppm, C, § 77.16 ppm), d,-CD,0OD ('H, § 3.35 ppm),
and tetramethylsilane (TMS, § 0 ppm) were used as the internal
reference in the 'H and '*C NMR spectra. The absorptions are given
in wavenumbers (cm™'). NMR spectra were analyzed and exported by
TopSpin 4.07 (Bruker).

Chromatography. Evolution of the photocleavage reaction was
monitored by thin-layer chromatography (TLC) using silica gel 60
F,s4 precoated plates (E. Merck), and compounds were visualized by
UV light with a wavelength of 254 or 356 nm. Purifications by flash
column chromatography were performed using flash silica gel from
Silicycle (60 A, 40—63 um) with the indicated eluent. The purity of
the products was determined by a combination of TLC and high-
pressure liquid chromatography (HPLC) using a Shimadzu LC-20AD
high-performance liquid chromatograph pump, a PE Nelson
Analytical 900 Series integration data station, a Shimadzu SPD-10A
VP (UV—vis, 4 = 254 nm), and three AM gel columns (a guard
column, two 500 A, 10 ym columns). THF was used as solvent at the
oven temperature of 23 °C. Detection was carried out at a UV
absorbance of 254 nm.

MALDI-TOF Mass Spectrometry. This was performed on a
PerSeptive Biosystem-Voyager-DE (Framingham, MA, USA) mass
spectrometer equipped with a nitrogen laser (337 nm) and operating
in linear mode. Internal calibration was performed using angiotensin
II and bombesin as standards. The analytical sample was obtained by
mixing the THF solution of the sample (5—10 mg/mL) and THF
solution of the matrix (2,5-dihydroxybenzoic acid, 10 mg/mL) in a
1:5 (v/v) ratio. The prepared solution of the sample and the matrix
(0.5 L) was loaded on the MALDI plate and allowed to dry at 23 °C
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before the plate was inserted into the vacuum chamber of the MALDI
instrument. The laser steps and voltages applied were adjusted
depending on both the molecular weight and the nature of each
analyzed compound.

Liquid Chromatography Mass Spectrometry (LCMS). After
photocleavage, the Janus dendrimer sample was further diluted to
~0.01 mg/mL with acetonitrile and transferred into an autosampler
vial, and 20 uL was injected into an HPLC-MS/MS system (a Waters
ACQUITY UPLC system was used for chromatography). The UPLC
column was 2.1 X 50 mm with 1.7 mm particles (Waters ACQUITY
UPLC CSH C18). The mobile phase A was generated from water.
The mobile phase B was made of acetonitrile—methanol, 95:5 (v/v),
containing 0.1% formic acid. The flow rate was 350 uL/min.
Separations were carried out with a linear solvent gradient starting
from 0% B to 100% B over 5 min. The Waters Xevo TQS instrument
(Waters Corporation) equipped with a triple quadrupole analyzer was
operated in positive-mode ESL The analyzer was set in the MS scan
mode and daughter ion scan mode for the analysis.

Preparation of Nanoscale Dendrimersomes by Injection.
Stock solutions were prepared by dissolving the amphiphilic Janus
dendrimers in THF at 10 mg/mL. Dendrimersomes were then
generated by injection of 50 yL of THF stock solution into 1.0 mL of
mili-Q water, followed by S s of vortexing.

Dynamic Light Scattering. DLS for the monodisperse vesicles
was performed in PBS and in Milli-Q water with a Malvern
Instruments particle sizer (Zetasizer Nano S, Malvern Instruments,
UK) equipped with 4 mW He—Ne laser 633 nm and avalanche
photodiode positioned at 175° to the beam and temperature-
controlled cuvette holder. Instrument parameters were determined
automatically along with measurement times.

Cryogenic Transmission Electron Microscopy. Cryo-TEM
micrographs were taken on a Carl Zeiss Libra 120 microscope. Cryo-
TEM samples were prepared by plunge freezing an aqueous
dispersion on plasma-treated lacey grids. The vitrified specimens
were transferred to a Gatan-910 cryoholder. The images were
recorded at a temperature of —170 °C with an acceleration voltage of
120 kV.

Preparation of Giant Dendrimersomes by Film Hydration. A
mixture of a 50 uL chloroform solution containing photocleavable
amphiphilic Janus dendrimers (10 mg/mL) and 2 uL of chloroform
solution of red (rhodamine)-labeled Janus dendrimer (3,5)12G1-
RhB (1 mg/mL) or green (nitrobenzoxadiazole)-labeled Janus
dendrimer (3,5)12G1-NBD (1 mg/mL) was dried on a roughened
Teflon sheet (0.5 X 0.5 cm?*) overnight by vacuum. Vesicles contained
a final concentration of 0.4% w/w fluorescent tracer for imaging. After
complete solvent evaporation, the films were rehydrated in 250 uL of
milli-Q water or 1X phosphate-buffered saline (PBS) at S0 °C
overnight. For the dendrimersomes encapsulated with Bodipy or
Doxo rubicin, 1 mM Bodipy or Doxo was added during the hydration
process. For dendrimersomes encapsulating DHFR enzyme, 10 ym of
protein was added to 1X PBS and the film was hydrated at 37 °C
overnight. Dendrimersomes containing NTA-dendrimer at 4% molar
mass were first hydrated in milli-Q water at 50 °C overnight to ensure
the dendrimers were well-mixed and then subsequently incubated
with His-tagged proteins (His-RFP) at 10 ym for 30 min at room
temperature. Samples were then diluted by 20—40-fold and imaged.
For photoinduced protein recruitment, NTA-containing dendrimer-
somes were mixed with His-tagged protein, diluted to a final
concentration of 0.2 uM.

Protein Expression and Purification. Recombinant plasmids for
His-RFP and GST-DHFR-GFP were inducibly expressed in 1 L of
bacterial cultures following transformation into Rosetta 2 BL21(DE3)
pLysS E. coli strain (Novagen), as described previously.”””" After cell
lysis via free-thaw and sonication, lysates were clarified by
centrifugation and incubated with affinity resins to purify proteins.
Lysates containing E. coli dihydrofolate reductase (DHFR) with an N-
terminal fusion to glutathione-S-transferase (GST) and green
fluorescence protein (GFP) were bound to glutathione agarose
beads (Pierce) and pure protein eluted using 1S mM reduced
glutathione, as described previously.”” His-RFP-containing lysates

were bound to Ni-NTA-Superflow beads (Qiagen) and eluted using
250 mM imidazole, as described previously.”' Proteins were dialyzed
and stored in a standard protein buffer (150 mM NaCl, 25 mM Tris-
pH 7.8, 10% glycerol, 1 mM TCEP) at concentrations of 50—200 yM.
Aliquots of protein that were flash frozen and stored in a —80C
freezer were thawed and diluted to appropriate concentration (10
um) prior to the start of the experiment. Protein concentrations were
determined using Bradford Plus protein reagent and absorbance at
595 nm.

Confocal Fluorescence Microscopy. For confocal imaging
experiments, samples of preassembled giant dendrimersomes were
diluted 25-50-fold in milli-Q water to reduce background
fluorescence and pipetted into custom gasket imaging chambers (20
uL). Images were acquired using 488 and 561 nm laser illumination
on an Olympus IX81 inverted confocal microscope containing a
Yokogawa X1 spinning disk head. Images were acquired using a 100X
1.4 NA oil objective, an Andor iXon3 EM-CCD camera, and
MetaMorph acquisition software. Images containing a specific dye or
tracer were collected at identical laser intensities and camera gain and
exposed for the same period of time.

Laser Breakdown of Dendrimersome Vesicles. Rapid optical
breakdown of giant dendrimersome samples was achieved via 405 nm
laser illumination at either 1.66 or 2.74 mW power settings
(corresponding to power densities at the center of 10 ym diameter
vesicles, I = 34,583 and 57,083 mW/cm?). Time-course experiments
were performed at 1.66 mW laser power using a single plane of
illumination in the widest plane of the vesicle; pulses were 20 ms in
duration and repeated for an integrated total 405 nm exposure of 1-2
s. Cargo release experiments were performed by illumination of 20
planes along the Z-axis for a combined 5 s of 405 nm illumination,
1.66 mW power. This stack illumination strategy was repeated for up
to a total of 20 s combined illumination. Photorelease of the outer
vesicle layer was performed by stack illumination for a combined 1 s
of 405 nm illumination, split between 20 z-planes. For targeted
illumination of regions of interest, such as to alter vesicle morphology,
a Gataca Systems ILAS2 targeted laser was used containing
galvanometer scan heads. Regions of approximately 1 pm?® were
illuminated at 10 repetitions for a combined 40—80 ms of 405 nm
exposure.

Image Analysis. To categorize vesicles based on their
morphology, individual vesicles were manually contoured at their
midplane using Image] software and grouped into three main
categories: unilameller-like (<2 visible lamellae), onion-like (multi-
lamellar), and dense vesicles. A total of 573 vesicles for four types of
photocleavable dendrimers were used. Additionally, a total of 113
vesicles of nonphotocleavable dendrimers across three imaging
sessions were included to account for dendrimersome and experiment
variability. The vast majority of vesicles were round, and thus their
mean diameter was calculated from the measured area. To quantify
kinetics of vesicle breakdown, extent of cargo release, and amount of
protein recruitment, confocal image stacks were analyzed using
Image]. Midplanes of vesicle or vesicle breakdown products were
identified in Z, and objects were masked and background subtracted
to calculate integrated pixel intensities of fluorescent dendrimers or
small molecule or macromolecular cargos. Masking area of breakdown
products included all visible debris field using a fluorescent dendrimer
tracer; the area was confirmed by the 405 nm channel, which shows
absorption of the nitrobenzyl group. Measurements of breakdown or
recruitment were performed on a minimum of 20-25 vesicles.
Analyses of control experiments containing photoinsensitive den-
drimersomes included at least 10 vesicles. Analyses of time required to
form observable breaks in lamellae were performed on timelapse
image stacks using the Rho-dendrimer channel. All data were plotted
and fit using Graphpad Prism software. Statistical calculations,
including nonparametric two-tailed f tests of statistical significance
and comparison of linear regression slopes, were performed in Prism.
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