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Amphiphilic Polymeric Nanocarriers with Luminescent
Gold Nanoclusters for Concurrent Bioimaging and

Controlled Drug Release

Dongyun Chen, Zhentao Luo, Najun Li, Jim Yang Lee,* Jianping Xie,* and Jianmei Lu*

Multifunctional theranostic systems with good biocompatibility, strong clin-
ical imaging capability, and target specificity are the desired features of future
medicine. Here, the design of a theranostic nanocomposite capable of simul-
taneous targeting and imaging of the cancer cells is presented. It releases

its drug payload by a controlled release mechanism. The nanocomposite
contains luminescent gold nanocluster (L-AuNC) photostable and biocompat-
ible diagnostic probes conjugated to a folic acid (FA)-modified pH-responsive
amphiphilic polymeric system for controlled drug release. The nanocomposite
uses a core-satellite structure to encapsulate hydrophobic drugs and releases
the drug payload in mildly acidic endosomal/lysosomal compartments by

the action of the pH-labile linkages in the polymer. In vivo studies show the
selective accumulation of the FA-conjugated nanocomposite in tumor tissues
by folate-receptor-mediated endocytosis. These findings demonstrate the
potential of the nanocomposite as a nontoxic, folate-targeting, pH-responsive
drug carrier that is useful for the early detection and therapy of folate-overex-

NPs to be synthesized with well-controlled
properties and qualities.*? The logical
outgrowth from the current development
of nanomedicine is the design and fabri-
cation of multifunctional nanocomposites
combining cancer cell imaging and therapy
(theranostic nanocomposites).l'¥ Hence
theranostic nanocomposites often contain
two or more types of NPs with comple-
mentary functionalities. The functionali-
ties, which are derived from the intrinsic
properties of the components (e.g., optical
properties of inorganic NPs and structural
properties of polymeric NPs), are strategi-
cally combined into a common entity to
synergize their interactions; and to deliver
outcomes that would otherwise be difficult
or impossible to accomplish in single-
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pressing cancerous cells.

1. Introduction

Cancer nanomedicine which combines medical imaging, mole-
cular diagnosis, and targeted cell therapy in a single entity has
drawn strong interest and much attention.'# The most salient
feature of cancer nanomedicine is the use of inorganic (e.g.,
magnetic nanoparticles (NPs), quantum dots (QDs), and gold
NPs) and polymeric NPs (e.g., dendrimers and micelles) to pro-
vide functions and structures for cancer therapy which are not
found in the bulk materials or discrete molecules.’-¥l Recent
progress in nanotechnology has allowed inorganic and polymeric
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component NP systems.

This study demonstrates our effort in
producing a novel theranostic nanocom-
posite by a facile approach, which is capable
of cancer cell imaging, targeted drug delivery and controlled
drug release. The theranostic nanocomposite was formed by the
self-assembly of an ultrasmall non-toxic luminescent imaging
agent, a cancer cell targeting agent, a hydrophobic drug; and a
pH-responsive amphiphilic polymeric nanocarrier into the inter-
esting core-satellites structure shown in Scheme 1. The lumines-
cent gold nanoclusters (hereafter referred to as L-AuNCs) and an
amphiphilic polymeric system with pH-labile linkages are the two
key elements in the design of the theranostic nanocomposite.

Highly luminescent AuNCs were the imaging agent in the
design. AuNCs are ultrasmall particles with a core size below
2 nm and contain 150 Au atoms or less.'*] Due to the strong
quantum confinement of free electrons in this size range,
AuNCs exhibit some unique optical properties such as strong
luminescence.'®18 Unlike the common luminescent imaging
agents (e.g., organic dyes and QDs) where applicability may
be limited by low photostability (e.g.,organic dyes) or toxicity
considerations (e.g., QDs of heavy metals), the excellent pho-
tostability, good biocompatibility, and low toxicity L-AuNCs are
the desired features of next generation imaging probes.!'>-2
An added advantage of L-AuNCs is their very small hydrody-
namic size (<3 nm, comparable to most organic dyes). Parti-
cles in this size range are known to show very efficient renal
clearance, which is an important consideration for in vivo
applications.?3-%°]
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Scheme 1. Schematic illustration of the fabrication of theranostic
L-AuNCs/FA-PDNH nanocomposite.

Amphiphilic polymeric nanocarriers are an ideal platform
for drug delivery because of their highly customizable struc-
ture and proven drug loading performance.?*-28 They also have
other useful features such as improved preferential accumu-
lation in tumors via the enhanced permeability and retention
(EPR) effect, prolonged circulation time, improved drug bio-
availability, and few side effects.?>34 Biodegradable nanocar-
riers which are pH, temperature, or enzymatic reaction respon-
sive have been used to release their drug payloads within the
affected cells or organs.>>=38l For example, a smart and efficient
drug-release system may be constructed by incorporating pH-
labile linkages into the polymeric nanocarriers. The expedi-
tious hydrolysis of the nanocarriers in the acidic environment
(pH 5-6) of endosomes or lysosomes could then trigger the con-
trolled release of the drug payloads within the targeted cells.

The integration of L-AuNCs and pH-responsive amphiphilic
polymeric nanocarriers into a theranostic nanocomposite was
accomplished in this study via the self-assembly of the func-
tional components. The nanocomposite fabricated as such
displayed a core-satellites nanostructure with the polymeric
nanocarrier as the core and L-AuNCs as the satellites in the
shell (Scheme 1). The core-satellites nanocomposite was able to
specifically target the cancer cells and unload the therapeutic
drug effectively within. The drug delivery process could be con-
tinuously monitored by the luminescence of the co-delivered
imaging probes (L-AuNCs).

2. Results and Discussion

The preparation of the theranostic nanocomposite as shown in
Scheme 1 involved two steps. In the first step the bioimaging
probe (L-AuNCs) and the targeting ligand (folic acid, FA) were
tethered to the amphiphilic copolymer (poly(DBAM-co-NAS-
co-HEMA) (PDNH)) to form L-AuNCs/FA-modified PDNH
(or L-AuNCs/FA-PDNH) nanocomposite. Prior to that the
L-AuNCs and amphiphilic copolymer PDNH were synthesized
and purified according to a previous procedure of ours.3*4%
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The AuNCs were approximately 1 nm (Figure 1a) in size and
had an intense orange luminescence (A, = 610 nm, Figure 1b,
solid line). The L-AuNCs were capped by glutathione (GSH,
v-Glu-Cys-Gly), a water-soluble natural tripeptide, for biocom-
patibility.*!! The affinity between the thiol group of GSH (from
the cysteine residue) and Au atoms provided a strong protec-
tion for the ultrafine AuNCs. The amine groups from L-AuNCs
(from GSH) and FA could readily be conjugated to the activated
esters of PDNH (Scheme 1) via a common amine coupling
method, thereby finalizing the preparation of L-AuNCs/FA-
PDNH nanocomposite.

The second step was the self-assembly of L-AuNCs/FA-
PDNH with the hydrophobic anticancer drug, paclitaxel (PTX),
to form a core-satellites nanocomposite in water (Scheme 1).
The optimal monomer feed ratio [DBAM]:[NAS-HEMA] for the
formation of amphiphilic PDNH copolymer had earlier been
determined to be 1:6. See Table S1 (Supporting Information)
for a detailed listing of the polydispersity index, molecular
weight, and the assembly characteristics under different feed
ratios. A theoretical study suggests that the self-assembly of
amphiphilic copolymers starts from unimers to overlapped
brushes.*d Growth of the polymeric particles stopped when
the overlapping brushes had grown to a critical size. As shown
in Scheme S1 (Supporting Information), the self-assembly of
PDNH continued until a critical size was reached (stage II).
Thereafter the aggregation of unimers was slower than the
exchange between unimers; and the latter process dominated
in the further growth of the polymeric particles to the final

- - - L-AuNCs/FA-PDNH
nanocarriers
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Figure 1. a) TEM image of the as-prepared L-AuNCs. b) Luminescence
spectra of L-AuNCs and L-AuNCs/FA-PDNH nanocomposite. ¢) TEM,
d) HRTEM, e) DLS, and f) EDS analyses of the as-fabricated L-AuNCs/
FA-PDNH nanocomposite.
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Figure 2. a) Extent of hydrolytic decomposition of the copolymer and b) PTX release profiles of PTX-loaded L-AuNCs/FA-PDNH and L-AuNCs/FA-
PSNH (inset) nanocomposites in 12 and 24 h, respectively, at pH 7.4 (diamond) and pH 5.0 (square).

equilibrium size (stage I1I, =120 nm). The core of the polymeric
particles is likely to contain additional polymer chains which
contributed to the size and structural stability of the L-AuNCs/
FA-PDNH nanocomposite. The self-assembly of L-AuNCs and
FA-modified PDNH was similar to the self-assembly of PDNH
(see Figure S1 (Supporting Information) for the corresponding
TEM image). Hence the incorporation of AuNCs and FA into
PDNH did not affect the self-assembly characteristics of the
amphiphilic copolymer. This was because the small size (=1
nm) of the AuNCs could keep the disruption to the copolymer
structure at a minimum. Figure 1b shows photoemission spec-
trum of the as-fabricated nanocomposite (Figure 1b, dotted line)
which is nearly identical to that of L-AuNCs (solid line). The
average diameter measured from a representative transmission
electron microscopy (TEM) image (Figure 1c) was =120 nm.
The TEM image also revealed the core-satellites structure of
the nanocomposite-where a core of polymeric nanocarrier con-
taining the hydrophobic cancer drug PTX was decorated with
satellites of L-AuNCs (Scheme 1). The high-resolution TEM
(HRTEM) image in Figure 1d shows that L-AuNCs (black dots)
were large in number and well dispersed in the surface region
of the polymeric nanocarrier core (lighter colored). Dynamic
light scattering (DLS) measured a hydrodynamic diameter of
120 + 30 nm for the as-fabricated nanocomposite (Figure le).
The relatively small size of the nanocomposite (<200 nm) was
favorable for a good drug delivery performance based on min-
imal renal excretion, low levels of reticuloendothelia system
(RES) uptake, and improved passive tumor targeting via the
EPR effect.}] The nanocomposite composition as determined
by the energy dispersive X-ray spectroscopy (EDS, Figure 1f)
of a single nanocomposite particle also confirmed the con-
finement of L-AuNCs to the surface region of the polymeric
nanocarrier.

The amount of PTX in the nanocomposite was estimated by
the characteristic absorption of PTX at 227 nm to be =82 + 3 ug-
drug per mg-nanocomposite. The as-fabricated nanocomposite
showed good stability in the PBS buffer and in blood serum at
the physiological pH (7.4). There was no significant drug release
from the PTX-loaded L-AuNCs/FA-PDNH nanocomposite in
both media for two weeks (Figure S2, Supporting Informa-
tion). The rate of hydrolysis and consequently the rate of drug

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

release from the nanocomposite were strongly pH dependent.
Figure 2a shows that the hydrolysis of the polymeric nanocar-
rier over a 12 h period was negligible at the physiological pH of
7.4, indicating that the nanocomposite was stable in the physi-
ological environment. On the contrary, very fast hydrolysis was
detected at pH 5.0 resulting in approximately 90% nanocom-
posite decomposition in 12 h. Figure 2b shows that the release
of PTX from the L-AuNCs/FA-PDNH nanocomposite closely
mirrored the decomposition profile of the polymeric carrier.
Consequently while the release of PTX was negligible over 24 h
at pH 7.4, most of the drug was released within 12 h at the
weakly acidic pH of 5.0, and approximately 95% of the drug
payload would be gone in 24 h. On the contrary, the release
profile of PTX from the L-AuNCs/FA-PSNH nanocomposite
[PSNH is the amphiphilic polymer poly(SMA-co-NAS-co-HEA)
where there is no pH-labile linkage; SMA: stearyl methacrylate]
at pH 5.0 and 7.4 (Figure 2b inset) was very similar to that of
L-AuNCs/FA-PDNH nanocomposite at pH 7.4 (Figure 2b, dia-
mond). These results are further indication that the pH-labile
linkages in PDNH were responsible for the controlled release
of PTX from the L-AuNCs/FA-PDNH nanocomposite. The
strongly pH-dependent release profile of the nanocomposite is
an ideal platform for targeted drug delivery since drug release
is inhibited during systemic circulation at the physiological pH
of 7.4. The drug is released only in the acidic environment of
the affected cells.

The efficacy of the nanocomposite for cancer treatment was
evaluated using the human hepatoma BEL-7402 cell line (7402
cells). We treated the 7402 cell culture with different concen-
trations of PTX-free L-AuNCs/FA-PDNH nanocomposite, PTX-
loaded L-AuNCs/FA-PDNH nanocomposite, and PTX-loaded
L-AuNCs/FA-PSNH nanocomposite. The viability of the cells
after 24 h was measured by the sulforhodamine B (SRB) assay.
The results in Figure 3 (circle) show that PTX-free L-AuNCs/
FA-PDNH nanocomposite had very low cytotoxicity (cell via-
bility > 95% after 24 h) even at a high dosage of 0.6 mg mL™".
The data could also be taken to suggest the good biocompat-
ibility of the nanocomposite. Similarly, when the 7402 cells
were incubated with PTX-loaded L-AuNCs/FA-PSNH nanocom-
posite (Figure 3, triangle) for 24 h, cell viability was also high
(=85%) and changed very little with increasing nanocomposite

Adv. Funct. Mater. 2013, 23, 4324-4331
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Figure 3. Viability of 7402 cells after incubation with PTX-free L-AuNCs/
FA-PDNH nanocomposite (circle), PTX-loaded L-AuNCs/FA-PSNH nano-
composite (triangle), and PTX-loaded L-AuNCs/FA-PDNH nanocom-
posite (diamond) for 24 h.

concentration. This is an anticipated outcome since the PTX-
loaded L-AuNCs/FA-PSNH nanocomposite, without a pH-
labile linkage, was stable in the acidic (pH 5-6) endosomal or
lysosomal compartments of the cancer cells. Consequently very
little drug payload could be released from the nanocomposite.
The situation was markedly different for 7402 cells incubated
with the PTX-loaded L-AuNCs/FA-PDNH nanocomposite
(Figure 3, diamond). Here cell viability decreased very rapidly
with time resulting in a =23% survival after 4 h of incubation.
This is an indication of the efficient uptake of the as-fabricated
pH-responsive nanocomposite (PTX-loaded L-AuNCs/FA-
PDNH nanocomposite) by the cancer cells and the successful
release of the drug payload inside the cells.

The targeting effectiveness of the FA ligands in the nano-
composite against cancer cells was evaluated using a cancer cell
line with an over-expressed folate receptor (FR, e.g., KB cells).
The KB cells were treated with PTX-loaded L-AuNCs/FA-PDNH
nanocomposite, PTX-loaded L-AuNCs/PDNH nanocomposite
(without the targeting FA ligands), and free PTX in different
concentrations for 24 h. As expected, the viability of the KB
cells depended strongly on the PTX dosage (Figure 4). Further-
more it was observed that the PTX-loaded L-AuNCs/FA-PDNH
nanocomposite displayed the same cytotoxicity against the
KB cells as free PTX, at levels much higher than that of PTX-
loaded L-AuNCs/PDNH nanocomposite without the FA ligand
(Figure 4). The considerable cytotoxicity difference between
FA-conjugated (L-AuNCs/FA-PDNH) and non-FA-conjugated
(L-AuNCs/PDNH) nanocomposites simply confirmed the high
selectivity of the FA ligands for the KB cells. A nanocomposite
with FA ligands was able to specifically target the KB cells and
be transported into the cell interior via the direct folate-receptor-
mediated endocytosis pathway. The release of the PTX payload
in the cytoplasm due to the low local pH environment therefore
gave rise to cytotoxicity against the KB cells which was nearly as
good as that of free PTX.

The different uptake behavior of FA-conjugated and non-FA-
conjugated nanocomposites was also confirmed by confocal

Adv. Funct. Mater. 2013, 23, 4324-4331
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Figure 4. Viability of KB cells after incubation with PTX-loaded L-AuNCs/
FA-PDNH nanocomposite, PTX-loaded L-AuNCs/PDNH nanocomposite,
and free PTX at different PTX concentrations (5, 10, and 15 ug mL™) for
24 h.

laser scanning microscopy (CLSM). Here the strong lumines-
cence of the L-AuNCs in the nanocomposite designs provided
an in-situ means to monitor the cellular uptake of the nano-
composite. In brief the KB cells were treated with FA-conju-
gated (L-AuNCs/FA-PDNH) and non-FA-conjugated (L-AuNCs/
PDNH) nanocomposites at the same PTX concentration of
15 ug mL™! and luminescence was monitored over a period
of 3 h. Very little cellular uptake occurred in the first 0.5 h for
the non-FA-conjugated (Figure 5al) and FA-conjugated nano-
composites (Figure 5bl). The orange luminescence from the
nanocomposite (from L-AuNCs) was faint in the cytoplasm
of the cancer cells. The internalization of FA-conjugated and
non-FA-conjugated nanocomposites by the cancer cells via
endocytosis was nonetheless demonstrated, and the nano-
composites resided mainly in the cytoplasm. A significant dif-
ference in cellular uptake between the two nanocomposites
occurred after 3 h of incubation, where stronger orange lumi-
nescence was emitted from cancer cells treated with the FA-
conjugated nanocomposite (L-AuNCs/FA-PDNH, Figure 5b2)
than cancer cells treated with the non-FA-conjugated nanocom-
posite (L-AuNCs/PDNH, Figure 5a2). The difference simply
reflected the targeting effectiveness of the FA ligands in the
FA-conjugated nanocomposite. The 7402 cells without over-
expressed folate receptors (Figure 5¢2) also luminesced weakly
compared with the KB cells after 3 h of incubation with the
PTX-loaded L-AuNCs/FA-PDNH nanocomposite (Figure 5b2);
another demonstration of the importance of the FA ligands in
the nanocomposite design for targeting specific cancer cells.
The higher drug efficacy of the FA-conjugated nanocomposite
in the KB cells could then be unambiguously attributed to the
enhanced cellular uptake of the nanocomposite via the folate-
receptor-mediated endocytosis pathway.

The encouraging results from the in vitro study promoted
an in vivo trial to evaluate the potential of the nanocom-
posite for clinical use. A dose-tolerance study was first car-
ried out using healthy Balb/c mice. The mice were intrave-
nously injected with free PTX to concentrations of 30, 40, or
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Figure 5. Representative CLSM images of KB cells incubated with a) non-FA-conjugated nanocomposite (L-AuNCs/PDNH) and b) FA-conjugated
nanocomposite (L-AuNCs/FA-PDNH) for 0.5 h (upper row) and 3 h (lower row). c) CLSM images of 7402 cells incubated with the FA-conjugated
nanocomposite for 0.5 h (upper row) and 3 h (lower row). d) Representative ex vivo white light images (top), luminescence images (middle) and
overlaid images (bottom) of the dissected organs of sacrificed mice bearing the Hela tumor at 24-h after the intravenous injection of FA-conjugated

nanocomposite (L-AuNCs/FA-PDNH).

50 mg-PTX per kg-body weight; or with PTX-loaded L-AuNCs/
FA-PDNH nanocomposite to effective PTX concentrations of
40, 60, and 80 mg-PTX per kg-body weight. Normal saline solu-
tion was used as the control. The mice treated with 40 mg of
free PTX showed obvious weight loss in two weeks, and died
immediately if 50 mg of free PTX was intravenously adminis-
trated. On the contrary, even at the highest equivalent dose of
80 mg PTX, the mice treated with PTX-loaded L-AuNCs/FA-
PDNH nanocomposite showed no weight loss and were alive
for two weeks. These in vivo results confirm the toxicity of PTX-
loaded L-AuNCs/FA-PDNH nanocomposite is lower than that
of free PTX at equivalent PTX doses. Figure S3 (Supporting
Information) compares between the in vivo pharmacokinetics
of L-AuNCs/FA-PDNH nanocomposite and free PTX. The
gradual decrease of PTX concentration from the PTX-loaded
L-AuNCs/FA-PDNH nanocomposite over 24 h after injection is
in strong contrast with the rapid clearing of injected free PTX
(the control group) from the body within the first two hours
after injection. The long systemic circulation and slow elimina-
tion from blood are promising for a high clinical efficacy. The
good stability of PTX-loaded L-AuNCs/FA-PDNH nanocom-
posite in media and in blood could be attributed to the combina-
tion of structural stability and a relatively small size (<200 nm).
In addition, the hydrophilic segments in the polymer carrier are
mostly pHEMA [poly(2-hydroxyethyl methacrylate)], which is
known to be stealthy and biocompatible.*] The L-AuNCs were
also coated with a naturally occurring peptide, GSH, which
has the ability to minimize non-specific protein adsorption in
blood.23254] The observed good stability of the as-fabricated
nanocomposite in blood circulation is not totally unexpected in
view of its biocompatibility and stealthy coating.

Female athymic nude mice bearing the Hela
(FR-expressing) tumors with a tumor size of =0.5 cm (after

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3 weeks post-inoculation of 1 x 10° cells on the right foreleg)
were then selected as the animal model. The mice were intrave-
nously injected with 4 mg-PTX per kg-body weight of free PTX
or PTX-loaded L-AuNCs/FA-PDNH nanocomposite. The mice
were then sacrificed at 0.5, 2, 6, 12, and 24 h after drug admin-
istration, and the concentrations of PTX in various tissues at
different times were calculated. The PTX distributions from
free PTX and PTX-loaded L-AuNCs/FA-PDNH nanocomposite
in different tissues are summarized in Table S2 (Supporting
Information). The PTX concentration from injected PTX-
loaded L-AuNCs/FA-PDNH nanocomposite was lower than
that of injected free PTX in normal tissues except at the tumor
sites. These data suggest that PTX-loaded L-AuNCs/FA-PDNH
nanocomposite is lower in toxicity and has better efficacy than
free PTX.

The tumor targeting capability of the nanocomposite
was evaluated by injecting FA-conjugated nanocomposite
(L-AuNCs/FA-PDNH) or non-FA-conjugated nanocomposite
(L-AuNCs/PDNH) intravenously into the mice, and monitoring
the distribution of the nanocomposite by its luminescence over
the course of one day. As shown in Figure 5d and Figure 6, a
strong luminescence was emitted from the tumor sites a day
after the injection of the FA-conjugated nanocomposite. On
the contrary, no luminescence was detected in the tumor of the
mouse injected with the non-FA-conjugated nanocomposite
(data not shown). Figure 5d (the middle panel) also shows that
luminescence was localized at the tumor rather than in other
major organs (e.g., kidney and liver). The high targeting effi-
ciency of the nanocomposite (from the FA ligand) against the
FR-expressing tumor, and the enhanced uptake of the nano-
composite in the tumor tissues via the direct folate-receptor-
mediated endocytosis pathway, was once again demonstrated.
In addition, Figure 6 shows that the nanocomposite was rarely

Adv. Funct. Mater. 2013, 23, 4324-4331
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Figure 6. Luminescence intensities of the dissected organs of sacrificed
mice bearing the Hela tumor at 24-h after the intravenous injection of
FA-conjugated nanocomposite (L-AuNCs/FA-PDNH).

found in most of the organs, indicating that the nanocomposite
had sufficient transit time in systemic circulation for the tar-
geting of the tumor. Some deposition of the nanocomposite
was however detected in kidney and liver due to the special
binding affinity and metabolic processes in these organs. The
localization of the nanocomposite (L-AuNCs/FA-PDNH) in the
FR-expressing tumor tissues also indicated negligible uptake of
the nanocomposite by macrophages.

3. Conclusions

In conclusion, we have designed and built a multifunctional
nanocomposite that provided selective targeting, in-situ
imaging and anticancer therapy functionalities by encapsu-
lating a hydrophobic drug in L-AuNCs conjugated pH-labile tar-
geting polymeric carriers. The nanocomposite, in the form of
L-AuNCs/FA-PDNH, was water-stable and biocompatible; and
could release its drug payload at a weakly acidic pathological
site via polymer degradation processes, while the L-AuNCs pro-
vided positioning information and the hydrophobic drug pro-
vided the therapeutic action at the targeted cells. Both in vitro
and in vivo studies confirmed the efficacy of this theranostic
composite for cancer cell targeting and treatment.

4. Experimental Section

Chemicals: p-Hydroxybenzaldehyde, benzyl chloride,
1-bromododecane, p-toluenesulfonic acid (PTSA), sodium methoxide
and glycerol were purchased from Shanghai Chemical Reagent Co.
Ltd. and used without further purification. Dodecyl 2-methylacrylate,
L-glutathione reduced, stearyl methacrylate (SMA) and N-succinimidyl
methacrylate (NAS) were supplied by Sigma-Aldrich. Hydrogen
tetrachloroauratetrihydrate (HAuCl,-3H,0) was provided by Alfa Aesar.
2-Hydroxyethyl methacrylate (HEMA) was distilled under vacuum and
stored at =15 °C under an inert gas atmosphere. Other reagents were
commercially available and used as received.

Synthesis  of  4-n-Dodecyloxybenzalacetal
4-n-dodecyloxybenzaldehyde

Monomer  (DBAM):
(DBD) was synthesized according to

Adv. Funct. Mater. 2013, 23, 4324-4331
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the following procedure. 1-bromododecane (29.9 g, 120 mmol) was
added dropwise to an acetone solution (150 mL) containing anhydrous
potassium carbonate (20.7 g, 150 mmol) and p-hydroxybenzaldehyde
(12.2 g, 100 mmol). After heating under reflux and vigorous stirring for
14 h, the crude product was purified by column chromatography (ethyl
acetate-petroleum ether, 1:10).Then, DBD (8.7 g, 30 mmol) was reacted
with glycerol (2.76 g, 30 mmol) in toluene (50 mL) using PTSA (0.5 g)
as the catalyst. The solution was refluxed for 14 h and the water formed
in the dehydrogenation reaction was removed by an oil-water separator.
The mixture was then concentrated by reduced pressure distillation and
washed with potassium carbonate solution (1%, 80 mL) to remove the
acid catalyst and residual glycerol. The precipitate was collected and
purified by column chromatography (ethyl acetate-petroleum ether, 1:2)
to obtain 4-n-dodecyloxybenzalacetal (DBA).

Methacryloyl chloride (2.3 g, 22 mmol) was added slowly to an
anhydrous tetrahydrofuran (20 mL) solution of triethylamine (4.5 g,
44 mmol) and DBA (4.0 g, 11 mmol) and cooled to 0 °C in an ice-water
bath. After continuous stirring for another 12 h at room temperature, the
mixture was filtered to remove insoluble byproducts. The filtrate obtained
as such was concentrated and purified by column chromatography (ethyl
acetate-petroleum ether, 1:8). Anal. Calcd. for C;6H40Os: C 72.19, H 9.32,
O 18.49; found: C 72.30, H 9.28, O 18.42. '"H NMR (400 MHz, CDCls,
8): 7.41 (d, J = 8.39 Hz, 2H, CgHy), 6.89 (d, J = 8.41 Hz, 2H, CgH),
6.30 (s, TH, CCH,), 5.65 (s, TH, CCH,), 5.52 (s, TH, CH,CH), 4.75 (s,
1H, CHO), 4.31 (d, J = 12.88 Hz, 2H, CHCH,0), 4.18 (d, J = 12.92 Hz,
2H, CHCH,0), 3.95 (t, J = 6.59 Hz, 2H, C,H,OCH,), 2.01 (s, 3H, CH;),
1.81-1.72 (m, 2H, CH,CH,0), 1.49-1.38 (m, 2H, CH,CH,CH,0),
1.26 (m, 16H, CH,), 0.88 (t, J = 6.68 Hz, 3H, CH,CH;). *C NMR
(75 MHz, CDCl;, §): 167.45 (s, 1C, COO), 159.95 (s, 1C, C), 136.28
(s, 1C, CCHy), 132.25 (s, 1C, C), 127.57 (s, 2C, CH), 126.50 (s, 1C,
CCH,), 114.52 (s, 2C, CH), 74.21 (s, 1C, CH,CO), 69.25 (s, 2C, CH,CO),
68.28 (s, 1C, CHCH,0), 32.16 (s, 1C, CH,CH,CHj), 29.28-29.88 (m, 7C,
CH,), 26.24 (s, 1C, CH,CH,CH,0), 22.94 (s, 1C, CH,CH3), 18.52 (s, 1C,
CCH), 1439 (s, 1C, CH).

Synthesis of Amphiphilic Copolymer Poly(DBAM-co-NAS-co-HEMA):
The amphiphilic copolymer poly(DBAM-co-NAS-co-HEMA) (PDNH) was
prepared by free radical copolymerization of DBAM, NAS and HEMA
in cyclohexanone using AIBN initiator. Typically, AIBN (5.0 mg) was
added to a cyclohexanone solution (2 mL) with DBAM (150 mg), HEMA
(306 mg) and NAS (60 mg) in a test tube. The test tube was sealed and
cycled between vacuum and nitrogen thrice. After 5 h reaction in an
oil bath at 60 °C, the mixture was concentrated in a rotary evaporator
and washed with a large quantity of anhydrous ether. The precipitate
was recovered by centrifugation, dried under vacuum and stored in
a desiccator for further use. In addition, poly(SMA-co-NAS-co-HEA)
(PSNH) was synthesized following a similar procedure and used as the
control."H NMR (400 MHz, DMSO-dg, 8): 7.44 (CgH,), 6.94 (CeHy), 4.21-
3.76 (COOCH,CH,, CHCH,O and CgH,OCH,), 0.89-1.77 (OCy,Hs).

Synthesis of Luminescent Gold Nanoclusters (L-AuNCs): The synthesis
and purification of L-AuNCs followed an earlier procedure of ours. In a
typical synthesis, freshly prepared aqueous solutions of HAuCl, (20 mw,
1.0 mL) and GSH (100 mwm, 0.30 mL) were mixed with of ultrapure water
(8.7 mL) at 25 °C for 1 min. The reaction mixture was then heated to
70 °C under gentle stirring (500 rpm) for 24 h. The resultant aqueous
solution of strongly orange-emitting AuNCs was purified using size-
exclusion chromatography (Cat. No. 17-0851-01, GE Healthcare) and
freeze-dried for further use.

Conjugation of L-AuNCs and Folic Acid with Poly(DBAM-
co-NAS-co-HEMA): 3 mL of L-AuNCs (2 mm) in anhydrous dimethyl
sulfoxide (DMSO) was added to PDNH (2 mL) in DMSO, and the
reaction mixture was stirred overnight at room temperature. The mixture
was then added to an excess of anhydrous ether to precipitate the
polymer. The as-prepared L-AuNCs/PDNH was freeze-dried and stored
in the dark at 4 °C. The folic acid was conjugated to L-AuNCs/PDNH
following the same procedure described previously for the preparation
of L-AuNCs/FA-PDNH.

Drug Loading and Release: For the evaluation of the drug loading and
release properties of the nanocomposite, a hydrophobic anti-cancer
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drug, PTX, was first loaded into L-AuNCs/FA-PDNH nanocomposite
by adding PTX (50 pL, 10 mg mL™") to the as-prepared L-AuNCs/
FA-PDNH in tetrahydrofuran (0.6 mL), followed by the slow addition of
5 mL of phosphate buffered saline (PBS, pH = 7.4). The solution was
then shaken overnight to completely evaporate the tetrahydrofuran. The
drug release rate was measured by dispersing the PTX-loaded L-AuNCs/
FA-PDNH nanocomposite in a PBS buffer at a pH of interest, and the
solution was shaken in a water bath at 37 °C. The drug concentration
was calculated by optical density measurements at 227 nm.

Cell Culture: Human hepatoma 7402 and human KB cell lines
(obtained from Shanghai Cell Institute Country Cell Bank, China) were
cultured as a monolayer in RPMI-1640 medium supplemented with 10%
heat-inactive fetal bovine serum. Culture was maintained in a humidified
incubator (5% CO, in air by volume) at 37 °C.

In Vitro Cytotoxicity Study: The sulforhodamine B (SRB) assay was
used to evaluate the cytotoxicity of the nanocomposite. In brief, the
hepatoma 7402 cells were placed in a 96-well plate with seeding cells
of =1.3 x 10* per well. Four duplicate wells were set-up for each sample.
The culture medium was then replaced with the medium containing the
L-AuNCs/FA-PDNH nanocomposite in different concentrations, and
the culture was maintained at standard culture condition of 37 °C for
24 h. The medium was decanted, followed by the addition of 10 w/v%
trichloroacetic acid (100 pL) in Hank's balanced salt solution. The
culture was allowed to incubate at 4 °C for 1 h. The stationary liquid
was then discarded, and the cells were washed copiously with deionized
water for five times, followed by air drying and subsequent staining
with 0.4 w/v% SRB solution (100 pL per well) for 30 min at room
temperature. The SRB solution was removed and the cells were washed
with 0.1% acetic acid solution for five times. The bound SRB dyes was
then solubilized in a Tris-base solution (150 uL, 10 mM, pH =10.5). The
optical density at 531 nm was used to determine the cell viability.

Cellular Uptake of Drug-Loaded L-AuNCs/FA-PDNH Nanocomposite:
Hepatoma 7402 cellswere seeded in a 96-well plate with =1.3 x 10*
cells per well. The cell culture was incubated overnight in a humidified
incubator at 37 °C. The nanocomposite dispersion was prepared in
RPMI-1640 medium and the concentration of L-AuNCs/FA-PDNH
nanocomposite was adjusted to =10 ug mL™". The nanocomposite was
then added to the cell culture, and the culture was incubated for 30 min
under standard culture condition. The cell culture was washed three
times with PBS buffer, and then subjected to fluorescence microscopy
examination. The fluorescence images were acquired by an Olympus
IX-51 inverted microscopeequipped with 100 W mercury-xenon arc lamp
excitation light source and high speed CCD camera.

In Vivo Pharmacokinetic Studies: Balb/c mice were intravenously
injected with the L-AuNCs/FA-PDNH nanocomposite and free PTX at
an equivalent dose of 6 mg-PTX per kg-body weight. At time points of
0 (pre-dose), 0.5, 1, 2, 4, 6, 8, 12, and 24 h after injection, the blood was
collected and centrifuged at 6000 rpm for 8 min, followed by a liquid-
liquid extraction. In a typical extraction, plasma sample (200 pL) was
mixed with diethyl ether (3 mL) containing diazepam (1.0 pug mL™,
50 pL) as an internal standard. The samples were extracted in a vortex-
mixer for 2 min following by a centrifugation at 3000 rpm for 10 min.
The organic layer was transferred to a clean tube and evaporated under
nitrogen. The extracted residue was dissolved in acetonitrile (100 pL)
and centrifuged at 3000 rpm for 5 min before HPLC analysis.

Tumor Xenografts and In Vivo Imaging: Hela tumor cells were
harvested by centrifugation and re-suspension in sterile PBS. Then, the
tumor cells (1 x 106 cells/site) were implanted subcutaneously into the
right foreleg of female athymic nude mice (4 weeks old). Biodistribution
and imaging studies were performed when the tumor size reached
=~0.5 cm (3 weeks after post-inoculation). In vivo florescence imaging
was performed with a Kodak (DXS 4000 PRO system) in vivo imaging
system. Florescence signals were analyzed by the Kodak Molecular
Imaging Software.

Characterization Methods: TEM images were taken on a TecnaiG220
electron microscope operating at 200 kV. The number-average
molecular weight (M,), the weight-average molecular weight (M,),
and the polydispersity index (PDI) were analyzed by gel permeation
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chromatography (GPC). The conversion in the polymerization reaction
was determined by the gravimetry. "H NMR and "*C NMR analyses were
performed on a UNITY INOVA 400 MHz and a Varian NMRststem-300
MHz spectrometer, respectively. Photoemission and photoexcitation
spectra were recorded on an Edinburgh-920 fluorescence spectra
photometer; in vivo and ex vivo images were taken using a DXS
4000 PRO system (Kodak) (A =405 nm).
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Supporting Information is available from the Wiley Online Library or
from the author.
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