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Aggregation-Enhanced Photoluminescence and
Photoacoustics of Atomically Precise Gold Nanoclusters

in Lipid Nanodiscs (NANO?)

Armin Tahmasbi Rad, Yue Bao, Hyun-Sook Jang, Yan Xia, Hari Sharma,
Elena E. Dormidontova, Jing Zhao, Jaspreet Arora, Vijay T. John, Ben Zhong Tang,
Tiziano Dainese, Ali Hariri, Jesse V. Jokerst, Flavio Maran, and Mu-Ping Nieh*

The authors designed a structurally stable nano-in-nano (NANO?) system highly
capable of bioimaging via an aggregation-enhanced NIR excited emission and
photoacoustic response achieved based on atomically precise gold nanoclusters
protected by linear thiolated ligands [Au,5(SC,Hy,11)18, 1 =4-16] encapsulated

in discoidal phospholipid bicelles through a one-pot synthesis. The detailed
morphological characterization of NANO? is conducted using cryogenic
transmission electron microscopy, small/wide angle X-ray scattering with the
support of molecular dynamics simulations, providing information on the location
of Au nanoclusters in NANO?. The photoluminescence observed for NANO? is
20-60 times more intense than that of the free Au nanoclusters, with both excitation
and emission wavelengths in the near-infrared range, and the photoacoustic signal
is more than tripled. The authors attribute this newly discovered aggregation-
enhanced photoluminescence and photoacoustic signals to the restriction

of intramolecular motion of the clusters’ ligands. With the advantages of
biocompatibility and high cellular uptake, NANO? is potentially applicable for both
in vitro and in vivo imaging, as the authors demonstrate with NIR excited emission
from in vitro A549 human lung and the KB human cervical cancer cells.

1. Introduction

Development of biocompatible functional
nanomaterials for in vivo applications
remains a substantial challenge. These
materials have to perform multiple func-
tions and satisfy numerous requirements,
starting from simplicity and reproduc-
ibility of preparation to robust imaging
and solid performance in cells. Here,
we report the development and proper-
ties of a novel nano-in-nano (NANO?)
platform through trapping thiolate-pro-
tected gold nanoclusters (AuNCs), such
as Auys(SCiHjss)is (Au-C16),1 in a well-
defined lipid-based nanodisc.?l’ NANO?
spontaneously forms via hydrophobic
interactions between the lipid tails and
the linear thiolated ligands, which pro-
tect the gold core, and is a potential can-
didate for theranostic nanocarrier due to

Dr. A. Tahmasbi Rad, Y. Bao, Prof. M.-P. Nieh
Department of Biomedical Engineering
University of Connecticut

Storrs, CT 06269, USA

E-mail: Mu-Ping.Nieh@uconn.edu

Dr. A. Tahmasbi Rad, Dr. H.-S. Jang, Prof. E. E. Dormidontova,
Prof. M.-P. Nieh

Polymer Program

Institute of Materials Science

University of Connecticut

Storrs, CT 06269, USA

Dr. H.-S. Jang

Center for Soft and Living Matter

Institute for Basic Science (IBS)

Tulane University

Prof. B. Z. Tang

Prof. ). Zhao, Prof. F. Maran
Department of Chemistry
University of Connecticut
Storrs, CT 06269, USA

Dr. ). Arora, Prof. V. T. John
Department of Chemical and Biomolecular Engineering

New Orleans, LA 70118, USA

Department of Chemistry

the Hong Kong University of Science and Technology
Hong Kong, P. R. China

Dr. T. Dainese, Prof. F. Maran

Department of Chemistry

Ulsan 44919, Republic of Korea

Dr. Y. Xia, Prof. M.-P. Nieh

Department of Chemical and Biomolecular Engineering
University of Connecticut

Storrs, CT 06269, USA

Dr. H. Sharma, Prof. E. E. Dormidontova

Department of Physics

University of Connecticut

Storrs, CT 06269, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202009750.

DOI: 10.1002/adfm.202009750

Adv. Funct. Mater. 2021, 31, 2009750

2009750 (10f9)

University of Padova

Padova 35137, Italy

A. Hariri, Prof. J. V. Jokerst
Department of NanoEngineering
University of California San Diego
La Jolla, CA 92093, USA

© 2020 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202009750&domain=pdf&date_stamp=2020-12-13

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

significant aggregation-enhanced emission (AEE) and pho-
toacoustics (AEP) together with the previously reported prop-
erties of high cellular uptake and efficacious treatment on
cancer cells.l?]

The study of the properties and applications of atomically
precise AuNCs, which consist of well-defined numbers of Au
atoms (forming metal core of less than 2 nm) and capping
ligands is an ever-growing area of current research.’! Due
to quantum-confinement effects, these nanoclusters have
discrete electron-energy states that cause the emergence
of specific properties and even molecular behavior, such
as a HOMO-LUMO gap,B’] distinct redox behavior,?d
magnetism,>? and photoluminescence (PL).?*>* In contrast
to larger Au nanoparticles, which show a strong localized
surface plasmon resonance (instead of emission), some
AuNCs exhibit photoluminescence in solution depending
on the number of Au atoms,* the protecting ligands (type
and length),?>4¢¢5 the charge density of the Au core, 50l
the ratio between the surface and core Au atoms, as well as
additional factors.*:62 To utilize the unique optical properties
of AuNCs for in vivo applications, AuNCs should be loaded
at high density in biocompatible carriers that are capable of
incorporating targeting groups to achieve a high accumu-
lation of these NC systems at desired sites. In the past, we
examined several biocompatible lipid systems potentially
applicable for theranostic delivery.>”] One of them is a dis-
coidal aggregate (bicelle) that consists of a phospholipid
mixture of biocompatible dipalmitoyl phosphatidylcholine
(DPPC, di-C;¢PC) and dihexanoyl phosphatidylcholine
(DHPC, di-C¢PC), lightly doped with dipalmitoyl phosphati-
dylgylcerol (DPPG, di-C;,PG) to enhance the structural sta-
bility.®l Such nanodiscs generally exhibit a uniform radius
and bilayer thickness of 10-15 and 5 nm, respectively. Pre-
vious studies demonstrated 5-10 times enhancement in cel-
lular uptake of bicelles in comparison with that of the vesicles
made of an identical chemical composition,!?# which also
indicated the surface of bicelles and vesicles can be modified
by targeting ligands to target cancer cells specifically.

Here we report the formation and properties of NANO?
with AuNCs entrapped in bicellar nanodiscs. These
aggregates were characterized by cryogenic transmission
electron microscopy (cryo-TEM) and small angle X-ray scat-
tering (SAXS), and also studied by molecular dynamics (MD)
simulations. We found that NANO? can be excited and emit
at wavelengths in the near-infrared (NIR) region, which have
deeper penetration through biological tissues. Moreover,
the PL is greatly enhanced compared with that of the dis-
persed AuNCs, suggesting strong AEE. NANO? also exhibits
a strong photoacoustic signal, significantly higher than that
of a common photoacoustic agent (e.g., indocyanine green),
thereby providing another potential application for high-
sensitivity and high-resolution bioimaging. The easy one-
pot synthesis, well-controlled nanostructure, good structural
stability, high cellular uptake, and high AEE/AEP response
make NANO? an excellent candidate for in vitro and in vivo
contrast agents for general biomedical applications, as indeed
supported by our preliminary data on the NIR excited emis-
sion from in vitro A549 human lung and the KB human cer-
vical cancer cells.
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2. Results and Discussion

2.1. AuNCs Properties

Hydrophobic Au,s(SCigHjs3)is (Au-C16) is fully soluble in
organic solvents, forming yellowish-brown solutions with a
molar extinction coefficient of 5.5 x 10* Mm~! cm™ at 400 nm.[
SAXS data of Au-C16 clusters in benzene yield an average radius
of gyration of Au core, (g2,,,)? of 0.37 nm through Guinier
analysis (Figure S1(a), Supporting Information). The estimated
core radius is 0.48 nm based on a spherical approximation, in
excellent agreement with the value of 0.49 nm observed in the
crystallographic structure of Auys clusters.”] The Stokes radius
of Au-C16, which includes the monolayer effective thickness, is
1.67 nm. P10

2.2. AuNCs Encapsulation: Formation of NANO?

Two NANO? samples with the individual Au-C16:lipid ratios of
1:500 and 1:67 were made and purified after centrifugation at
5000 rpm for 10 min to remove the unencapsulated Au-C16.
UV-vis absorption was then conducted on the supernatant,
which was redispersed in chloroform after being dried, and
then compared against the calibration curve to identify the
quantity of the encapsulated Au-C16. The observed encapsula-
Encapsulated AuNC Mass
Initial AuNC Mass

was 673% and 83.0% for the 1:500 and 1:67 samples, respec-
tively. To the best of our knowledge, these values are higher
than the highest reported value for other lipid nanocarriers in
the literature (=41%).1Y It is noteworthy that the sample with
a lower AuNC:lipid ratio does not necessarily yield a higher
ER, suggesting that some inhomogeneity in the AuNC aggre-
gates might exist during the solvent-drying process, and there-
fore, that such aggregates could not be accommodated in
the bicelles with a thickness of =5 nm. Figure 1a,b show the
cryo-TEM images of NANO? (AuNC:lipid = 1:67) and suggest
that the discoidal morphology was not affected by the entrap-
ment of Au-C16. Furthermore, the hydrodynamic radius, Ry of
NANO? was measured by dynamic light scattering (DLS). As
shown in Figure S1 (b), Supporting Information, the Ry of pris-
tine bicelles and NANO? (AuNC:lipid < 1:67) are in the range
of 10-12 and 15-20 nm, respectively, with a narrow distribu-
tion. However, NANO? with AuNC:lipid = 1:33 shows signifi-
cant amount of large aggregates with a secondary population
at =300 nm.

tion rate, which is defined as ER =

2.3. Optical Properties of Auys(SC,Hz,11)18 and NANO?

Au-C16 in chloroform shows minimal PL (NIR laser excita-
tion at Ao = 785 nm) (Figure 2a) consistent with the results
reported for other Au,s systems.>'? Tt has been shown that PL
in AuNCs may depend on several factors, such as the size of
the Au core,* surface ligands,**°! charge density of the Au
core,#e3613] and restriction of intramolecular motion (RIM)
of the AuNC.["l Figure 2a shows that the AuNC aggregates in
NANO? exhibit a significant increase in PL peaking at a NIR

© 2020 Wiley-VCH GmbH
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Figure 1. The cryo-TEM micrographs of a) pristine bicelles, and b) NANO?Au-C16 (Au-C16:lipid = 1:67). The arrows show the Au-C16 filled nanodiscs.
The planar and rim views are indicated by yellow and green arrows, respectively. ¢) High magnification images of NANO2-Au-C16 (Au-Cl6:lipid = 1:67)
evidencing the presence of Au-C16 aggregates inside the bicelles. Two types of Au—Au distances observed: a center-to-center distance of 1-2 nm (red
arrows) and the other of 4-5 nm range. d) High magnification of dried aggregated AuNCs after dissolving in chloroform. Some aggregated clusters

can be observed in this case as well.

wavelength of ca. 870 nm. This AEE is conceivably caused by a
RIM effect, as the chemistry of AuNCs is identical before and
after entrapment. The RIM mechanism was mainly proposed
for some organic fluorogens, most of which contained intra-
molecular “rotors’® leading to AEE because the pathway of
energetic dissipation was altered from a nonradiative to emis-
sive mechanism due to RIM.M Our observation suggests that
such RIM-induced AEE may also take place in the entrapped
AuNCs. A very recent observation of AEE in the NIR for
AuNCs capped with glutathione and entrapped in chitosan
nanogels'®l provides further support to the hypothesis of a
RIM mechanism.®) We found a similar PL in dried AuNC
samples, albeit with a slight blue shift (Figure 2a; Figure S2,
Supporting Information) compared to NANO?Z confirming
that the observed NIR photoluminescence is induced by the
aggregation of AuNCs (Figure 1c). It is also worth mentioning
that this AEE can be observed also for Au,s clusters protected
by shorter thiolated ligands (Figure S3, Supporting Informa-
tion). Figure 2b shows that the PL significantly diminishes
when NANO? is dissociated in a mixture of chloroform and
dimethylformamide (at the same AuNC concentration). This
observation indicates that AuNC aggregation is indeed the key
to the observed AEE.
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The PL of NANO? is also observed for the Au-Cl6:lipid =
1:500 sample. In fact, the AEE normalized for the actual concen-
tration of encapsulated AuNCs, increases when the Au-C16/lipid
ratio decreases, as shown in Figure 2d. This effect can be attributed
to several causes, such as a nonlinear AEE response with AuNC
concentration, possible self-quenching of the AEE, unevenly distrib-
uted AuNCs in NANO?, and strong reabsorption of the AEE wave-
length. Another noteworthy observation is that the UV-vis absorp-
tion spectra of NANO? (Figures S4-S6, Supporting Information)
seem to exhibit higher absorption than those of the corresponding
free AuNC solutions (in benzene)[!l at the same AuNC concentra-
tion. The increase of adsorption likely provides some insights to the
AEE, requiring more investigation to fully understand the reason.

2.4. Nanostructural Characterization of AuNCs in NANO?

To assess the representativity of the cryo-TEM images shown in
Figure la—d and to provide insights into the structure-property
relationship, nanostructural characterization was performed with
SAXS on the pristine bicelle and NANO? with Au-C16:lipid molar
ratios of 1:500 and 1:67 (Figure 3a). A core-shell discoidal (CSD)
model (Section 5, Supporting Information) with seven fitting

© 2020 Wiley-VCH GmbH
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Figure 2. Photoluminescence spectra of a) NANO?Au-C16 at an initial Au-C16:lipid ratio of 1:67 and 1:500 compared with the Au-C16 in chloroform
solution at a similar concentration to the 1:67 sample. The experiment was performed on a Raman microscopy excited by a laser at 785 nm. The spectra
of Au-C16 in chloroform at the same Au concentration and pristine bicelles are also presented, indicating no-photoluminescence. b) Photolumines-
cence of 1 ml solution of NANOZ2-Au-C16 (0.1 mg ml™" with an AuNC:lipid = 1:500) obtained upon dilution of a 0.2 mg ml~' NANOZ2-Au-C16 sample
solution with water (green) or with a 1:1 (volume ratio) solution of DMF:CHCl; (cyan). In the latter sample, the discoidal NANO? structure is presumably
destroyed. The excitation wavelength was 785 nm. ¢) MD simulation snapshot of NANOZ2-Au-C16 with encapsulated Au-C16 clusters (shown in yellow
with green tethers). DPPC is shown in cyan, DHPC in red. d) Normalized peak intensities by the entrapped quantity of AuNCs for the NANO?Au-C16

(Table ST, Supporting Information) as a function of the initial Au-Cl6:lipid ratio.

parameters, core radius (Ry.), core axial thickness (f.o.), axial
shell thickness (), rim shell thickness (t;.,), electron scat-
tering length densities of core (P o), axial shell (p.yq), and rim
shell (py), respectively, has been used to describe the scattering
pattern of the bicelle structure.®*4I The best fits (Figure S7, Sup-
porting Information) agree with the SAXS data well, resulting in
the best fitting parameters of pristine bicelle and NANO? (at Au-
Cl16:lipid = 1:500) as listed in Table 1. The total bilayer thickness
(tcore + 2taa, =5.5-5.8 nm) is practically invariant, the drastic
increase of t;,, (from 1.4 nm to 6.0 nm) and increased py;,, (from
9.72 x 107 to 10.1 x 107° A2) in NANO? compared to the pristine
Dbicelles suggest that at the low Au-C16:lipid ratio of 1:500 most of
the entrapped Au-C16 is preferably localized near the disc rim. This
can be explained by the fact that disc rim, which is mainly com-
posed of short-chain DHPC, has a large spontaneous curvature
and is more fluidic,"¥! thereby making it possible to accommodate
higher-curvature objects like AuNCs (Figure 3c), consistent with
previous MD simulations,”! and further enhancing ER. Note

Adv. Funct. Mater. 2021, 31, 2009750
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that the best fits to the SAXS data of all NANO?, whose AuNCs
were conjugated with different ligand lengths (from C4 to C16),
revealed discoidal morphology at the same AuNC-to-lipid ratio of
1:500 (Figure S7, Supporting Information).

For the higher Au-Cl16:lipid ratio of 1: 67 NANO?, the SAXS
pattern (Figure 3Db) exhibits further sharp diffraction peaks,
and therefore, cannot be accommodated by the same CSD
model. High-order diffraction peaks in the wide angle X-ray
scattering (WAXS) regime indicate a well-ordered structure.
Identical peak positions were also found in dried Au-C16 in
the absence of lipids, suggesting that they originate from the
inter-cluster core-to-core distance (d.) due to aggregation. The
first-order Bragg's reflection, g,;, corresponds to d.. according
to the expression, d, = ;—7? We have found that d.. decreases

P
when the ligand length decreases, and this suggests that a good
portion of AuNCs (in both dried and encapsulated states) are
spaced by the ligands between the clusters without their cores

© 2020 Wiley-VCH GmbH
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Figure 3. a) SAXS data of pristine bicelles (red circles) and NANO?-Au-C16 with Au-C16lipid ratio of 1:500 (green triangles) at 10 °C. The solid curves
are the best fits to the SAXS data with the best fitting parameters listed in Table 1. b) SAXS/WAXS data of dry Au-C16 (orange) and NANOZ-Au-C16 with
Au-C16'lipid ratio of 1:67 (blue) at 10 °C (blue) with a blow-up shaded region on the right panel. ) MD simulation snapshot shows Au-C16 encapsulated

into the rim of NANO? consistent with the SAXS interpretation in (a).

touching each other (Figure S8, Supporting Information). The
fact that the d.. value obtained from NANO? is nearly the same
as in the dry state implies that the majority of AuNC aggre-
gates in NANO? do not involve lipids sandwiched between

Table 1. The best fitting parameters for SAXS data of bicelle and NANO?-
Au-C16 (Au-Cl6:lipid = 1:500) at room T using CSD.

bicelle NANO?
Reore (M) 10.5(+0.8) >30
teore(NM) 2.8(20.1) 2.7(£0.4)
i (NM) 1.5(20.5) 1.4(£0.3)
) 1.4(£0.4) 6.0(+0.6)

Electron density (x107°A~2)

Core 8.69(20.08) 8.61(+0.03)
Shell (axial) 10.6(£0.13) 10.7(20.03)
Shell (rim) 9.72(+0.06) 10.1(+0.05)

Adv. Funct. Mater. 2021, 31, 2009750
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them, otherwise d.. would have increased. Another peak, which
is independent of ligand lengths (highlighted in the blow-up
shaded regions of Figure 3b; Figure S8, Supporting Informa-
tion), was found at 0.48 A~1. This corresponds to 1.31 nm and
is thus consistent with the closest core-to-core (center-to-center)
distances of 1.26-1.30 nm measured by single-crystal X-ray crys-
tallography in the polymers made of Au,s nanoclusters.>%]
Presently, it is not conclusive if the AEE is related to either of
the configurations or independent of AuNC arrangement.

2.5. Molecular Dynamics Simulations

Coarse-grained MD simulations were performed on the
NANO?-Au-C16 to investigate the arrangement of Au-Cl6
inside the bicelles. A snapshot of the Au-C16 clustering in
the bicelles, as exemplified in Figure 3c, suggests that the
discoidal morphology is indeed not significantly disturbed

© 2020 Wiley-VCH GmbH
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by the presence of encapsulated Au-C16 clusters, in agree-
ment with the TEM micrographs and SAXS data. Accordingly,
the radial distribution functions for Au-C16 show a strong
peak at a core-to-core separation distance of about 1.25 nm
(Figure S9, Supporting Information), consistent with the
S/WAXS peaks, and additional weaker peaks at larger ligand-
dependent distances corresponding to the aforementioned
Bragg's reflections with high-order harmonics in the S/WAXS
data (Figure 3b). The location of AuNCs depends on the exper-
imental conditions for NANO? preparation. Figure 3c shows a
snapshot of MD simulations if the AuNCs are initially placed
either nearby the rim or in the aqueous phase. The AuNCs
would enter the disc and stay at the bicellar rim,™ resulting
in higher electron density at the discoidal rim of NANO? than
that of the pristine bicelles consistent with the SAXS data of
NANO? with low AuNC concentration. However, if the AuNCs
mix with lipids to form NANO? (at higher AuNC concentra-
tions), the AuNCs can be located anywhere in the bicelle as
shown in Figure 2c, consistent with the cryo-TEM micro-
graphs of some NANO? (Figure 1c). The MD simulation also
indicated a strong influence of the ligand length of the encap-
sulated AuNCs on the local DPPC lipid order. AuNCs capped
by ligands matching the lipid tail length (as in Au-C16) yield a
higher DPPC lipid order than those capped by shorter ligands
(Table S2 and Figure S10, Supporting Information), sug-
gesting that this could be the factor determining the higher
encapsulation efficiency observed for Au-C16.

2.6. Applications of NANO? for In Vitro Study

Potential applications of NANO? were examined by carrying out
an in vitro study on the A549 human lung cancer and the KB
human cervical cancer cells after incubation with NANO?. For
biomedical applications, one of the major advantages of nano-
discs is their low-toxicity and high cellular uptake,>?!) demon-
strating their significant potential to transport molecules across
the cell membrane. The cytotoxicity of the NANO? and pristine
bicelles were evaluated against both human KB cervical and
human A549 lung cancer cells. Pristine bicelles did not demon-
strate any significant cytotoxicity even at high concentrations.
NANO? samples, on the other hand, have shown slight cyto-
toxicity above 0.170 mm (1.6 mg mL™) as shown in Figure S12,
Supporting Information, which is 50-fold concentration of the
sample in the optical measurements. Therefore, NANO? can
be considered nontoxic for diagnostic purposes. Figure 4a,b,c,d
show the accumulation of NANO? at specific organelles in the
A549 human lung and KB human cancer cells, respectively.
The aggregation of the AuNCs was found mainly in the endo-
plasmic reticulum (ER) and Golgi apparatus (GA) after 2 h of
incubation in both cell types.

Most importantly, the AEE of NANOZ?-Au-Cl6 (at Au-
Cl6:lipid = 1:67) persisted after cellular uptake, as demon-
strated in Figure 4h, where the photoluminescent spectra
of KB cells alone, KB/bicelles, NANOZ2-Au-C16, and KB/
NANO?-Au-C16 are compared. KB cells were treated with the
same concentration of the samples for 4 h. After washing the
cells thoroughly with DPBS, samples were studied for their
photoluminescent emission at the same condition. Samples

Adv. Funct. Mater. 2021, 31, 2009750
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that do not contain NANO?2-Au-C16 show essentially no emis-
sion. The fact that both KB/NANO? samples exhibit even
higher emission (by a factor of 3-5) than that of the NANO?
samples alone, suggests that the AEE-active arrangement of
entrapped AuNCs is preserved and even enhanced in the in
vitro experiment. Similar trends were observed for A549 lung
cells as shown in Figure S11, Supporting Information. Most
intriguingly, several sharp spikes, whose locations are inde-
pendent of the ligand length in the AuNCs, were observed,
presumably corresponding to surface-enhanced Raman scat-
tering (SERS) of biomolecules nearby the aggregating AuNCs
found in both ER and GA (Figure 4b,d), where biomolecules
are abundant. Although SERS spectra of cells are complicated,
signature peaks at 647, 840, 1003, 1038, 1179, 1205, 1460, and
1600 cm™! have been observed in the SERS spectra of cervical
cancer cells.??] Tt is noteworthy that both excitation and emis-
sion wavelengths (785 and 800-950 nm, respectively) are in
the NIR region, which entails a higher capability to penetrate
biological tissues, suggesting the potential of our NANO?
system as a promising in vivo diagnostic platform.

The potential of photoacoustics has been reported to be
applicable for high-sensitivity and high resolution in vivo
bioimaging.[??l We have evaluated the photoacoustic proper-
ties of the NANO? by 3D scanning of tubes containing indi-
vidual samples as described in the Supporting Information.
Figure 4e shows the photoacoustic images of NANOZ2-Au-C16
1:67, 1:500 samples, the free Au-C16 in chloroform at the cor-
responding Au-C16 concentrations, and the pristine bicelles
when illuminated at 720 nm laser light, which yielded the
maximal PA signals for NANO?. A standard photoacoustic dye,
indocyanine green (ICG) was also encapsulated in the bicelle
platform in order to compare with the NANOZ2. PA signals
of the free ICG (in water) and ICG-bicelle samples at a fixed
concentration of 115 pug mL™! were measured. Furthermore,
fresh blood and free ICG were imaged at their maximum
PA intensity (800 nm) as control samples. Figure 4f shows
the photoacoustic spectra of all the samples acquired from
680 nm to 970 nm. Both NANO?Au-C16 solutions exhibited
higher photoacoustic intensity than their corresponding free
Au-C16 samples in chloroform. Furthermore, a comparison
of Vis—NIR absorbance spectra among the samples shown in
Figure 4g indicates that the absorbance of all samples con-
taining AuNC is relatively steady over the probing range of
wavelength from 700 nm to 1000 nm, and that the entrapment
of AuNC in NANO? leads to higher absorbance. Moreover, the
fact that the absorbance of ICG-containing samples is higher
than that of the NANO? even with the higher AuNC content
(1:67) below 800 nm provides partial reasoning for distinctly
better performance of NANO?-Au-C16 (1:67) than ICG at wave-
length lower than 800 nm. The photoacoustic intensity of each
sample is averaged from five different locations of interest in
Figure 4e and summarized in Figure 4i. NANO%-Au-C16 of
1:67 ratio illustrates the photoacoustic intensity more than
three times of that yielded by Au-C16 at the same concentra-
tion in its free form. The evidence suggests that RIM effec-
tively enhances the photoacoustic intensity in addition to AEE
for the entrapped Au-C16 in NANO?, a similar phenomenon
observed in some other photoacoustic agent molecules after
being trapped within a carrier.[?4

© 2020 Wiley-VCH GmbH
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Figure 4. a,b) TEM images of the A549 human lung cancer cells after 2-h incubation with the NANOZ-Au-C16 at different magnifications. The majority of
the endocytosed Au-C16 was observed at ER and GA. A slight population was also found in the mitochondria. ¢,d) TEM images of the KB cells, in which the
aggregation of NANOZ2-Au-C16 was also observed. The NANO? ultimately released AuNCs, causing noticeable aggregations in certain organelles (e.g., ER/
GA). e) Photoacoustic images of the pristine bicelle, NANO2Au-C16 (1:500 and 1:67), free Au-C16 at corresponding Au-C16 concentrations, ICG solution
(115 mg mL™), and fresh blood sample. f) Photoacoustic spectra of the samples in (e). g) The Vis—NIR absorption spectra of samples, at the NIR region. The
intensities are plotted in logarithmic scale to demonstrate the significance of the samples. h) PL spectra of KB cells, KB/bicelles, KB/NANO?, and NANO?
alone as excited by 785 nm laser. All the samples have the same lipid concentration and Au-C16:lipid ratio of 1:67 except for KB cell alone. The spike-like signals
observed in KB/NANO? are possibly SERS. i) Quantification analysis on photoacoustic outcomes in (d), showing enhanced photoacoustic property in NANO?Z,

3. Conclusion photoluminescence as dispersed in solution, enhanced photo-

luminescence and photoacoustic intensity are observed upon
We describe a uniform-sized, self-assembled discoidal NANO?  encapsulation in NANO?, presumably due to the RIM imposed
platform (bicelle/AuNC) that shows important AEE and AEP  on the ligands of Au-C16. The high encapsulation rate (>80%)
signals. Whereas the same Au-C16 does not exhibit noticeable ~ can be attributed to Au-C16 clustering in the interior of the
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bicell or at the high-curvature rim formed by the more
mobile short-chain lipids, allowing interaction with hydro-
phobic molecules or objects.'®8 The experimental outcome
is consistent with the MD simulation, which predicts that,
depending on the initial AuNC-to-lipid ratio, the entrapped
Au-C16 nanoclusters or their aggregates can be located prefer-
entially at the rim, with concomitant stabilization of the discs,
or be randomly distributed inside the bicelles.

Other than a high encapsulation rate, multiple advan-
tages of our novel NANO? system, such as high biocompat-
ibility, one-pot synthesis (high scalability), well-controlled size
(high uniformity), high structural stability, and high cellular
uptake, 27822 make it an ideal candidate for in vitro and in
vivo biomedical applications. We have found that the NANO?
Au-C16 appeared to be more stable than pristine bicelles,
whose lifetime is normally less than 6 months (Figure S13,
Supporting Information). The AEP in the NIR regime (for
both excitation and emission wavelengths) and enhanced
photoacoustic property demonstrate their high potential for
applications in bioimaging. Moreover, it appears that the
NANO? may enhance the Raman signal of biomolecules at the
vicinity of biomolecules, which could be used for sensing spe-
cific target biomolecules in the cytoplasm. It should be finally
noted that chemical modification on the surface of NANO? is
readily achievable by proper co-mixing of amphiphilic func-
tional molecules with the lipids, thereby imparting NANO?
useful targeting properties.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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