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Visible light is used to generate heat from gold nanoparticles wrapped
in an amphiphilic polymer shell and trigger a reverse Diels—Alder
reaction of a ‘caged’ tyrphostin therapeutic agent. The hydrophilic
nature of the released agent results in it travelling from the polymer to
the bulk medium, while the byproduct of the reaction is trapped in the
hydrophobic layer of the nano-assembly.

Introduction

Molecular systems that use light to trigger the activation of
small compounds from ‘blocked’ or ‘caged’ forms conveniently
allow the user to choose when and where the release and
delivery of therapeutics and other important molecular species
occurs.”> This type of ‘on-command’ release has many
appealing features including dose control, reduced adminis-
tration frequency and being able to match the many pulsatile
functions occurring in the body.>* One major issue that needs
to be overcome is the fact that most of the existing ‘release-on-
command’ systems rely on high-energy photons which are not
compatible with sensitive environments because of the damage
they can cause and their inability to penetrate deeply into
materials.

A variety of delivery ‘vehicles’ have been developed to
sequester molecules until they can be delivered to the site of
interest using less-damaging stimuli such as ultrasound and
low-energy light.> Among these examples, metal nanoparticles
have been one of the preferred ‘vehicles’ of choice.®® The ability
of metallic nanostructures to absorb light and convert it into
heat is one solution to overcome the reliance on UV or high-
energy visible light. Many types of metal nanoparticles, such
as those made up of gold or silver, undergo this photothermal
effect’ and have can be used to carry out important chemical
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reactions close the surface of the particles without heating the
bulk environment. Illustrative examples include those that
release therapeutics,' single strands of nucleic acids™ and
imaging agents™** decorated onto the nanoparticle's surface. In
all cases, the release is achieved without damaging surrounding
cells or tissue.

Gold nanoparticles are particularly appealing candidates for
the photothermal release of molecules within sensitive envi-
ronments, such as those found in biology, because of their
biocompatibility, and ease of synthesis and surface function-
alization."*"” The examples cited in the previous paragraph all
have the molecular agent of interest directly tethered onto the
surface of the nanoparticles through thiol-modified linkers.
While proven successful, this surface-modified approach has
several disadvantages. The first is based on the need for the
agent of interest to displace some of the ligands originally
decorated onto the metal surface to enhance the stability, which
may interfere with properties of the nanosystem (e.g. biocom-
patibility and aggregation-resistance). This issue is particularly
relevant when the agent of interest has low water-solubility.
Another issue with this system is the tendency for the unde-
sirable cleavage of the Au-S bond anchoring the molecule to the
nanoparticle™ resulting in a further decreased stability of the
nanoparticle.*

A more versatile and universal approach is to encapsulate the
agent of interest within an amphiphilic shell surrounding the
nanoparticle. We'®'® and others>*** have used this approach to
trap hydrophobic molecules near the metal surface because the
hydrophobic layer of the polymeric shell is near the nano-
particle, while the hydrophilic layer of the shell projects away
from the nanoparticle imparting water solubility. In this report,
we illustrate how this spontaneous encapsulation approach can
be used to trap a bicyclic molecule 1, which is the Diels-Alder
product of a 1,3-cyclohexadiene and (4-hydroxybenzylidene)
malononitrile. The latter compound is an important target as it
is known to the biochemical community as tyrphostin A8 (T8),
a simple version of a class of chemotherapeutic agents.?”** This
compound is also an ideal candidate for our approach due to its
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short circulation time in the bloodstream so controlled release
from an inactive form would be beneficial.>**”

Our concept is illustrated in Fig. 1 where three unique
environments are depicted. The one on the far left represents
the state of the nano-assembly prior to any irradiation. In this
case, the bicyclic compound (1) is trapped within the hydro-
phobic layer of the encapsulating shell close the nanoparticle's
surface. The middle ‘cell’ would be the result when the nano-
assembly is exposed to visible light and the photothermal
effect has generated enough heat to trigger the retro-Diels-Alder
reaction producing tyrphostin A8 and the cyclohexadiene. The
far right ‘cell’ shows the ultimate outcome. Because the tyr-
phostin A8 is less hydrophobic, it should be released from the
nano-assembly where it can be effective as a chemotherapeutic
agent. The cyclohexadiene retains its hydrophobic nature and
should remain trapped in the nano-assembly. This last point is
an additional advantage of our approach as it prevents any
detrimental effect the byproducts of the release event may cause
and differs from the traditional photo-cages.?®

Results and discussion
Preparation of encapsulated nanoassembly NP-P-1

The nano-assemblies are prepared as shown in Scheme 1. The
bicyclic compound 1 can be prepared in one step through the
Diels-Alder reaction of commercially available tyrphostin A8
((4-hydroxybenzylidene)malononitrile) and 1-methoxy-1,3-

NP-P-1

Fig. 1 Left 'cell: bicyclic compound 1 encapsulated within the
hydrophobic shell surrounding the octadecylamine-coated gold
nanoparticles. Middle ‘cell’: the retro-Diels—Alder reaction of bicyclic
compound 1 releasing tyrphostin A8 (T8) and the diene. Right ‘cell”:
release of T8 into the bulk aqueous environment and retention of 1-
methoxy-1,3-cyclohexadiene within the hydrophobic layer of the
nano-assembly.
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Scheme 1 Synthesis of bicyclic compound 1 from tyrphostin A8 (T8)
(top) and wrapping and encapsulation of the nano-assemble NP-P-1
(bottom).

cyclohexadiene in 1,4-dioxane. Using these conditions, the
product is exclusively the exo-isomer.

A single step produces amphiphilic polymer P by
ring-opening  poly(styrene-co-maleic ~ anhydride)  with
O-(2-aminopropyl)-0’-(2-methoxyethyl)polypropylene glycol

(JeffAmine® M-2070). These two polymeric systems ensure that
the final nano-assemblies have good water dispersibility while
maintaining a lipid-like core structure to trap hydrophobic
molecules.

The initial water-dispersible gold nanoparticles are best
prepared as an aqueous dispersion following the literature
procedure,* which uses sodium citrate as both the reducing
and capping agent. In our hands, this procedure generates gold
nanoparticles with an average diameter of 11.2 nm + 1.2 nm as
measured from the TEM images.t The UV-visible absorption
spectrum of the citrate-coated gold nanoparticles shows its
characteristic, sharp surface plasmon resonance (SPR) band
centred at 519 nm (black line in Fig. 2a). The necessary hydro-
phobic gold nanoparticles can be readily prepared using the
common ligand exchange method where the citrate ligands are
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Fig. 2 (a) Normalized UV-vis absorption spectra of dispersions of

citrate-coated gold nanoparticles AuNP (NP citrate) in water (2.55 mg
mL™1) (black line), ODA-coated gold nanoparticles (NP ODA) in chlo-
roform (0.39 mg mL™?) (blue line), and NP-P-1 in water (2.66 pg L)
(red line). (b) TEM image of the final nano-assemblies NP-P-1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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replaced by octadecylamine (ODA) rendering nanoparticles that
are dispersible in CHCI;.** As anticipated, this ligand exchange
results in a red small shift in the SPR band (blue line in Fig. 2a),
which can be attributed to the increase in the refractive index of
the medium in which they are dispersed (CHCI; n,>° = 1.4459,
water np*® = 1.3334).%

The final nano-assembly (NP-P-1) is prepared starting from
a CHCI; solution of the ODA-coated nanoparticles by sequential
addition of the amphiphilic polymer (P) followed by a solution
of bicyclic compound 1 in the same solvent. After removing the
organic solvent, the nano-assembly can now be dispersed in
alkaline water, which promotes the self-assembly process. The
UV-visible absorption spectrum of the aqueous dispersion of
NP-P-1 shows a bathochromic shift in the SPR band which is
now centred at 524 nm (red line in Fig. 2a). The average diam-
eter of the NP-P-1 nano-assembly is 10.7 nm + 0.6 nm as
measured using TEM (Fig. 2b) which is consistent with the
diameter of the original citrate-coated nanoparticles (11.2 nm +
1.2 nm). In contrast, the DLS measurements (Fig. S2, leftf),
which provide an estimated size of the entire nano-assembly
including the organic layer around the inorganic core, show
an increase in size of the nano-assembly NP-P-1 after encapsu-
lation to be approximately 21.3 nm.{ This difference in size
measurements of the nano-assembly NP-P-1 from TEM and DLS
can be attributed to the addition of the amphiphilic organic
shell with fully extended PEG chains around the inorganic core
in aqueous environments: the organic chains appear only
faintly on TEM. The loading of compound 1 trapped within the
nano-assembly NP-P-1 can be estimated using UV-visible
absorption spectroscopy and was estimated by determining
the amount of released tyrphostin A8 (in the photothermal
experiment) and comparing it to an authentic sample of 1. The
number of molecules of adduct 1 per nanoparticle is approxi-
mately 92.F

Thermolysis of bicyclic compound 1

The heat-induced retro-Diels-Alder reaction of the bicyclic
compound can be examined by heating at 90 °C a 4.1 mM
solution of 1 in water containing 40 vol% aqueous DMSO and
monitoring the progress using UV-vis absorption spectroscopy
(Fig. 3a and b) by taking 20 uL aliquot amounts of reaction
mixture and immediately quenching them with ice-cold 1 vol%
aqueous DMSO to obtain a final concentration of 82 puM.

Within the first ten minutes of heating, a broad absorption
band centered at 415 nm appears. After this time, an additional
absorption band centered at 330 nm emerges. Both bands
continue to grow, however the one at longer wavelength even-
tually decreases in intensity and is barely observable after 3
hours. This band corresponds to the released T8 from the
bicyclic compound 1. The higher-energy band corresponds to p-
hydroxybenzaldehyde showing that the reverse Knoevenagel
condensation reaction occurs to produce the aldehyde and
malononitrile (Scheme 2).>>

The appearance of the bands corresponding to T8 and p-
hydroxybenzaldehyde in regions of the spectrum that are shif-
ted to longer wavelengths than expected can be explained by the
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Fig. 3 (a) Changes in the UV-vis absorption spectrum when a 4.1 mM
40% aqueous DMSO solution of 1 is heated at 90 °C for 3 hours. (b)
Changes in absorption intensities at 415 nm and 330 nm corre-
sponding to T8 and p-hydroxybenzaldehyde, respectively. (c) Changes
in the UV-vis absorption spectrum when 40% aqueous DMSO solu-
tions of T8 (top) and p-hydroxybenzaldehyde (bottom) are heated at
50 °C for 5 minutes. (d) Changes in absorption intensities at 353 nm
and 430 nm for T8 (top) and 285 nm and 337 for p-hydrox-
ybenzaldehyde (bottom).

solvatochromic behavior of both chromophores. When freshly
prepared 10 uM 40 vol% aqueous DMSO solutions of T8 and p-
hydroxybenzaldehyde are compared, the absorption bands
appear, as expected, at 353 nm and 285 nm, respectively as
shown in Fig. 3. Heating these solutions at 50 °C for 5 minutes
results in the disappearance of both bands and the simulta-
neous appearance of bands that are red-shifted to 430 nm and
337 nm (Fig. 3c and d). This solvatochromic behavior has been
reported already®® and can be attributed to the heat-promoted
solvation of the hydroxyl group on the phenol by water
through hydrogen bonds. The result is a pseudo-phenolate. The
hydrolysis and production of the aldehyde must occur from the
released (4-hydroxybenzylidene)malononitrile (T8) because the
bicyclic compound 1 does not contain a dicyanoethene func-
tional group.

Photothermolysis of nano-assembly NP-P-1

When an aqueous dispersion of the nano-assembly NP-P-1 (2.66
ug uL 1) is irradiated with a nanosecond pulse laser (10 ns, 532
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Scheme 2 Retro-Diels—Alder reaction of bicyclic compound 1 and
subsequent hydrolysis to 4-hydroxybenzaldehyde.
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nm) at 800 mW cm ™ %§ an increase in a band centred at 412 nm
in the UV-vis absorption spectrum appears after only 1 minute
of exposure (Fig. 4). This band corresponds to the tyrphostin A8
released from bicyclic compound 1 through a retro-Diels-Alder
reaction as illustrated in the thermolysis experiments described
previously. The changes in the spectrum stop after 5 min, at
which time centrifugation of the nanoassembly using a spin
filter with a 10 kDa cutoff shows that the flow-through solution
contains the released T8. High-resolution mass spectrometry
analysis of this flow-through solution confirms the presence of
tyrphostin A8 (HRMS-ESI: m/z 169.0403 (M — H) calc.
C1oHsN,O™  169.0407). No evidence of 1-methoxy-1,3-
cyclohexadiene is observed by HRMS indicating that, as
designed, this species remains trapped within the polymer shell
surrounding the nanoparticle.

Another change that occurs during the irradiation is the
decrease in intensity and hypsochromic shift of the band cor-
responding to the nanoparticle's plasmon resonance centered
at 525 nm. This change also stops by the ends of the exposure
period and ends up at 517 nm. This shift towards shorter
wavelengths can be attributed to possible fragmentation and
vaporization of gold nanoparticles, which is a direct conse-
quence of the fact that the gold nanoparticles absorb laser
energy leading to high temperatures inside them with low heat
transfer to the surrounding solvent.***®* However, encapsulating
the nanoparticles within the amphiphilic polymer (P) signifi-
cantly reduced the laser-induced thermal deformation of gold
nanoparticles as compared with the non-capsulated ones as
shown in Fig. S5.1 This enhanced stability is likely due to the
thermal stability of the polymer shell compared with thermally
labile ligands, which detach can from the surface during to
photothermal process. It seems that the polymer shell improves
the heat dissipation from gold surface, keeps the particles iso-
lated from each other and reduces thermal fusion and
aggregation.

Under the conditions employed in our experiments, no
observable evidence of hydrolysis of the photothermally-
released (4-hydroxybenzylidene)malononitrile (T8) to p-hydrox-
ybenzaldehyde was present. This observation implies that,
despite the system generating sufficient heat to initiate the
retro-Diels-Alder reaction, which in our thermal experiments is
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Fig. 4 (a) Changes in the UV-vis absorption spectrum when an

aqueous solution of NP-P-1 (2.66 ng uL™Y is irradiated with a nano-
second pulse laser (10 ns, 532 nm) at 800 mW cm™2. The red line
corresponds to released T8 in the supernatant after centrifugation. (b)
The difference spectra of the same data clearly showing the growth of
an absorption band at 412 corresponding to the released T8 and
a slight blue-shift of the SPR band of the nanoparticle.
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enough to hydrolyze T8, the interior of the amphiphilic shell
lacks enough water for this reaction. By the time the released T8
migrates to the bulk aqueous medium, the heat is reduced
below the point where it can trigger hydrolysis because the
photothermal effect is highly localized.

Conclusions

In this report we illustrate a more versatile approach to trapping
‘caged’ molecules for subsequent photothermal release using
visible light. The advantages of this encapsulation approach are
increased stability during exposure to pulsed lasers, the avoid-
ance of potentially unstable thiol groups to anchor the agent
onto the nanoparticle surface, and the retention of the
byproduct of the release within the hydrophobic shell.

Our choice to demonstrate this approach using the simplest
tyrphostin A8 is because it represents a broader class of
electron-poor dienophiles. Other molecules with similar elec-
tronic characteristics could be used analogously. In order for
the byproduct to remain in the polymer shell, a change in
hydrophobicity must occur after the photothermal bond
breaking, which is a consideration that must be appreciated
when designing alternative systems. Additionally, it is expected
that the inclusion of any polymer shell that competes for the
excitation light would reduce the amount of light able to reach
to the surface of the nanoparticle and reduce the photothermal
effect efficiency. Further research should consider the polymer
chain length, which will affect the shell thickness, and the laser
power required to trigger a kinetically meaningful reaction.
Finally, the exploration of the efficiency of this system
compared to systems with molecules tethered to the polymer
would of additional interest.
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