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Multifaceted ligand design facilitates chemical- or
peptide-mediated linking of hollow gold
nanoshells with tuned interparticle distance,
interference and cytotoxicitiesy
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We report a versatile methodology to covalently link hollow gold nanoshells (HAUNS) through modular
design of multi-tasking ligands and bio-adaptable chemistry. The biocompatible ligand composition
(PEG) chains, protected thiol-terminated
tetraethylene glycol, and a reactive functional group, on a core. HAuNS are functionalized through an
in situ one-pot deprotection/thiol-Au binding. The ligand-functionalized HAUNS with surface exposed

includes strategically placed two polyethylene glycol

COOH or OH entities are employed in constructing linked-HAUNS conjugated through a short
chemical- or a longer bio-spacer (GPLGVRG peptide), in which (i) the length of the PEG chains plays an
important role in minimizing oligomerization during covalent linking of HAUNS; (i) inter-particle distance
and interference of HAuUNS surface plasmon resonance are regulated through chemical/peptide

Received 1st June 2022, junctions, with UV-Vis-NIR absorption maxima red-shifted in chem-linked HAUNS; and (iii) chem-linked

Accepted 29th July 2022 HAUNS-to-monomer conversion leads to amplification of the photoacoustic signal. Ligand stabilized
DOI: 10.1039/d2ma00624c monomeric and linked-HAUNS are less cytotoxic than citrate protected HAUNS. The synthetic tools and
facile chemistry described here provide opportunities in designing linked metal nanoparticles for broad

rsc.li/materials-advances applications in biology.

oly(vinylpyrrolidone) for example).>***'* Surface modification
(poly(vinylpyr p

of HAuNS is not only essential for their stabilization, but also
provides easy access to introduce additional functions. HAuNS
stabilized with a layer of citrate ions can be substituted with
desired molecules through ligand displacement chemistry.'>™"”
Tailoring the surface of HAuNS can help expand their scope to

Introduction

Hollow gold nanoshells (HAuNS) that offer a unique combi-
nation of properties including localized surface plasmon reso-
nance, high optical absorption and scattering cross-section
etc.,' are ideally suited for a variety of applications such as

photothermal therapy, surface-enhanced Raman scattering
(SERS) and photoacoustic imaging.*” HAuNS’ surface can also
be customized to offer an advantageous platform in designing
a diverse range of nanomaterials.® The colloidal stability of
HAuNS is strongly influenced by the capping agents, which can
vary from simple citrate ions to polymeric structures
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the needs of a wide array of applications. For example, in
nanomedicine, surface modification with poly(ethylene glycol)
(PEG) is commonly used to enhance water solubility and bio-
compatibility of HAuNS.'®'® Functionalization with PEG pre-
vents HAuNS from being cleared by the reticuloendothelial
system, increasing their circulation.”® Other surface moieties
that have been used to decorate HAuNS include antibodies,>*
aptamers, peptide fragments, dextran,* hyaluronic acid,>® as
well as large macromolecules such as dendrimers.**

In this study, we designed and synthetically articulated
multi-tasking ligands, which were tailored to include two PEG
arms, a tetraethylene glycol (TEG) unit with a protected-thiol
end group in the middle of these two PEG arms, and terminal
functional groups (COOH or OH) on the core (Fig. 1). Upon
conjugation of these ligands to HAuNS, the long-chain PEG
arms can help enhance biocompatibility, water solubility, as
well as provide stability to HAuNS through steric shielding.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Ligand design for linking HAUNS.

To probe this stabilizing effect, two PEG lengths (PEG;5, and
PEG,00) were investigated. The COOH and OH functionalities
could be used to couple HAuNS into extended metal nano-
particles using biologically relevant esterification and amidation
reactions. Free thiol groups are known to be water and oxygen
sensitive,?”*® and this can interfere in the surface functionaliza-
tion process through S-S bond formation in solution. To address
this issue, we utilized an in situ one-pot surface functionalization
methodology that employs trityl-protected thiols.” Such function-
alized HAuNS can be isolated, dried and re-suspended in varied
solvents.

Surface plasmon resonance, a collective oscillation of con-
duction electrons with incident light in noble metals such as
gold, has intrigued the scientific community for years due to its
applications in a variety of fields.?®>° There has been tremendous
effort devoted to understanding its coupling, for example (i) in
nanomatryoshkas,”*° where it is hybridized between nano-
particle inner core and the outer thin shell;** and (ii) when metal
nanoparticles come in close proximity to form an extended metal
nanoparticle (EMN), leading to constructive or destructive
interference.*'™* Nanomatryoshkas and EMNs have offered
opportunities in designing nanomaterials for applications in
photo-thermal therapy, bio- and chemical-sensing, and advanced
optics and electronics.*®*>*® Hollow gold nanoshells are ideal for
such applications,”**”™*° and theoretical understanding of the
surface plasmon resonance behavior of metal nanoparticles
including gold nanoshells has been ascertained using plasmon
hybridization method.>® Coupling of discrete surface plasmon
resonances, as in linked-HAuNS, has significant advantages in
tuning nanoparticle behavior by tailoring inter-particle
distance.”™*” It opens up new possibilities for exploring the design
of molecular probes for applications in areas including
theranostics.”

Due to the immense potential of linked metal nanoparticles
in designing novel functional materials, a tremendous effort
has been devoted to developing methodologies for their con-
struction. Attempts that have mainly focused on metal nanopar-
ticle dimer synthesis in general, have included using deoxyribose
nucleic acid (DNA) base pairing, electrostatic interactions, hydro-
gen bonding, coordination chemistry, and through covalent
bonds.”*™® Despite this elegant work, significant challenges still
remain in developing chemical routes that could streamline
linking metal nanoparticles® and hollow gold nanoshells in
particular, and provide a platform to evaluate their properties.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Using our synthetically articulated ligands, we have developed
a versatile methodology to design covalently linked HAuNS
through (i) a chemical spacer; and (ii) a small peptide, GPLGVRG
(biological spacer), a targeting moiety which can be cleaved by
matrix metalloproteinase (MMP-2) enzyme, generally over-
expressed, for example, at atherosclerotic disease plaques.’®
Through an evaluation of these linked HAuNS, we demonstrate
that (i) the composition of the ligand plays a significant role in
limiting oligomer formation; (ii) the length of the spacer strongly
influences the interaction between linked-HAuNS; and (iii) upon
reversal to monomers in chemically linked HAuNS, an amplifi-
cation of the photoacoustic signal is observed. Finally, we show
that the ligand-functionalized hollow gold nanoshell monomers
and their linked analogs have lower cytotoxicities than the
corresponding citrate-capped nanoshells.

Results and discussion

To explore the role of interparticle distance on the properties
of metal nanoparticles, we investigated two different strategies
for linking HAuNS: (i) through optimized separation of the
monomers by conjugation through the designed ligands bound
to the surface of HAuNS (chemical-spacer); and (ii) introducing
a peptide linker with sequence GPLGVRG between the function-
alized HAuNS monomers (bio-spacer), which will increase inter-
HAuNS distance. The ligands were designed to provide steric
protection to individual HAuNS, which could lead to controlled
chemical reactions between monomers, and prevent oligomer-
ization. Increase in the bulk of the multi-tasking ligand reduces
the number of such molecules that can be attached to HAuNS.
It leads to a decrease in the number of terminal chemical
entities on the functionalized HAuNS surface monomers which
will undergo a reaction for covalent linking.

We envisioned that in managing and enhancing the efficacy
in linking HAuNS, tailoring the ligands with fine-tuned size and
composition will be a crucial parameter. In addition to providing
steric protection and stability to each gold nanoshell, the ligand
should allow flexibility through its exposed complementary
terminal moieties for linking via chemical or biological spacers.
Important features of the two complementary ligands employed
in this study are shown in Fig. 1. Each has two long-chain
poly(ethylene glycol)methyl ether arms with average molecular
weight either 750 (PEG;5o) or 2000 (PEGy), and located at
~120° from each other. This spatial arrangement and steric
hindrance of the two PEG arms will maximize HAuNS stability
through firm anchoring of the ligands onto the nanoparticle
surface. For this purpose, we designed a third arm between the
two PEGs, based on tetraethylene glycol (TEG) with a protected
SH group at the end. The latter upon deprotection would
covalently link the ligands through Au-S bond, as well as provide
additional flexibility through TEG.

Four different ligands in which average PEG molecular
weight was 750 or 2000, were designed for this study: OH-
CH,-Core-(PEGy50),-(TEGSR)  (Ligand I), OH-CH,-Core-
(PEG2000)2-(TEGSR) (Ligand II); COOH-Core-(PEGs(),-(TEGSR)
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(Ligand III) and COOH-Core-(PEG,00)2-(TEGSR) (Ligand IV).
Two different lengths of PEG help examine the degree of steric
protection around HAuNS, which is needed in inhibiting the
formation of metal nanoparticle oligomers. To synthesize
linked metal structures, we chose terminal hydroxyl and car-
boxylic acid groups, which can be bonded together through
ester bond formation, as well as provide chemical pathways to
link a bifunctional peptide via ester/amide bonds. The reasons
for the selection of these functional groups also include
versatility of esterification and amidation reactions that are
frequently used in biology.

Multi-tasking ligands

The design of overarching tri-armed ligands (Fig. 1) was
achieved through a judicious choice of the core, and build-up
of the structure on it through efficient coupling reactions.’®*°
For example, the synthesis of OH-terminated branched ligand,
OH-CH,-Core-(PEG;50),-(TEGSR) (Ligand I, Scheme 1) began
with the reduction of the commercially available 3-bromo-5-
iodo-benzoic acid to give compound 1.1. Its chemical structure
was confirmed by the appearance of a singlet at 4.64 ppm,
corresponding to the benzylic protons (OH-CH,-Bz, s, 2H) in
the "H NMR spectrum. Sonogashira couplings on 1.1 first with
(i) triisopropylsilyl(TiPS)-acetylene (singlet at 1.21 ppm for the
TiPS protons); and then (ii) trimethylsilyl(TMS)-acetylene (addi-
tional singlet at 0.24 ppm for the TMS protons), gave com-
pounds 1.2 and 1.3. The deprotection of the trimethylsilyl
group yielded free ethynyl group (1.4), which was accompanied
by the appearance of a singlet at 3.07 ppm.

Monotosylation of tetraethylene glycol (TEG) (1.5),°" was
followed by replacement with trityl group to yield the protected
thiol-terminated TEG (1.6). The singlet for the methyl protons
from the tosyl group in 1.5 at 2.45 ppm, and two doublets at
7.78 for the four protons of tosyl in its '"H NMR spectrum,
disappeared. Instead, a multiplet for the 15 protons of the trityl
group appeared between 7.24-7.48 ppm, suggesting the repla-
cement of tosyl with trityl group. Additionally, we observed an
upfield shift of the triplet resonance, corresponding to CH,-O-
tosyl, from 4.16 ppm to 2.43 ppm, caused by the influence of
less electron-withdrawing effect of S-trityl compared to O-tosyl
group. ">C NMR was consistent with the "H NMR results, in
which the appearance of C-Ph; at 31.6 ppm and the disappear-
ance of Bz-CHj; at 21.4 ppm, also indicated the replacement of
tosyl by trityl group in 1.6.

The tosylation at the other end of 1.6 led to the appearance
of a doublet at 7.78 ppm for the two aromatic protons on the
tosyl group in its "H NMR spectrum, while the peaks for the
other two aromatic protons overlapped with that for the similar
protons on trityl at 7.20-7.44 ppm, with an increase in proton
integration from 15 to 17. In addition, a triplet at 4.14 ppm
indicated the presence of methylene protons next to O-tosyl,
and the integration for the protons at 2.40-2.44 ppm increased
from 3 to 5. It implied that the protons for SO,-Bz-CH; and
CH,-S-CPh;, were overlapping in 1.7. In its "*C NMR spectrum,
the peaks for tosyl and trityl groups (126.6 to 144.8 ppm), and a
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Scheme 1 Synthesis of OH-CH,-Core-(PEG750).-(TEGSR) (Ligand 1). For
complete synthetic details see ESI.{

peak at 21.6 ppm for the terminal methyl of the tosyl group
were observed.

Azidation reaction on 1.7 led to the formation of 1.8 and
followed the loss of peaks in the aromatic region, as well as a
singlet at 2.43 ppm (3H, CH3-Bz-SO,) which overlapped with
the methylene protons next to S-trityl on the tosyl group. In
addition, the peak for the ethylene protons shifted upfield from
4.14 ppm (t, 2H, -CH,-CH,-tosyl) to 3.31-3.37 ppm (m, 2H,
—-CH,-CH,-N3), which is due to less electron-withdrawing effect
of the azide. Azidation of PEG;s, was similarly carried out by
first reacting it with mesyl chloride, followed by the reaction
with sodium azide to give 1.9.°>

The Cu'-catalyzed alkyne-azide click reaction between 1.4
and 1.8 gave compound 1.10, the "H NMR of which showed that
the singlet at 3.07 ppm, corresponding to ethynyl proton had
disappeared, and a singlet for the proton on the triazole ring
appeared at 8.02 ppm. The aromatic protons on the adjacent
carbon of the more electron-withdrawing triazole ring were
relocated to 7.78 and 7.87 ppm from 7.46 and 7.52 ppm. The
multiplet at 3.34-3.36 ppm, corresponding to the ethylene

© 2022 The Author(s). Published by the Royal Society of Chemistry
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protons next to an azide, shifted lower field to 4.49 ppm; and
the ethylene protons at B carbon (m, 3.34-3.68 ppm), moved
lower field (3.84 ppm). In the "*C NMR, the peaks at 77.9 and
82.7 ppm, corresponding to the ethynyl carbons, disappeared.

The bromination of 1.10 led to the formation of 1.11, in
which benzylic protons showed a small downfield shift from
4.67 to 4.70 ppm. In the "*C NMR spectrum of 1.11 the peak for
the benzylic carbon shifted from 63.2 to 32.5 ppm. Its azidation
with NaN; yielded 1-12, in which the resonance for the benzylic
protons moved upfield from 4.69 to 4.55 ppm in its "H NMR,
and the benzylic carbon moved from 32.5 to 53.6 ppm in the
C NMR spectrum.

Subsequently, a click reaction between 1.4 and 1.12 led to
the formation of 1.13 and was accompanied by the disappear-
ance of the peak at 3.07 ppm and appearance of a singlet at
8.52 ppm. The singlet for the benzylic protons moved downfield
from 4.55 to 5.75 ppm, suggesting that the azide, has been
replaced with a triazole ring. In the >*C NMR spectrum, the
carbon peaks for the ethynyl group at 91.7 and 105.7 ppm
disappeared and were replaced with the peaks corresponding to
the triazole carbons at 143.8 and 146.6 ppm.

The triisopropylsilyl protective group on acetylene in 1.13 was
removed with TBAF and was confirmed by the disappearance of
the singlet at 1.17 ppm corresponding to TiPs protons. Instead,
two singlets at 3.66 and 3.74 ppm corresponding to the ethynyl
protons were observed. The "*C NMR spectrum of 1.14 was
consistent with the results from its "H NMR and showed that
peaks for the triisoproprylsilyl carbons at 11.1 and 18.2 ppm had
disappeared; and the peaks for the acetylene carbons shifted
from 106.6 and 107.3, to 78.2 and 79.2 ppm.

Finally, N3-PEG;5, (1.9) was reacted with 1.14 in a CuAAC
reaction, leading to the formation of Ligand I (OH-CH,-Core-
(PEG750)>-(TEGSR), Scheme 1). As expected, peaks for the ethynyl
protons in 1.14 at 3.66 and 3.74 ppm disappeared, and two
singlets for the protons on the triazole rings appeared at 8.31
and 8.45 ppm in Ligand I. The thiol protecting group was left
intact during the whole synthetic multi-step procedure.

Additional confirmation for the synthesis of Ligand I was
obtained from high resolution mass spectroscopy (HR-MS) and
gel permeation chromatography (GPC). The HR-MS spectrum of

rvees
o ) 214120

(ARG ”HH\}HIIMIH

(®)

Fig. 2 Ligand I, (OH-CH,-Core-(PEGy50)2-(TEGSR)): (A) high-resolution
mass spectrum; and (B) GPC chromatogram.
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Ligand I (Fig. 2(A)) contained two ion sets carrying three
and two positive charges, and both showed the unique mole-
cular weight distribution of PEG. GPC chromatogram (Fig. 2(B))
showed a single distribution. Monomethylated PEG;s,
PEG,000, PEG3400 and PEGs5q,, were used for calibration, and
an average molecular weight (M,,) equal to 2910 with a poly-
dispersity index (PDI) of 1.13 (close to HR-MS results) was
obtained for Ligand I.

Using the same method (Scheme 1), the size of PEG moieties
was easily modified in the synthesis of OH-CH,-Core-(PEGy0)2-
(TEGSR) (Ligand II). The only change in the procedure was
substituting N3;-PEG;50 (1.9) with N3-PEG,g00. The successful
synthesis was confirmed by 'H, "*C NMR, MALDI-TOF and
GPC. For comparison, the "H NMR integration on the -O-
CH,- region at 3.49-3.74 ppm (m) gave 144 protons for OH-
CH,-Core-(PEGys5),-(TEGSR), and 312 protons for OH-CH,-Core-
(PEG2000)2-(TEGSR). This increase in the number of protons is
consistent with the increase in average number of repeat units of
ethylene glycol from 16 in N3-PEG;s5, to 46 in N3-PEG,qg. Using
GPC, an M, of 6935 with PDI of 1.09 was obtained.

By adapting a similar methodology as described above
for Ligands I and II (Scheme 1), COOH terminated ligands
with two different PEG lengths, COOH-Core-(PEG5s,),-(TEGSR)
(Scheme 2, Ligand III) and COOH-Core-(PEG;g00)>-(TEGSR)
(Ligand IV) were prepared. Syntheses of compounds 2.1 to 2.4
were carried out by adaptation and modification of the literature
procedures.®® Protection of the starting material, 3-bromo-5-
iodobenzoic acid with an ethyl group (2.1) was confirmed with
the appearance of a doublet at 1.30 and a quartet at 4.26 ppm in
its "H NMR spectrum. Sonogashira coupling on its (i) iodo end
with TiPS-acetylene led to the appearance of a singlet for the TiPS

@
Q

¥

Scheme 2 Synthesis of COOH-Core-(PEGys0)>-(TEGSR) (Ligand IlI). For
complete synthetic details see ESI.t
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protons at 1.15 ppm (2.2), and then (ii) TMS-acetylene (2.3),
another singlet at 0.28 ppm. Deprotection of TMS and ethyl
groups with KOH led to the synthesis of 2.4 in one pot. It was
confirmed with the appearance of ethynyl proton at 3.86 ppm,
and the disappearance of the peaks corresponding to ethyl and
TMS protons.

Cu' catalysed alkyne-azide coupling reaction (CuAAC)
between compounds 2.4 and 1.8 led to the synthesis of 2.5
(Scheme 2), which was accompanied by the appearance of two
singlets at 8.56 and 8.67 ppm corresponding to triazole ring
protons, as well as a downfield shift in the singlet for the
benzylic protons from 4.56 to 5.78 ppm. The successful TiPS
deprotection on 2.5 was confirmed by the absence of peaks
corresponding to TiPS protons, and the appearance of two
singlets at 3.74 and 3.81 ppm for the ethynyl protons (2.6).
Similarly, in the "*C NMR spectrum, peaks for TiPS carbons
disappeared and those for the ethynyl carbons shifted upfield
from 90.9, 91.4, 105.9 and 106.6 ppm to 79.2, 79.6, 82.1 and
82.6 ppm. The synthesis of COOH-Core-(PEG;s5),-(TEGSR)
(Scheme 2, Ligand III) was completed by the CuAAC reaction
between 2.6 and N3-PEGys,. In its '"H NMR spectrum, peaks
corresponding to ethynyl protons in compound 2.6 disappeared,
followed by the appearance of two singlets at 8.60 and 8.67 ppm,
corresponding to triazole ring protons. In its *C NMR, disap-
pearance of the resonances corresponding to ethynyl carbons at
79.2,79.6, 82.1 and 82.6 ppm were observed. Additional analyses
through HR-MS showed unique distribution of PEG with two
and three positive charges sets. GPC gave M,, equal to 2830 with
PDI of 1.13. The synthesis of COOH-Core-(PEG;gg0)>-(TEGSR)
(Ligand IV) was carried out using a similar procedure by sub-
stitution with N3-PEG,q, and characterized using a combi-
nation of techniques as described above.

One-pot in situ detritylation and ligand exchange on HAuNS

As mentioned earlier, free thiol chemical entities are reactive,
and it is essential to minimize their dimerization during surface
functionalization process. It can be achieved through protective
groups such as trityl, which can be subsequently removed using
a variety of methods.*"®® We carried out the ligand detritylation
reaction using trifluoroacetic acid (TFA) and triethylsilane (TES),
in which TES plays the role of a carbocation scavenger.®® Due to
ligand bulkiness, the detritylation reaction was performed over-
night for efficient deprotection, followed by in situ ligand to gold
nanoshell binding. The reaction was carried out in a biphasic
environment of water and DCM, and a change in solubility of
the gold nanoshells was observed upon ligand attachment. The

(A)
el
H,0 ——> H,0 5 T

DCM ——> oM
N

Fig. 3 Solubility of HAUNS: citrate-capped HAUNS before (A), after (B)
ligand attachment (OH-CH,-Core-(PEG750),-TEGS-HAUNS).
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solubility of functionalized HAuNS in DCM increased, and this
could be observed visually. The citrate-capped hollow gold nano-
shells prefer the upper water layer (Fig. 3(A)), while the ligand-
stabilized gold nanoshells (Fig. 3(B)) prefer to be in DCM.
It showed that upon deprotection of the thiol and covalent
anchoring of the resulting ligands in situ, the ligand functiona-
lized gold nanoshells moved to the DCM layer, leaving the water
fraction clear and colorless.

Functionalized HAuNS were characterized using a combi-
nation of techniques including thermogravimetric analysis
(TGA), UV-Vis-NIR spectroscopy, dynamic light scattering
(DLS), and transmission electron microscopy (TEM). Thermo-
gravimetric analyses of the functionalized HAuNS indicated
that in situ detritylation reaction was efficient in covalently
linking the desired ligands. The number of ligands per shell
attached to HAuNS were found to be dependent on the length
of polyethylene glycol chains (Table S1, ESIT). Ligand surface
coverage, as expected, decreased from 58 and 63% for the
smaller length PEG ligands (OH-CH,-Core-(PEGys),-TEGS-
HAuNS and COOH-Core-(PEG;s,),-TEGS-HAuUNS) to 35 and
49% for OH-CH,-Core-(PEG,(g),-TEGS-HAuUNS and COOH-
Core-(PEGy000).-TEGS-HAUNS respectively. It should be noted
that in our calculations it is assumed that the weight loss
during the heating process was fully caused by ligand combus-
tion for all the functionalized HAuNS.

UV-Vis-NIR spectroscopy can provide information related to the
size, shape, concentration, and the agglomeration state of the
functionalized HAuNS. Fig. 4 below shows the UV-Vis-NIR spectra
of gold nanoshells decorated with the four ligands: OH-CH,-Core-
(PEG750)2-(TEGSR) (Ligand I), OH-CH,-Core-(PEGy000)>-(TEGSR)
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Fig. 4 UV-Vis-NIR spectra: blue (citrate ions-capped HAuUNS), orange
(Ligand functionalized HAuUNS): (A) OH-CH,-Core-(PEGys0),-TEGS-
HAuUNS, Ligand I-HAuUNS; (B) COOH-Core-(PEGys0),-TEGS-HAUNS,
Ligand II-HAuUNS; (C) OH-CH,-Core-(PEG,000)2-TEGS-HAUNS, Ligand
lI-HAUNS; and (D) COOH-Core-(PEGy000)2-TEGS-HAUNS, Ligand IV-
HAUNS.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table1l DLS and zeta potential data on HAUNS: citrate stabilized and after
functionalization with Ligand | and 111

Hydrodynamic Zeta potential
HAuNS diameter (nm) (mV)
Citrate stabilized HAuNS 41.59 £+ 0.99
OH-CH,-Core-(PEG,s5,),-TEGS-HAUNS ~ 49.25 + 1.08  —25.83
COOH-Core-(PEG;s5),-TEGS-HAUNS ~ 54.87 +2.06  —36.78

(Ligand II); COOH-Core-(PEGys0),-(TEGSR) (Ligand III) and
COOH-Core-(PEG;00),-(TEGSR) (Ligand IV). The absorption of
HAuNS before and after ligand attachment indicated no signifi-
cant changes, suggesting that the multifunctional ligands are able
to stabilize HAuNS, and the length of PEG does not seem to
significantly affect the absorption characteristics of HAuUNS.

Dynamic light scattering (DLS) measurements were con-
ducted to understand the hydrodynamic size changes caused
by functionalization of HAuNS with ligands reported here, on
two different batches of citrate stabilized HAuNS (Tables 1 and 2).
In addition, zeta potentials can provide information about the
surface charge and nanoparticle stability. In general, upon citrate
replacement with Ligands I-IV, an increase in hydrodynamic
diameter was observed in each case (Tables 1 and 2), which is
related to the larger size of the ligands compared to small
citrate ions.

In evaluating the effect of the ligands with the same PEG
length but different terminal groups (carboxylic acid vs. hydro-
xyl), the hydrodynamic diameter difference between citrate
terminated HAuNS and COOH-Core-(PEG),-TEGS-HAuNS
(Ligands II and IV-based HAuNS, Table 2) was found to be
larger than with OH-CH,-Core-(PEG),-TEGS-HAuNS (Ligands I
and III-based HAuNS, Table 1). This may likely be due to
dissociation of the carboxylic acid terminal group compared
to hydroxyl (pK, of benzoic acid = 4.2; pK, of benzyl alcohol =
15.2) in these ligands.®”®® Carboxylic acid terminal group
would also have a stronger affinity for water and counter ions,
compared to hydroxyl. In other words, COOH-Core-(PEG),-
TEGS-HAuNS (Ligands II and IV-based HAuUNS) may not be as
‘mobile’ as OH-CH,-Core-(PEG),-TEGS-HAuNS (Ligands I and
III-based HAuNS).

For the same PEG length, COOH-Core-(PEG),-TEGS-HAuNS
(Ligand II- and Ligand IV-based HAuNS) had higher surface
charge than OH-CH,-Core-(PEG),-TEGS-HAuNS (Ligand I- and
Ligand II-based HAuNS, Tables 1 and 2), again suggesting
dissociation of the carboxylic acid terminal group. For the same
terminal groups on the ligand (COOH-core-(PEG;s¢or2000)2-
TEGS-HAuUNS;  OH-CH,-Core-(PEGy50 or 2000)>-TEGS-HAUNS),
surface charge decreased when PEG chain length increased

Table 2 DLS and zeta potential data on HAUNS: citrate stabilized and after
functionalization with Ligands Il and IV

Hydrodynamic Zeta potential
HAuNS diameter (nm) (mvV)
Citrate stabilized HAuNS 22.32 £ 2.02
OH-CH,-Core-(PEG,000),-TEGS-HAUNS  26.85 + 2.58  —6.36
COOH-Core-(PEGy0)o-TEGS-HAUNS ~ 35.93 + 1.81  —14.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of the citrate capped HAUNS (A); (OH-CH,-Core-
(PEGzooo)z-TEGS‘HAUNS) (B); and COOH-COre-(PEGzooo)z-TEG-
HAuUNS (C).

(Tables 1 and 2). This is consistent with earlier reports, in
which it has been suggested that the longer PEG chains offer
steric shield and decrease surface charge on gold nanoparticle
surface.®® Based on both DLS and zeta potential results, we
concluded that longer PEG chains better engulf nanoparticle
surface, as well as limit the ability of ligand terminal groups to
attract water and other ions.

HAuNS were subsequently analyzed using TEM, and the
micrographs for citrate-capped HAuNS and typical ligand func-
tionalized L-HAuNS (OH-CH,-Core-(PEG;q00),-TEGSHAUNS)
and (COOH-Core-(PEG;00),-TEGHAUNS) are shown in Fig. 5.
The images depict that the HAuNS are intact and are coated
with a layer of multifunctional ligands (Fig. 5(B) and (C)). The
distribution of gold nanoshells can be affected by the inter-
action between HAuNS surface and carbon grid. We noticed
that the ligand-functionalized L-HAuNS in general were dis-
tinctly isolated from each other as compared to the citrate-
capped HAuNS (Fig. 5(A)). Such representations of functiona-
lized gold nanoparticles in TEM have also been reported
earlier.”’””” It suggested that ligand functionalized HAuUNS were
well stabilized through steric repulsions imposed by these
ligands compared to citrate ions.

Linked-HAuNS

As mentioned earlier, we explored two approaches to covalently
bind HAuNS, (i) ChemLinked: in which a set of HAuNS
were individually functionalized with complementary ligands
(OH-CH,-Core-(PEG750 or2000)2-TEGS-HAUNS) or (COOH-Core-
(PEG50 0r2000)2-TEGS-HAuNS), followed by covalent bond for-
mation via esterification; and (ii) BioLinked, in which functiona-
lized HAuNS were bound through a bifunctional linker (a peptide,
with sequence GPLGVRG). We used 1,4-dimethylpyridin-1-ium,4-
methylbenzenesulfonate (DPTS) and N,N'-diisopropylcarbo-
diimide (DIC) as catalysts for Steglich esterification. DPTS allows
high yield esterification under mild reaction conditions, and
it is also tolerant of a small amount of water needed in these
reactions.”*”®

We chose esterification to chemically link surface function-
alized nanoshells (OH-CH,-Core-(PEG>50 or2000)2-TEGS-HAUNS)
and (COOH-Core-(PEG5 or2000)2-TEGS-HAuNS) (Fig. 6), which
required the individual ligand functionalized HAuNS to be
dried before the reaction. Though gold nanoparticles can be
placed under reduced pressure for an extended period of time

Mater. Adv,, 2022, 3, 7272-7284 | 7277
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Fig. 6 Cartoon representation of ChemLinked- and BioLinked-HAuUNS.

XONO/xoﬂohofyo,

during the drying process, HAuNS could be left for no more
than 5 minutes. The esterification reaction was carried out in
anhydrous DCM, as ligand-functionalized-HAuNS suspend well
in this solvent.

After stirring the reaction at room temperature under N,
overnight, a precipitate settled at the bottom of the reaction
flask. After washing it with DCM multiple times, it still showed
the tendency to gradually settle at the bottom of the flask in
DCM. This suggested to us that the precipitate was from the
desired linked-HAuNS, since monomeric HAuNS that would
have precipitated due to excess charge on the surface brought
on by reagents such as DPTS, would have resuspended after
washings. DCM was subsequently used as a solvent of choice to
remove any unreacted monomeric HAuNS using centrifugation.
ChemLinked-HAuNS could be suspended in DMSO and DMF
and were stable for a tested period of over a month, while they
were stable in water and methanol only for a few days.

A peptide with sequence GPLGVRG was chosen for bio-
linking HAuNS. To synthesize the desired BioLinked-HAuNS,
(Fig. 6) amine group on the peptide was first protected with a
fluorenylmethyloxycarbonyl (Fmoc) group. This was to prevent
side reactions, including the peptide reacting with its own
carboxylic acid end groups. To optimize conditions and
enhance the efficacy of bio-linking functionalized HAuNS, a
model reaction was first conducted. Benzyl alcohol and benzoic
acid, due to their similarities to the core of the ligands, were
chosen for the reaction with Fmoc protected peptide (Fmoc-P).
Formation of the Fmoc-P-ester with benzyl alcohol was mon-
itored using "H NMR and HR-MS.

The "H NMR spectrum was not very clear in the region below
6.5 ppm, possibly due to the strong affinity of Fmoc-P-ester
chains to stick to each other. We therefore employed diffusion
ordered spectroscopy (DOSY), to determine if there were multi-
ple Fmoc-P-ester products or a mixture of Fmoc-P-ester and
reactants. Compared to conventional "H NMR spectroscopy, a
magnetic field gradient is applied to the sample, as an extra
spatial parameter in 2D DOSY NMR.”®’” Besides, electrophore-
tic mobilities are correlated with friction factors and effective
charges. As a result, different structures have varied diffusion
coefficients and are at different positions in an NMR tube. It
lends DOSY the ability to determine structures of mixtures,
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reaction intermediates or even molecules with varied molecular
weights.”®*”® A comparison of the routine 'H and 2D DOSY
NMR spectra (Fig. S19, ESIT) showed that the aromatic region
was a good indicator for the completion of the reaction in
which the presence of the peak for the aromatic proton from
benzyl alcohol overlaps with that from Fmoc at 7.27-7.33 ppm
(m, 7H).

Fmoc deprotection was carried out with piperidine, and
reaction completion was confirmed using HR-MS and
'H NMR (Fig. S10, ESIf) in which the disappearance of Fmoc
at 7.34 (t, 2H), 7.43 (t, 2H), 7.63 (s, 2H), 7.80 (s, H) and 7.82 ppm
(s, H) indicated the removal of Fmoc. Amide-P-Ester was
synthesized via amidation of the resulting P-Ester with benzoic
acid, and the reaction completion was similarly confirmed
using HR-MS and "H NMR spectroscopies (Fig. S11, ESIY).

Synthesis of the BioLinked-HAuNS (Fig. 6) was subsequently
carried out using conditions set by the above model reaction.
Fmoc-P-O-CH,-Core-(PEG),-TEGSR was synthesized via esterifi-
cation between protected peptide, Fmoc-P, and OH-CH,-Core-
(PEG),-TEGSR. We found that the solubility difference between
Fmoc-P-O-CH,-Core-(PEG),-TEGSR and Fmoc-P was the best
method to afford the pure product. HAuNS were subsequently
functionalized using an in situ detritylation reaction for the
removal of the protecting group on the thiol (SR), which then
reacted with HAuNS, yielding ligand-anchored Fmoc-P-O-CH,-
Core-(PEG),-TEG-HAuNS. Peptide end was subsequently depro-
tected using piperidine in DMF to afford H,N-P-O-CH,-Core-
(PEG),-TEG-HAuNS. Amidation reaction was then carried out
between H,N-P-O-CH,-Core-(PEG),-TEG-HAuUNS and COOH-Core-
(PEG),-TEGS-HAUNS using DPTS and DIC in dicholoromethane.*’
Excess reagent was removed by washing with DCM, centrifugation
and removal of supernatant.

Linked-HAuNS were visualized using transmission electron
microscopy (TEM, Fig. 7). These micrographs together with
those of monomers indicated that upon functionalization with
sterically imposing ligands (I to IV), and upon covalently
linking, HAuNS were far apart and few in number in each
image, in contrast to citrate stabilized-HAuNS (Fig. 5 and 7).
When the PEG chain length was shorter (PEG;s5,), we observed the
formation of dimers, as well as some trimers, for both
ChemLinked-PEG;s, and BioLinked-PEG-5,. When a longer chain
PEG;000 Was employed, only dimers for both ChemLinked-PEG,,
and BioLinked-PEG,qy were observed. The magnifications in
Fig. 7 (see insets) showed that, in each, there is a layer of ligand
surrounding HAuNS. For the ChemLinked, it seems that HAuNS
were “fused”, while for BioLinked, we measured a space of
~1 nm between the two HAuNS.

The interparticle distance in BioLinked-HAuNS may be
affected by TEM sample preparation which leads to drying
and is a stochastic process. The measured values via TEM
may not truly represent the BioLinked-HAuNS interparticle
distance in solution, which may be shorter. To investigate this
possibility, we carried out DLS measurements to determine
their hydrodynamic sizes, and the data are presented in
Table 3. In DLS analysis it is assumed that all particles in
solution are spheres. However, the shape of the linked-HAuNS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TEM images of ChemLinked- (A: PEG;so, B: PEGz000) and Bio-
Linked- (C: PEG750, D: PEGzooo) HAUNS.

is expected to be that of dumbbell, which means that DLS
measurements will represent size combinations of long and
short sides of the HAuNS. In addition, as noted through TEM,
ChemLinked-HAuUNS-PEG,5, and BioLinked-HAuNS-PEG;5,
contained both dimers and trimers, which must also be taken
into consideration for data interpretation. The hydrodynamic
size of trimer may be smaller than the dimer, and the presence
of trimer may thus decrease the overall size.

As shown in Table 3, for the same linkages and different
PEG lengths (Bio or ChemLinked-HAuNS-PEG;5, and Bio or
ChemLinked-HAuNS-PEG,,), the hydrodynamic size is higher
by about 10 nm for the longer PEG for the ChemLinked, and
~30 nm for the BioLinked HAuNS. If we take into account the
population of trimers, and the contributions made by these, the
size of ChemLinked-HAuNS-PEG,;5, < BioLinked-HAuNS-
PEG;50 & ChemLinked-HAUNS-PEG,o, < BioLinked-HAuNS-
PEG,000.- The smaller size of ChemLinked-HAUNS-PEG;5, may
be expected due to the presence of trimers in solution.
BioLinked-HAuNS are longer in comparison to ChemLinked-
HAuNS. In general, the difference between the hydrodynamic
sizes of the ChemLinked- and BioLinked-HAuNS was larger
than expected. The length of peptide is estimated to be ~5.89 A
via the model built by Harpaz et al®' However, the size

Table 3 Hydrodynamic size evaluation by DLS

HAuNS Hydrodynamic size (nm)
ChemLinked-HAuNS-PEG; 5, 75.88
ChemLinked-HAuUNS-PEG,gq 84.21
BioLinked-HAuNS-PEG, 5, 85.59
BioLinked-HAuNS-PEG 00 133.30

© 2022 The Author(s). Published by the Royal Society of Chemistry
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difference between ChemLinked- and BioLinked-HAuNS is
larger (DLS measurements). We hypothesize that the increased
size of the BioLinked-HAuNS may be due to the affinity of the
peptide linker to solvent and counter ions.

UV-Vis-NIR study

We were subsequently interested in understanding the changes
in photophysical properties of linked-HAuNS, especially com-
pared to their monomeric analogs. UV-Vis-NIR spectra were
obtained in DMSO for the ligand-functionalized HAuNS and
the linked-HAuNS, and are shown in Fig. 8. The maxima for the
UV-Vis-NIR absorptions for the linked-HAuNS are red shifted
from those of the monomers. However, the shift is smaller for
the BioLinked-HAuNS, as compared to ChemLinked-HAuNS of
both PEG lengths. This could potentially be due to lower
longitudinal mode coupling as particles get further apart from
each other, as in the case of BioLinked-HAuNS. It is also
possible that the PEG length on the surface of nanoparticles
plays a role in separation distance between linked-HAuNS,
which could explain the spectral shifts observed in the UV-Vis
spectra in Fig. 8.

In addition, changes in the spectral profiles were also
observed for all the linked-HAuNS and are shown by an arrow
in Fig. 8. The UV-Vis-NIR absorption curves are strongly
affected by the properties of HAuNS, including the aspect ratio
of shell thickness to diameter, shape, as well as composition.
We predicted that the linked-HAuNS would possess similar
unique UV-Vis-NIR absorption to gold nanorods (AuNR), which
have two surface plasmon resonances modes, longitudinal and
transverse surface plasmon resonance.®” Longitudinal surface
plasmon resonance occurs when the collective oscillation of
polarized electron is caused by light along the length axis.
As for the transverse mode, the collective oscillation is caused
by light along with transverse direction.** The profile changes
in the UV-Vis-NIR absorption in linked-HAuNS, therefore, are
likely due to both longitudinal and transverse surface plasmon
resonance modes. The additional presence of trimers in the
ChemLinked-PEG;5, and BioLinked-PEG,s, may also contri-
bute to the observed UV-Vis-NIR profile changes.
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Fig. 8 Normalized UV-Vis-NIR spectra, red (Linked-HAuNS), blue
(HO-CH,-Core-(PEG),-TEG-HAUNS) monomer, green (COOH-Core-
(PEG),-TEG-HAUNS): (A) ChemLinked-PEG750; (B) ChemLinked-HAuUNS-
PEG2000; (C) BioLinked-HAUNS-PEGs50; (D) BioLinked-HAUNS-PEG;q00.
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Linked-HAUNS to monomer
conversion

Since the surface plasmon resonances for the HAUNS mono-
mers were different from the ChemLinked-HAuNS, as shown by
the maxima shift in the UV-Vis-NIR spectra, we subsequently
carried out a preliminary investigation of the reverse process,
conversion to monomer. We were intrigued to see if this could
help better understand the influence of interparticle distance,
not only on surface plasmon resonance but also photoacoustic
signal of the linked-HAuNS. After breaking the covalent bond,
the HAuNS monomers should diffuse away from each other to
minimize their free energy. We hypothesized that we could use
laser and photoacoustic imaging studies to monitor the photo-
acoustic signal changes during this diffusion process, which
will accompany interparticle distance increase. Model reactions
were first conducted to choose the appropriate reagent for
cleavage, before monitoring linked-HAuNS to monomer con-
version with photoacoustic tomography. This initial evaluation
is important because we needed to optimize the conversion at a
rate in which we could monitor the photoacoustic signal
change with time.

Optimizing ChemLinked-HAuNS cleavage reaction

To determine the ideal reaction conditions for ester linkage
cleavage (between the linked HAuNS), we chose benzyl benzo-
ate as the model compound, and reagents including tetra-n-
butylammonium fluoride (TBAF), KOH, and trifluoroacetic acid
(TFA). The reactions were monitored via TLC for a period up to
48 hours. Workup and purification procedures subsequently
led to the isolation of benzoic acid. The reaction mixture could
be easily purified using the pK, differences between the pro-
ducts: benzoic acid (4.2) and benzyl alcohol (15.4). Purification
process involved washing the organic phase, which contained
the reactants, cleaving reagent and the product, with alkaline
water. The water layer was then acidified with 0.1 N HCl(,q) to
precipitate benzoic acid. We found that the yield after a
reaction time of 48 hours was 28, 18 and 90% for TFA, TBAF
and KOH, respectively. As a result, KOH was chosen as the
cleaving reagent, and a kinetic study was subsequently con-
ducted, and we found that 80% yield could be obtained after
4 hours, and a maximum of 90% after 24 hours.

ChemLinked-HAuNS to monomer

We applied the above-mentioned optimized reaction conditions
for the ester bond cleavage in linked-HAuNS, and the surface
plasmon resonance changes during this process were monitored
by photoacoustic imaging studies. The changes in photoacoustic
signal were followed for 4 h, assuming that 80% of the dimer
should have been cleaved. The interparticle distance between
HAuNS should increase while they diffuse away from each other.

For photoacoustic studies, we chose wavelengths: (i) 690 nm,
since it is close to the monomer UV-Vis-NIR absorption maxima
wavelength; and (ii) 720 nm, which is closer to that for the
linked-HAuNS. The results of this study are shown in Fig. 9, in
which images (a) and (b) were taken at ¢ = 0 h, and (c) and (d) at

7280 | Mater. Adv., 2022, 3, 7272-7284

View Article Online

Paper

Fig. 9 Photoacoustic tomography for ChemLinked-HAUNS-PEG;sq dur-
ing conversion to monomers: t = 0 h, (a) wavelength = 690 nm and
(b) 720 nm; t = 4 h, (c) wavelength = 690 nm and (d) 720 nm.

4 hr
4 hr
1 0 hr 0 hr I

Wavelength 690 nm  Wavelength 720 nm

)
[N} (2

tn

Normalized Intensity

Fig. 10 Quantification of photoacoustic tomography for ChemLinked-
HAUNS-PEG750 at 0 and 4 h time intervals during dimer-to-monomer
conversion.

4 h after initiating the HAuUNS dimer to monomer cleavage
reaction. Brightness of the signal at ¢ = 4 h was found to be
much stronger than at 0 h, and it was further quantified using
Image] software (Fig. 10). Our preliminary results suggest that
upon cleaving the ester bond in linked-HAuNS, as expected,
there is constructive interference of their photoacoustic signals
as they diffuse away from each other. It is clear that further
studies are warranted to better understand as to how the
interparticle distance affects the photoacoustic signal through
changes in absorption cross-section and light-to-heat conver-
sion. However, our results do indicate that the photoacoustic
signal is amplified during HAuNS dimer-to-monomer conver-
sion. Autogenous cleavage process of HAuNS dimers by
esterases could thus offer a platform to develop photoacoustic
imaging contrast agents.

Cytotoxicity evaluation of Linked-
HAuUNS

Functionalized HAuNS reported in this study contain versatile
biocompatible ligands with terminal groups (OH and COOH),
which can be used to develop a variety of nanomaterials with
broad biological applications. Since, to the best of our knowl-
edge, cytotoxicity of linked-HAuNS has not been evaluated,
we carried out such an analysis of the monomers and their

© 2022 The Author(s). Published by the Royal Society of Chemistry
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linked-HAuNS analogs by exposing the 2H11 murine endothe-
lial cells to varied concentrations. The results of these studies
are shown in Fig. 11.

The cell viabilities for the monomers, HO-CH,-Core-
(PEG,000),-TEGS-HAUNS ~and  HOOC-Core-(PEG 000),-TEGS-
HAuNS, as well as those for the linked-HAuNS, remained
unchanged from OD = 0.01 to 5; decreased slightly at concen-
tration of OD = 10; and reached 75% at OD = 20. At OD = 20, the
monomers decorated with shorter PEG chains (HO-CH,-Core-
(PEGy50)>-TEGS-HAUNS and HOOC-Core-(PEG;5(),-TEGS-HAuUNS;
Fig. 11 panels ¢ and d, respectively) showed slightly higher
toxicities compared to the corresponding HAuNS decorated with
PEG;400 (HO-CH,-Core-(PEG;000),-TEGS-HAuUNS and HOOC-Core-
(PEG,000)>"-TEGS-HAUNS; Fig. 11 panels e and f, respectively). The
zeta potentials of HO-CH,-Core-(PEG;5),-TEGS-HAUNS and
HOOC-Core-(PEG5),-TEGS-HAuUNS (Table 1) show increased
negative charges compared to HO-CH,-Core-(PEGyg0g),-"TEGS-
HAuNS and HOOC-Core-(PEGy00),-TEGS-HAuNS (Table 2). There
is contradictory literature regarding the uptake of nanoparticles as
a function of their zeta potential which may result from the use of
different cell models and/or conditions.**"®® 1t should also be
noted that the ChemLinked-HAuNS and the corresponding mono-
mers had lower cytotoxicities than citrate stabilized HAuNS,
whose cell viability was lower than 75% at a concentration as
low as OD = 0.5, as reported previously by us using the same 2H11
murine endothelial cell line.*® The added surface negative charge
may indeed cause higher uptake by this cell line under our
conditions of evaluation.
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Fig. 11 Cell viability evaluation of (a) ChemLinked-HAUNS-PEGys0; (b)
ChemlLinked-HAUNS-PEG,qq0; (c) monomer, HO-CH,-Core-(PEGs50),-
TEGS-HAUNS; (d) HOOC-Core-(PEGys0)2-TEGS-HAUNS; (e) HO-CH,-
COre-(PEGzooo)z-TEGS-HAUNS; (f) HOOC—COre-(PEGzooo)z—TEGS-
HAUNS.
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Conclusions

Hollow gold nanoshells have offered tremendous potential for
a wide range of biomedical applications. We have developed a
strategy to expand their scope through surface modification
with ligands that enhance their stability and provide pathways
to covalently link them with tuned chemical or biological
junctions. Ligand composition, a crucial parameter for the
purpose, is controlled through a modular synthetic methodology
that facilitates such a rational design: (i) on a core with ortho-
gonal moieties and its subsequent coupling with desired com-
ponents through high-yield chemistry; and (ii) protection of thiol
with a group that can survive varied reaction conditions/purifica-
tion and can be easily removed for binding of the resulting thiol
to gold nanoshells, in one pot reaction sequence. Our studies
show that variations in (i) molecular weight of the biocompatible
PEG arms, placed at pre-determined locations to enhance
aqueous dispersion, stealth and steric protection to HAuNS,
can be used to limit and prevent the formation of oligomeric
species; and (ii) inter-particle distance can be controlled through
chemical and biological spacers, which plays a key role in optical
interference of linked HAuNS. The latter can be reversed by
breaking the covalent link in HAuNS and is accompanied by an
amplification of the photoacoustic signal. Surface functionaliza-
tion of HAUNS (monomers and linked-HAuNS) with these multi-
farious ligands, lowers their cytotoxicities compared to those
stabilized with citrate. The ease of linked-HAuNS fabrication,
afforded by versatile synthetic tools reported here, offers a venue
which could be further exploited for broad biological applica-
tions, as well as in assembling varied metallic nanostructures.

Experimental

Syntheses of ligands shown in Schemes 1 and 2 are described in
detail in the ESI} Citrate capped hollow gold nanoshells
(HAuNS) were prepared using an adaptation of the procedure
reported earlier.>1949:89

Materials

The following compounds were purchased and used as received:
3-bromo-5-iodobenzoic acid from AK Scientific (USA); tetraethy-
lene glycol, poly(ethylene glycol) methyl ether My, = 750, and My, =
2000, p-toluene sulfonyl chloride (tosyl chloride), methanesulfonyl
chloride (mesyl chloride), sodium hydroxide, triethylamine,
diethyl amine, sodium azide, sodium ascorbate (Na-Ascorbate),
copper(u)sulfate pentahydrate (CuSO,-5H,0), borane tetrahydro-
furan, potassium carbonate, potassium thioacetate, thionyl chlor-
ide, tetrabromomethane (CBr,), triphenylphosphine (TPP), silver
fluoride, triphenylsilane, bis(triphenylphosphine)palladium(u)
dichloride and tetrabutyl ammonium fluoride (TBAF) from Sigma
Aldrich (USA and Canada); magnesium sulfate form ACP chemi-
cals; (triisopropylsilyl) acetylene; sodium sulfate from Thermo
Fisher and (trimethylsilyl) acetylene from Oakwoods Chemicals
(USA). The solvents methanol, ethanol and triethyl amine,
diethyl amine, tetrahydrofuran (THF), acetone, ethyl acetate,
acetonitrile (ACN), chloroform, dichloromethane (DCM), benzene,
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and toluene were purchased from Fisher scientific and ACP
Chemicals and used as received. Dry solvents were obtained from
drying columns and purged under nitrogen prior to use. Milli-Q
Ultrapure water was doubly distilled by reverse osmosis though a
Millipore RiOS8, followed by filtration through a Milli-Q Academic
A10 filtration unit prior to use.

Instrumentation

NMR spectral acquisitions were carried out on 300 and
500 MHz Mercury (Varian) instruments and operated using
VNMR]J 2.2D (Chempack 5) and VNMR]J 2.3A (Chempack 5)
software, as well as on an AV 500 MHz (Bruker) using a 5 mm
Smart Probe. The chemical shifts are in ppm and reported
relative to tetramethylsilane (TMS) as an internal standard for
'H, and *C{"H}. Mass spectra analyses (MS-HR, ESI and APCI)
were performed and analysed on an Exactive Plus Orbitrap-API
(Thermo Scientific) high resolution mass spectrometer. TGA
spectra were acquired on a Q500 thermogravimetric analyzer
(TGA) from TA Instruments, and data were analyzed using TA
Instrument Data Analysis software. The functionalized gold
nanoshells were used as solution in dichloromethane (DCM).
The samples were placed on platinum and heated to 30 °C with
20 °C min ' rate and kept at 30 °C for 30 minutes to make sure
DCM was completely removed before taking a measurement.
Samples were then heated from 30 °C to 900 °C with
20 °C min~ ' rate. For UV-Vis-NIR, all the measurements of
monomers and dimers were carried out in DMSO. The samples
were centrifuged for two hours at 4600 rpm. The supernatant
was removed after centrifugation. Another two cycles of adding
DMSO, and centrifuging were carried out to ensure that all the
samples were in pure DMSO. UV-Vis-NIR spectra were acquired
using Cary 5000 spectrometer (Agilent) and data were processed
via Excel. Dynamic light scattering (DLS) was performed using
Zetasizer Nano S90 (Malvern Panalytical, UK) with He-Ne laser
set at a 90° incidence using Standard Operating Procedures
(SOP) software. All the measurements were carried out at 25 °C
by diluting L-HAuNS to concentration at 0.0375 mg mL ™"
adjusted for optimal scattering detection condition. The aqu-
eous solutions were sonicated for 2 minutes prior to being
passed through PVDF membrane filters of 0.45 pm pore size
and added to polystyrene cuvettes carefully in order to avoid air
bubble formation. DLS acquisition lasted 2.5 minutes and
averaged over 10 measurements and repeated the same
measurement for three times for each sample. Zeta potential
measurements were similarly averaged over 10 measurements.
Transmission Electron Microscope (TEM) studies were per-
formed in the Electron Microscopy Research (FEMR) facility
using the FEI Tecnai 12 BioTwin at 120 kV with AMT XR80C
CCD camera, and Philip CM200 at 200 kV with AMT XR40B
CCD camera. Samples were first sonicated for 2 minutes before
placing 10 pL sample solutions on a CF400-Cu carbon film of a
400 square-mesh copper grid and left for 30 seconds before
washing which was performed by swirling the carbon side on a
drop of water three times. Excess water was then removed with
filter paper. TEM images were processed via Image] software.
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Cytotoxicity

Cytotoxicity of ligand functionalized gold nanoshells was examined
using 2H11 murine cell line (CRL-2163, ATCC). 2H11 cells were
detached and resuspended at a concentration of 10* cells per mL in
Dulbecco’s modified Eagle’s medium (DMEM) 10% phosphate
buffer saline (PBS), and 100 pL per well, were plated in 96 wells
plates. After an overnight adhesion, the media in the well plates
was aspirated and replaced with 90 pL of fresh media. Nano-
particles were diluted to various concentrations in PBS 10% DMSO
and 10 pL of the dilutions was added to the cells. After an
incubation for 24 hours at 37 °C, and 5% CO,, the media was
again aspirated, cells were washed twice with 37 °C warmed PBS
and the CellTiter 96® AQucous assay (Promega) was performed.
100 pL of a solution of phenol red-free DMEM, 10% FBS and 10%
AQueous One Solution Reagent were added to each well. After one
hour, the wells were monitored using a BioTek Synergy H1 (Agilent)
plate-reader and confirmed the absorbance of 490 nm. The viability
ratio was defined as the absorbance ratio between wells with the
nanoparticles and control untreated wells.
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