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Abstract: Dendronized nanoparticles, also called nanoparticle-cored dendrimers, combine the advan-
tages of nanoparticles and dendrimers. These very stable and polyvalent nanoparticles can be used
for diverse applications. One such application is drug delivery, because the dendrons can enhance the
density of the payload. In this report, we describe the design of multifunctional gold nanoparticles
(AuNPs) coated with poly(propylene imine) (PPI) dendrons that contain both prostate cancer active
targeting and chemotherapeutic drugs. The PPI dendron is a good candidate for the design of drug
delivery vehicles because of its ability to induce a proton sponge effect that will enhance lysosomal
escape and intracellular therapeutic delivery. The chemotherapeutic drug used is doxorubicin (DOX),
and it was linked to the dendron through a hydrazone acid-sensitive bond. Subsequent acidification
of the AuNP system to a pH of 4-5 resulted in the release of 140 DOX drugs per nanoparticles. In
addition, the PPI dendron was conjugated via “click” chemistry to an EphA2-targeting antibody
fragment that has been shown to target prostate cancer cells. In vitro cell viability assays revealed
an IC50 of 0.9 nM for the targeted DOX-bearing AuNPs after 48 h incubation with PC3 cells. These
results are very promising upon optimization of the system.
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1. Introduction

Nanocarriers enable the delivery of therapeutic drugs with improved target specificity
through a combination of prolonged circulation, active targeting, and payload conjugation
chemistry [1,2]. The prolonged circulation of nanoparticles can be tuned with careful
attention to size and surface coating; for instance, by using polymers, such as polyethylene
glycol (PEG) or other polymers, thereby improving nanoparticle pharmacokinetics and
biodistribution [3]. The incorporation of active targeting ligands (e.g., peptides, antibodies,
etc.) and the conjugation of cytotoxic therapeutic drugs via stimuli-responsive attachments
can further enhance nanocarrier target specificity [4].

The pharmaceutical industry has developed many different nanocarriers that have
either already been approved by the Food and Drug Administration (FDA) or are currently
undergoing clinical trials for the treatment of cancer and other diseases. Lipid nanoparticles
have been approved for the delivery of cytotoxic cancer therapeutics (e.g., Doxil) and
have in recent years emerged as an efficient method to deliver nucleic acid therapies,
like the vaccines against COVID-19 developed by Pfizer and Moderna [5,6]. Various
other polymer-based nanoparticles include polymer—protein conjugates, polymer—small
molecule conjugates, dendrimers, and polymer nanoparticles [7,8]. Some recently approved
polymer conjugate therapeutics include Jivi (Bayer, hemophilia A) and Palynziq (Biogen,
phenylketonuria) [9]. Several dendrimer-based therapeutics are currently undergoing
clinical trials for cancer, such as AZD0466 (Starpharma/AstraZeneca, leukemia) and DEP ®
cabazitaxel (Starpharma, prostate cancer) [10].

The predominance of polymer conjugates and dendrimers in FDA drug approvals
and clinical trials highlights an active area of research and a key focus of the nanomedicine
community [11]. Dendrimers are highly branched spherical and symmetrical structures
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composed of a polymer backbone (e.g., poly(amidoamine), PAMAM and poly(propylene
imine), PPI) that grows outward from a core into well-defined generations [12-15]. The well-
defined and monodisperse nature of dendrimers allows for the attachment of multivalent
molecules, such as therapeutic drugs, active targeting moieties, and imaging agents [16-18].
The synergy of gold nanoparticles (AuNP) with dendrimers or dendrons through either
ligand adsorption or covalent-coordinate bonding to gold has led to promising dendritic
AuNP hybrids with tunable properties [19], including the potential for efficient drug deliv-
ery [20-23]. The ability to densely pack drug-loaded dendritic structures around AuNPs
with well-defined sizes can dramatically improve therapeutic efficacy over dendrimers on
their own [24-26].

Gold nanoparticles are a promising nanomedicine platform because they can be
prepared in monodisperse and well-defined sizes and are relatively inert once coated with
biocompatible ligands [27-29]. The strong coordinate—covalent interaction between gold
nanoparticles and suitable sulfur-containing ligands enables the formation of very stable
nanoparticles (NPs). This allows for different thiolated or disulfide ligands to be mixed
and imparts multifunctionality (e.g., therapeutic, targeting, imaging) onto the nanoparticle
surface. Additionally, AuNPs inherently possess the ability to enhance ultrasound and
radiotherapies and to act as contrast agents with X-ray imaging modalities [30,31].

The combination of dendrons (non-spherical asymmetric branched molecules) with
AuNPs has been of particular interest to our group. The coating of AuNPs with dendrons
offers several advantages. First, the use of dendrons as ligands increases the stability
of the resulting gold nanoparticles as well as the density of the functionalities around
them. Dendronized AuNPs are stable in biological media towards lyophilization and with
respect to shelf life [21,32,33]. Second, adding dendrons onto NPs leads to the formation of
giant dendrimers (nanoparticle-cored dendrimers) in one step [21]. Third, the synthesis of
dendronized NPs allows for the use of a mixture of dendrons with diverse termini, giving
rise to multifunctional nanoconstructs in a single step. Finally, the multifunctionality of
the NPs can be easily tuned by varying the ratios of dendrons used to coat them. Den-
drons may be synthesized in well-controlled reactions with high yields from commercially
available starting materials to give molecules with varied terminal group functionalities
and a disulfide (thioctic acid, TA) focal point for attachment to AuNPs [34-36]. We have
previously reported the synthesis of poly(propylene imine) (PPI) dendrons having different
charges and their incorporation onto the surface of AuNPs to form negatively charged,
zwitterionic, and positively charged dendronized AuNPs [21]. These dendronized AuNPs
had robust aqueous and serum stability, could withstand several rounds of lyophilization,
and showed very low in vitro cytotoxicity. We have also shown that the PPI dendron
could be conjugated to doxorubicin (DOX) as a model chemotherapeutic via an acid-labile
hydrazone bond at a ratio of three DOX/dendron, giving PPI-DOX [37].

Doxorubicin is one of the most effective antitumor drugs against solid tumors [38],
but its clinical usage has been limited due to its low bioavailability and severe side effects,
such as cardiotoxicity [39]. Its main mode of action involves intercalation within DNA
base pairs resulting in bent DNA strands, which leads to inhibition of both DNA and RNA
synthesis, generating the formation of reactive oxygen species and oxidative stress [40].

Herein, we report the preparation of multifunctional dendronized AuNPs possessing
acid-labile conjugated DOX drugs and active targeting moieties (Fab) conjugated through
copper-free click chemistry. A PPI-N3 dendron was synthesized and then mixed with
PPI-DOX dendrons during a ligand exchange step on AuNPs using different ratios of
DOX/Nj3. The multifunctional AuNPs reported here were made possible with a novel
ligand exchange method starting from PPI-CO,H-dendronized AuNPs and using a large
excess of new dendrons rather than the traditional ligand exchange starting from citrate-
coated AuNDPs. The stabilizing PPI-CO,H dendron mixed with PPI-DOX and PPI-Nj3
produced multifunctional AuNPs bearing DOX and azide functionality with a good size
and polydispersity index (PDI). The increase in size and change in surface charge, as
measured by dynamic light scattering (DLS), could be used to monitor the ligand exchange
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and subsequent bioconjugation to the targeting ligand (Fab). The multifunctional drug-
loaded AuNP-DOX-Nj3 showed rapid acid-triggered DOX release at a pH of 4.5. The
targeted nature of AuNP-DOX/Fab was observed in vitro using transmission electron
microscopy (TEM). Finally, in vitro cytotoxicity assays revealed an ICs against PC3 cells of
0.9 nM for AuNP-DOX/Fab.

Although AuNPs have previously been reported for the delivery of DOX [41-43], this
is the first study reporting the use of dendronized AuNPs bearing both acid-labile DOX
and a Fab ligand targeting prostate tumors.

2. Materials and Methods
2.1. General Methods

Solvents and reagents were obtained from commercial sources (e.g., Sigma Aldrich,
St. Louis, MO, USA; Fischer Scientific, Pittsburg, PA, USA; VWR international, Radnor,
PA, USA; TCI Chemicals, Portland, OR, USA; etc.) and used without additional purifica-
tion unless specified otherwise. Glassware, stir bars, and other containers used for gold
nanoparticle synthesis and ligand exchange reactions were cleaned with freshly prepared
aqua regia and then washed thoroughly (6x) with 18 mQ) ultrapure water from the Milli-Q
water purification system. Gold chloride (HAuCly) and trisodium citrate (NazC¢H5Oy)
were obtained from Electron Microscopy Sciences (Hatfield, PA, USA) and used without
purification. Dendrons used for gold nanoparticle ligand exchange reactions were pre-
pared as described previously [21,34]. Gold nanoparticle centrifugation was performed
using either benchtop (Thermo Fisher Sorvall Legend Micro 21R, Waltham, MA, USA)
or an Avanti J-E Centrifuge (Beckman Coulter, Brea, CA, USA) and a JA-20 rotor. Gold
nanoparticles were purified using either regenerated cellulose dialysis membranes (MWCO
12K-14K Da) obtained from Fisher Scientific (Pittsburg, PA, USA) or with successive rounds
of centrifugation and filtration, as described below.

UV-Vis absorbance data were obtained from a Beckman Coulter DU 730 UV-Vis
spectrophotometer. Fluorescence measurements were collected using a Horiba Jobin Yvon
FluoroMax-3 instrument using the manufacturer’s DataMax software (version 32). Unless
otherwise specified, excitation wavelength for doxorubicin was set at 470 nm. Dynamic
light scattering (DLS) and zeta potential data were collected from a Zetasizer Nano-ZS
system (Malvern Instruments, Southborough, MA, USA) using a 633 He-Ne laser and
operating on backscatter mode at an angle of 173°. The software used to analyze the data
was Zetasizer version number 7.11 by Malvern Instruments.

Next, 1x PBS (pH 7.4) was prepared using volumetric glassware and ultrapure water
(resistivity of 18 M()-cm). The 1x PBS was filtered through Cytiva Whatman ™ Puradisc
0.2 um syringe filters prior to use with nanoparticles or diluted to 0.1 x PBS (pH 7.4) using
ultrapure water. Solutions of NaCl and saturated sodium bicarbonate (Fisher Scientific) were
prepared using the corresponding salts and then filtered through Cytiva Whatman ™ Puradisc
0.2 um syringe filters before use with nanoparticles.

PC-3 prostate cancer cells were provided by Dr. Charles Bieberich (Department
of Biology, University of Maryland, Baltimore County). They were grown in Falcon-
brand cell culture flasks using RPMI media supplemented with FBS and penstrep (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a humidified atmosphere of 5%
CO,. Cytotoxicity studies involving AuNP-CO,H, AuNP-DOX, AuNP-Fab, and AuNP-
DOX/Fab were conducted with PC-3 cells using MTT reagent (Thermo Fisher Scientific)
according to the manufacturer’s recommended protocol. These studies are described in
detail below.

2.2. Synthesis of PPI-N3 Dendron

PPI-N3 (2)—A solution of TA-TEG-G2NHj; [21] (27 mg, 0.03 mmol) was dissolved in
4 mL anhydrous MeOH and stirred in a round-bottom flask. To this stirring solution was
added an azide-modified Michael acceptor [44] (121.7 mg, 0.4469 mmol) and LiBr (35 mg,
0.40 mmol). The reaction was stirred vigorously at rt. for 48 h. After 48 h, the reaction was
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concentrated under reduced pressure to give a yellow oil, which was purified by LH20
size exclusion chromatography in MeOH. The pure product was obtained as a yellow oil
(62 mg, 65%). The purity of the product was confirmed by 'H NMR (400 MHz, D20) § 7.15
(br, 2H), 6.87 (br, 2H), 4.08 (br, 2H), 3.81 (br, 2H), 3.62-3.32 (m, 77H), 3.25-2.10 (m, 63H),
and 2.07-0.51 (m, 76H), and FT-IR spectroscopy v = 3380 cm~!,2921.3 cm~?, 2851.9 cm !,
2095 cm ™! (N3), 1732.7 cm™1, 1462 em 1, 1246.4 cm ™!, and 1119 em 1.

2.3. Synthesis of Dendronized Gold Nanoparticles

AuNP-Citrate (3)—A gold chloride stock solution was prepared by dissolving HAuCly
(101.7 mg) in 100 mL Millipore ultrapure water in a volumetric flask to give a concentration
of 2.99 mM. Separately, 100 mL of a 5% w/v tri-sodium citrate stock solution was prepared
using 5 g sodium citrate and Millipore ultrapure water in a volumetric flask. The 2.99 mM
100 mL HAuCly stock solution was transferred to a large two-neck round-bottom flask and
diluted to a concentration of 0.3 mM using Millipore ultrapure water (~1 L). This solution
was stirred and heated to 90 °C. Once the solution reached 90 °C, 14.06 mL of the sodium
citrate stock solution (molar ratio 1:6 HAuCls:Najcitrate) was added to the reaction in
one addition, and the reaction was brought to reflux for 1 h. After 1 h, the reaction was
cooled to rt overnight before it was analyzed by UV-Vis and DLS to characterize the formed
AuNPs. The particle size (DLS by number) was observed to be 13.6 nm (PDI = 0.067).

AuNP-CO,H (4)—A solution of AuNP-citrate (269 mL, 6 nM) was stirred in a freshly
cleaned glass round-bottom flask. Separately, 37.7 mg PPI-CO,H [21] (1) dendron (25.6 pmol)
was dissolved in 1 mL Millipore ultrapure water at a pH of 8 (basified with NaHCO3) and
then filtered through a syringe filter (GE Life Sciences, 0.22 um) to give the dendron solution
to be added to the AulNP-citrate solution. An excess of PPI-CO,H dendron was added such
that 20 the total theoretical ligand coating of the AuNP surface area was in the solution. The
AuNP-citrate solution was first basified to a pH of 8 (monitored with pH strips) using 1 mL
of filtered saturated sodium bicarbonate solution. Then, the previously prepared PPI-CO,H
dendron solution was added to the stirring basic AuNP-citrate solution at rt. The reaction color
immediately turned to a darker red. After addition of the dendron solution, an additional
5 mL filtered saturated sodium bicarbonate solution was added to the stirring AuNPs to keep
the pH at 8. The reaction was then stirred overnight at rt for a total of 15 h. After 15h, a
1 mL aliquot was centrifuged twice (15,000x g, 45 min, 4 °C), resuspending in between with
Millipore ultrapure water with a pH of 8, and examined via DLS, UV-Vis, and zeta potential,
which indicated completion of the reaction. This solution of AuNP-CO,H was stored without
purification until further use. The DLS size by number was 16.8 nm, and the zeta potential
was —42.0 mV.

AuNP- Fab (6)—A solution of AuNP-CO,H was first centrifuged 1x (9kx g, 45 min,
4 °C), the supernatant was removed, and the AuNPs were resuspended in water with a pH
of 8 with 0.02% TWEEN20 and 25% DMSO. The solution of AuNP-CO,H (18 mL, 6.0 nM)
was stirred in a 20 mL scintillation vial that had been freshly cleaned with aqua regia. To
this stirring solution was added PPI-CO,H (8 x molar excess) and PPI-N3 (2 x molar
excess) from stock solutions in water with a pH of 8 and DMSO, respectively. The total
excess of dendron was added such that 10 the total theoretical ligand coating of the AuNP
surface area was in the solution. The AuNPs were stirred for 17 h at room temperature
and then centrifuged 1x (11kx g, 1 h, 10 °C) and 2x (9kx g, 45 min, 4 °C), removing
the supernatant each time and resuspending the particles in 1x PBS (pH 8) with 0.02%
TWEEN20. The washed AulNP-Nj solution (5) was then stirred and Fab-DBCO was added
from a stock solution in 1x PBS (est. 20 Fab/AulNP), and the reaction was stirred at room
temperature for 1 h. After 1 h, the AuNP-Fab solution was centrifuged 2x (9kx g, 45 min,
4 °C). The AuNPs were characterized by DLS, zeta potential, and UV-Vis spectroscopy. The
solution was stored in 1x PBS (pH 8) with 0.02% TWEEN20 in the refrigerator as a stock
solution until it was used for TEM experiments. TWEEN20 was removed by 3 rounds of
centrifugation and resuspension in 1 x PBS prior to in vitro cytotoxicity experiments.
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AuNP-DOX—A solution of AuNP-CO,H (30 mL, 6 nM) was first centrifuged 1 x (9kx g,
45 min, 4 °C). Then, the supernatant was removed, and the AuNPs were resuspended in pH 8
water with 0.02% TWEEN20 and 25% DMSOQO. The solution of AuNP-CO,H (10 mL, 6 nM)
was stirred in a 20 mL scintillation vial that had been freshly cleaned with aqua regia. To this
stirring solution was added a combined solution (at a pH of 8) of 1.56 mL (1 mg/mL stock)
PPI-CO,H (5 x molar excess) and 1.28 mL (2.51 mg/mL stock) PPI-DOX (5 x molar excess)
from stock solutions in pH 8 water and DMSO, respectively. The total excess of dendron
was added such that 10x the total theoretical ligand coating of the AuNP surface area was
in the solution. The AuNPs were stirred for 22 h at room temperature and then centrifuged
1x (11kx g, 1h, 10 °C) and 2x (9k x g, 45 min, 4 °C), removing the supernatant each time and
resuspending the particles in 1x PBS (pH 8) with 0.02% TWEEN20. The resulting AuNP-DOX
solution was then used for stimuli-responsive acid release experiments.

AuNP-DOX/Fab (8)—A solution of AuNP-CO,H (10 mL, 6 nM) was first centrifuged
1x (9kx g, 45 min, 4 °C). The supernatant was removed, and the AuNP pellet was resus-
pended in pH 8 water with 0.02% TWEEN20 and 25% DMSO. The resulting solution of
AuNP-CO;H (10 mL, 6 nM) was stirred in a 20 mL scintillation vial that had been freshly
cleaned with aqua regia. To this stirring solution was added 2 mg PPI+N3 (10 x molar
excess, from 11.7 mg/mL stock solution in DMSO) and 0.5 mg PPI-DOX (2.5 x molar
excess, from 2.51 mg/mL stock solution in DMSQO). The total excess of dendron was added
such that 12.5x the total theoretical ligand coating of the AuNP surface area was in the
solution. The AuNPs were stirred for 22 h at room temperature and then centrifuged
1x (11kx g, 1h, 10 °C) and 2x (9kx g, 45 min, 4 °C), removing the supernatant each time
and resuspending the particles in 1x PBS (pH 8) with 0.02% TWEEN20. The washed
AuNP-DOX/Nj solution (7) was then stirred, Fab-DBCO was added from a stock solution
in 1x PBS (est. 20 Fab/AuNP), and the reaction was stirred at room temperature for 1 h.
After 1 h, the AuNP-DOX/Fab solution was centrifuged 2x (9kx g, 45 min, 4 °C), and
the pellet was resuspended in 1x PBS (pH 8) with 0.02% TWEEN20 and characterized
by DLS, zeta potential, and UV-Vis spectroscopy. The solution was stored in 1x PBS
(pH 8) with 0.02% TWEEN20 in the refrigerator until further experiments. TWEEN20
was removed by 3 rounds of centrifugation and resuspension in 1x PBS prior to in vitro
cytotoxicity experiments.

2.4. Stimuli-Responsive DOX Release from AuNPs

A solution of AuNP-DOX (1 mL, 83 pM) was centrifuged and resuspended in 1 mL
of 0.1x PBS. The solution was acidified to a pH of 4.5 through the addition of 1M HCI,
as monitored by pH test strips. A separate control solution of AuNP-DOX/N3 (1 mL,
83 pM) in 1x PBS at a pH of 7.4 was also prepared. The solution of acidified solution
with a pH of 4.5 was allowed to sit at room temperature in the dark until measuring the
fluorescence of the solution (1 h to 19 days). The AuNPs solution was thoroughly mixed
using a vortexer prior to each measurement. The AuNP solutions at a pH of 4.5 and a pH
of 7.4 were monitored using fluorescence at 15 min, 30 min, 1.5 h, 3 h, 5 h, and 19 days.
Rapid release of DOX from AuNP-DOX/Nj3; was observed within 5 h at a pH of 4.5. No
increase in fluorescence of the AuNP-DOX/N3 at a pH of 7.4 was observed.

In another experiment, a solution of 1 mL AuNP-DOX was also centrifuged, resus-
pended in 1 mL of 0.1 x PBS, and acidified to a pH of 4.5. However, it was then transferred
to a slide-a-lyzer cassette (10,000 MWCO) and dialyzed against 0.1 M PBS at a pH of 4.5.
Fluorescence spectra of the dialysate were recorded at1h,2h,3h,4h,5h,6h,7h,24h,
and 48 h. The DOX release trend observed was similar to the release directly measured
from the AuNP-DOX solution (see the previous paragraph).

2.5. In Vitro AuNP Experiments

PC3 prostate cancer cells were seeded in a 96-well plate in RPMI media at a density
of 10,000 cells/well. After 24 h at 37 °C in a humidified atmosphere of 5% CO,, AuNPs
were added to the wells at the specified concentrations. All experiments were repeated in
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triplicates. The cells were incubated for 24, 48, and 72 h at 37 °C in a humidified atmosphere
of 5% CO,. At 24, 48, or 72 h time points, 15 uL MTT solution (5 mg/mL in 1x PBS) was
added to the cells and incubated for 4 h. After 4 h, the medium was removed, and the
formazan crystals were dissolved in 200 pL 1x PBS with sodium dodecyl sulfate (SDS, 5%
v/v). The 96-well plate was read after 3 h on an automated plate reader.

3. Results and Discussion
3.1. Design and Synthesis of AuNP-Fab Bioconjugates

The dendronized AuNP-Fab system contained two dendron components that were
prepared separately: a carboxyl-terminated stabilizing dendron (PPI-CO,H 1, Figure 1)
and an azide-functionalized PPI dendron (PPI-N3 2, Figure 1) capable of bioconjugation
to suitable targeting ligands. The third-generation PPI-CO,H dendron 1 was prepared
as described previously starting from TA-TEG-G2NH,; and methyl acrylate, followed by
aqueous hydrolysis of the ester groups and dialysis [21]. The synthesis of the PPI-N3
dendron 2 was carried out in a similar manner. Starting from TA-TEG-G2NHy, a custom-
made azide-PEG3; Michael acceptor was reacted to give the corresponding PPI-N3 dendron
2 with a 65% yield. The PPI-DOX conjugate 3 (Figure 1), bearing three DOX molecules per
PPI dendron, was synthesized as described in a previous publication [37].
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Figure 1. Structures of (A) PPI-CO,H (1), (B) PPI-N3 (2), and (C) PPI-DOX (3) poly(propylene
imine) dendrons.

As a first attempt to prepare dendronized AuNP-Fab bioconjugates, PPI dendrons 1
and 2 were directly added to a basic solution of AuNP-citrate, as we reported previously,
for the preparation of AuNP-CO,H [21]. However, this reaction did not proceed well,
and rapid aggregation of the AuNPs was observed. We hypothesized that the nonpolar
nature of azide PPI dendron 2 relative to dendron 1 (evidenced by low aqueous solubility)
contributed to the instability of the resulting dendronized AuNPs in the aqueous solution.
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To overcome this lack of stability, we developed a novel ligand exchange reaction starting
with the more stable AuNP-CO,H (4, Figure 2) itself prepared from AuNP-citrate. A ten-
fold molar excess (compared to the theoretical number of ligands per NP) of various ratios of
azide and carboxylate PPI dendrons 1 and 2 was added to the reaction, as shown in Figure 2.
The addition of 0.02% TWEEN20 overall favored the formation of stable AuNP-Nj3 (5) by
limiting the occurrence of aggregation. The overnight ligand exchange reaction proceeded
well when using up to 20% PPI-N3 dendron, with the size remaining relatively stable at
18 nm (DLS size by volume) and a PDI < 0.15 as measured by DLS. Ratios of between 5%
and 20% PPI-N3 dendrons gave comparable results. However, greater ratios of PPI-N3
dendron (50-100%) led to some aggregation. The use of 50% PPI-Nj3 resulted in partial
aggregation, reflected by a significant increase in size (from 21 to 36 nm) and in PDI (from
0.122 to 0.433). And the AuNPs subjected to ligand exchange with 100% PPI-N3 completely
aggregated. The resulting stable AuNP-Nj3 (5) were purified by centrifugation and washing
to remove excess unreacted dendrons and were then conjugated to the targeting ligand. The
size of AuNP-N3 using 20% PPI-N3 dendron increased only slightly compared to AuNP-
CO,H (from 18.8 nm to 19.2 nm), which is in agreement with the small size difference
between PPI-CO,H and PPI-Nj3 (PPI-N3 contains an extra tetraethylene glycol spacer).
Also, the zeta potential of AuNP-N3 is less negative than AuNP-CO;H (—15.2 mV versus
—41.8 mV), reflecting the replacement of some negatively charged PPI-CO,H dendrons
with positively charged PPI-N3 dendrons (protonated in water).

&
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4
4

* _ a¥

»
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overnight

. 10 x molar excess of dendrons
pH 8 ultrapure water
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' Y T
1X PBS, pH 8 = e
0.02% TWEEN 20
1h rt
s“
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(6)

A

Entry  AuNP-CO,H start  Start PPI-CO,H AuNP-N; (5) AuNP-N, AuNP-Fab (6)
(size by vol., nm) PDI (1) (size by vol., nm) PDI (size by vol., nm)
i 21.31 0.117 100 mol % 0 mol % aggregated N/A N/A N/A
i 21.31 0.117 50 mol % 50 mol % 35.60 0.433 N/A N/A
iii 18.81 0.105 20 mol % 80 mol % 19.22 0.122 28.40 0.349
iv 18.81 0.105 5 mol % 95 mol % 18.57 0.145 26.77 0.335

Figure 2. (A) Synthesis of AuNP-N3 and AuNP-Fab, and (B) optimization of ligand exchange ratios
for AuNP-N3 and AuNP-Fab stability.

Bioconjugation of AuNP-N3 (5) to an EphA2-targeting antibody fragment (Fab) deriva-
tized with a clickable DBCO group occurred in 1x PBS with 0.02% TWEEN20 at room
temperature over the course of 1 h. AuNP-Nj solutions with 5% and 20% azide content
(Figure 2, entries iii and iv) were reacted with excess Fab-DBCO (20 Fab/AuNP), and
the progress of the reaction was monitored by an increase in size by DLS. Both 5% and
20% azide content AuNP-N3 properly coupled with Fab-DBCO (size ~ 4-5 nm) based
on an increase in AulNP size of 8-10 nm for the resulting nanobioconjugate 6 (Figure 2).
AuNP-Fab resulting from 5% azide content (Figure 2B, entry iv) displayed the lowest PDI
and was less likely to show some aggregation during purification (two to three rounds
of successive centrifugation and washing), so this protocol was identified as the optimal
bioconjugation to give AuNP-Fab 6.
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3.2. Design and Synthesis of Multifunctional AuNP-DOX/Fab

With the protocol to prepare AuNP-Fab (6) established, a similar approach was taken
to synthesize DOX-loaded AuNP-DOX/Fab. Given the limited polar nature of the PPI-
DOX dendron, different conditions were required to achieve efficient ligand exchange
and subsequent bioconjugation (Figure 3). As with 6, the synthesis of AuNP- DOX/Nj3
(7) required starting with AuNP-CO,H (4), and the ligand exchange with PPI-DOX (3)
and PPI-N3 (2) dendrons was carried out overnight in a 25% DMSO aqueous solution
using 10x molar excess dendrons (compared to the total theoretical number of ligands per
NP) to give AuNP-DOX/Nj3 (7). For this reaction, the best conditions used 80% PPI-N3
and 20% PPI-DOX (Figure 3, Entry viii) and produced stable nanoparticles with low PDI
(0.117), even after two to three rounds of successive centrifugation and washing. After the
last round of purification, the AuNP-DOX /N3 was resuspended in 1x PBS with 0.02%
TWEEN20 for targeting ligand conjugation.

A i o .
R Fab-DBCO N
PPI-N; (2) s 1X PBS, pH 8 s
PPI-DOX (3) | 0.02% TWEEN 20
10 x molar excess dendrons a L 1h rt lesiy &) . =)
" v & )

» 4
25% DMSO, pH 8 ultrapure water ' ‘: ' ‘§
0.02% TWEEN20 b -
42 5

AuNP-N,/DOX AuNP-DOX/Fab
@) (8

B) Entry AuNP-CO,H start Start PPI-N, PPI-DOX AuNP-N,/DOX  AuNP-N,/DOX AuNP-DOX/Fab End
(size by vol., nm) PDI [Vi] (3) (size by vol., nm) PDI (size by vol., nm) PDI

v 2119 0.091 40mol% 60 mol % 29.00 0.356 103.6 0.500

vi 2119 0.091 50mol% 50 mol % 27.18 0.313 40.90 0.439

vii 21.19 0.091 60mol% 30 mol % 23.44 0.206 36.51 0.375

viii 21.19 0.091 80mol% 20 mol % 22.95 0.117 28.11 0.230

Figure 3. (A) Synthesis of doxorubicin- and azide-functionalized AuNP-N3/DOX, and (B) optimiza-
tion of ligand exchange ratios for AuNP-N3/DOX and for AuNP-DOX/Fab stability.

The targeting ligand conjugation of AuNP-N3/DOX (7) to Fab-DBCO was carried
out as described with AuNP-N3 (5) using an excess of Fab (20 Fab/AuNP, Figure 3, En-
tries v—viii). All formulations of AuNP- DOX/N3 properly coupled with Fab-DBCO, as
evidenced by an increase of 5-10 nm in the AuNP-DOX/Fab product, as measured by
DLS. However, only entry viii, using 80% PPI-N3 and 20% PPI-DOX, gave particles with a
relatively low PDI (0.230) that were stable during purification by two to three rounds of
successive centrifugation and washing. With AuNP-Fab and AuNP-DOX/Fab prepared, a
full characterization of the DOX-loaded AuNPs was carried out, and an evaluation of the
drug release as well as of the in vitro targeting properties was undertaken.

The reproducibility of the nanoconjugate preparations was assessed by DLS: over six
independent experiments, with same ligand ratios, were carried out and showed consistent
size increases and PDI values.

3.3. Characterization of Multifunctional AuNP-DOX/Fab

Following the ligand exchange with the PPI-N3/PPI-DOX dendrons and bioconju-
gation to the targeting Fab, the final AuNP-DOX/Fab particles were characterized by
DLS (size by intensity), zeta potential, UV-vis spectroscopy and transmission electron
microscopy (TEM) (Figure 4). The size of the initial citrate-capped AuNPs was observed
to be 20 nm (Figure 4A). Ligand exchange with PPI-CO,H resulted in a small increase in
size to 23 nm and a strongly negative zeta potential (—41.8 mV). The 3 nm size increase
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corresponds to the replacement of citrate with the PPI-CO,H dendrons. The zeta potential
stays negative (AuNP-citrate is also negatively charged with typical zeta potential between
—40 and —50 mV) because PPI-CO,H dendrons predominantly exist as PPI-CO," in wa-
ter. Further ligand exchange with PPI-N3/PPI-DOX dendrons resulted in another small
increase in the size of the AuNPs to 27 nm. This additional 4 nm size increase can have
two explanations: first, the addition of DOX to the dendron increases its size; second, the
lower polarity of DOX could lead to the expansion of the previously tight packing of the
PPI-CO,H dendrons at the AuNP surface (Figure 4A). The zeta potential of AuNP-N3/DOX
was also shifted to a less negative value (—11.7 mV), reflecting the decrease in anionic
COy™ groups in favor of the more positively charged PPI-N3 and PPI-DOX dendrons on
the AuNP. These positive charges come from the protonation of the azide groups and of
the primary amine of DOX in water, respectively. The subsequent bioconjugation to give
AuNP-DOX/Fab further increased the AuNP size to 30 nm, and the zeta potential shifted
to a slightly more negative value (—17.5 mV), indicating successful conjugation of the
targeting Fab, as this ligand has been previously observed to impart a negative charge on
nanoparticles (Figure 4A) [45,46].

1l . Amax = 521 nm
A) O O B) 09
23 nm K AP 08 Amax = 526 nm
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Figure 4. Characterization of AuNP synthesis using (A) DLS and zeta potential, (B) UV-Vis spec-
troscopy, and (C) TEM with uranyl acetate negative staining (the red arrows indicate the presence of
Fab fragments on the surface of AuNPs).

The AuNP-DOX/Fab synthesis was also supported by UV-Vis spectroscopy, as mea-
sured by the surface plasmon resonance (SPR) wavelength of absorption as the AuNP
coating changed [47]. It was observed that Agpr = 521 nm for AuNP-citrate (Figure 4B). This
value increased to Agpg = 528 nm for AuNP-DOX/Nj3 and further increased to Agpg = 533 nm
for AuNP-DOX/Fab (Figure 4B). The broadening of the SPR peak after the addition of
DOX is most likely due to the absorption of PPI-DOX (Figure S2) that occurs at a similar
wavelength to AuNP but with a much broader peak (from 440 to 600 nm, with a Amax
at around 505 nm) [37,48]. The addition of Fab fragments accentuates this broadening,
because these 50 kDa proteins are significantly changing the environment of the AuNP core.
The AuNP-DOX/Fab coating was also observed using TEM and negative staining with
uranyl acetate. While it is difficult to see targeting ligand attachment for all AuNPs due to
the possibility that ligands may be above or below the field of view, some Fab fragments
could be observed (Figure 4C).
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Next, we characterized the stimuli-responsive nature of these particles in response to
acidification. The use of the acid-labile acyl hydrazone bond as a linkage of DOX to the
dendron leads to acid-sensitive AuNP-DOX that is expected to release DOX at an acidic
pH. To evaluate this release, AuNPs containing DOX dendrons were dissolved in 1x PBS
at a pH of 7.4 and then acidified to a pH of 4.5. We chose to carry out the drug release
study at a pH of 4.5 in order to mimic the lysosomal environment; indeed, lysosomal
compartments are known to have a pH of 4.5 to 5 [49]. The release profile of DOX from this
acidic AuNP-DOX system was observed by measuring the direct fluorescence of the AuNP
solution as well as through dialysis and observation of aliquots of the dialysate over time
(Figure 5). At a pH of 7.4, the AuNP-DOX solutions showed no DOX fluorescence signal
(Figure 5A). The lack of fluorescence is due to the quenching of DOX on the AuNP surface
due to the closely arranged or mt-stacked DOX molecules [50]. In addition, the proximity of
DOX to the AuNP core is another possible reason for its fluorescence quenching through
energy transfer from DOX to the gold core [51,52]. Acidification to a pH of 4.5 caused the
DOX-hydrazone bond to be cleaved, and an initial rapid release of DOX was observed
at 15 min (Figure 5A). In the dialysis experiment, the release profile of DOX from AuNP-
N3/DOX obtained by analyzing the dialysate (Figure 5B) matched the release profile using
the AuNP-solution-based fluorescence data (Figure 5A). The majority of the DOX cleaved
from the AuNPs and found in the dialysate was observed up to 5 h after acidification,
and the release curve significantly leveled out after that point. This rapid release profile
indicates that the AuNP system may be ideal as a drug delivery platform because rapid
release of DOX from AuNPs is necessary during endosome acidification so that it can
escape and reach the cytosol and then the nucleus. Indeed, DOX must enter the nucleus
and intercalate with DNA to cause cellular cytotoxicity. This release displays similar trends
to a recent study using polymeric NPs that encapsulate a pH-sensitive DOX prodrug [53].

A)?O,OOO r B) 45,000
60,000 | 10,000 R
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. r 4 hours Pl ’ r"..
5 40,000 | i %5 25,000 £F
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Figure 5. (A) Stimuli-responsive release of DOX from AuNP-DOX at a pH of 4.5 measured by fluorescence,
and (B) fluorescence of free DOX released from AuNPs found in dialysate with a pH of 4.5.

This DOX release study also allowed us to estimate the number of DOX released per
AuNP. The fluorescence intensity of the dialysate at 24 h was compared to the corresponding
calibration curve, and knowing the concentration of the AuNPs, it was concluded that
about 140 DOX were released per AuNP within 24 h.

3.4. In Vitro Properties of Multifunctional AuNP-DOX/Fab

As is usually performed for in vitro studies of targeted drug nanocarriers [54,55],
we have compared the cellular uptake as well as the cytotoxicity of our targeted and
non-targeted AuNPs. To assess the cellular uptake of targeted AuNPs, TEM was used
to monitor PC3 prostate cancer cells treated for 24 and 48 h with 0.6 nM AuNP-CO,H or
0.6 nM AuNP-Fab, respectively. After 24 h or 48 h, respectively, the medium with AuNPs
was removed, the PC3 cells were washed with 1x PBS, and the fixative was added. The
resulting TEM images showed an increased uptake of AuNP-Fab (Figure 6A ii,iv) compared
to AuNP-CO,H (Figure 6A i,iii) in terms of both the number of AuNPs and the density of
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the accumulated AuNPs inside the PC3 prostate cancer cells (Figure 6A). This difference is
most striking after 24 h, for which the number and density of AuNP-Fab is significantly
higher than for AuNP-CO,H, indicating that the targeting ligand promoted efficient uptake
of AuNPs within the first 24 h.

0.9 nM AuNP Concentration

N
=
3
]
% Cell Viability
D
o

- ‘; o oo —l 4 I I
W g 40 I I
e e ,',;-"-:..u"f‘ 20
; FEANS 0
B < 24h 48h

AT 2 mAuNP-CO2H = AuNP-Fab w®wAuNP-DOX = DOX-HCI

Figure 6. (A) In vitro evaluation of Fab-targeted (ii,iv) AuNPs and untargeted AuNP-CO,H (i,iii)
using TEM and (B) MTT cytotoxicity assay of PC3 cancer cells incubated for 24—48 h with 0.9 nM
untargeted AuNP-CO,H (4), targeted AuNP-Fab (6) and targeted, DOX-loaded AuNP-DOX/Fab (9),
with 0.9 uM DOX-HCl as a positive cytotoxicity control.

To further evaluate this AuNP system as a drug delivery platform, an in vitro MTT
cytotoxicity assay was performed using AuNP-CO,H, AuNP-Fab, AuNP-DOX/Fab, and
DOX-HCI (as a positive control). PC3 prostate cancer cells were treated with dendronized
AuNPs at concentrations of 0.6 or 0.9 nM, and DOX-HCl as a positive control was added
at a concentration of 0.9 uM, roughly equivalent to the total DOX loaded on the AuNP-
DOX/Fab, as calculated by the AuNP SPR (Supplementary Materials) [47]. At 24 and 48 h
after treatment with AuNPs or DOX-HC], cell viability was measured with an MTT assay
(Figure 6B). At 24 and 48 h at both concentrations, the -CO,H and Fab-conjugated control
AuNPs (4/6) were overall nontoxic to the PC3 prostate cancer cells. However, AuNP-
DOX/Fab (9) showed a concentration-dependent cytotoxic behavior: while treatment of
PC3 cells with 0.6 nM AuNP-DOX/Fab led to lower cytotoxicity (about 70% cell viability
after 48 h, Figure S3), the use of 0.9 nM AuNP-DOX/Fab (9) gave significantly increased
PC3 cell cytotoxicity (about 52% cell viability after 48 h) as compared to AuNPs 4 (about
85% cell viability after 48 h) and 6 (about 94% cell viability after 48 h), and cell death was
comparable to the positive DOX control (about 38% cell viability after 48 h) (Figure 6B).
This means that the ICgsy of AuNP-DOX/Fab is around 0.9 nM AuNPs or 0.13 uM DOX
(because we found 140 DOX/AuNP). These data also suggest that the control dendronized
AuNPs 4 are generally nontoxic to PC3 prostate cancer cells under physiological conditions,
while the targeted and drug-loaded AuNP-DOX/Fab shows in vitro potential as a prostate
cancer therapeutic. These results are more promising than some obtained by other DOX-
loaded NPs, which showed similar potency after 48 h exposure for over 10 times higher
concentration than in this study (7 uM DOX in ref. [47] versus 0.13 uM DOX in this
work) [52]. In addition, although the antiproliferative activity of AuNP-DOX/Fab is
slightly lower than the free DOX one, a main advantage of this nanoparticle formulation is
the stimuli-responsive linkage of DOX to the nanoparticle, which keeps DOX as a pro-drug,
and thus safe, until it enters the cancer cells. This is a significant advantage over free DOX
because this will avoid side effects, especially the cardiotoxicity associated with free DOX.

4. Conclusions

In conclusion, we have successfully prepared a targeted stimuli-responsive DOX-
loaded dendronized AuNP platform that has potential as a cancer therapeutic. Using ten
times lower concentrations of DOX, it has shown similar potency to other NP formula-
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tions at treating castration-resistant prostate cancer, with an ICsy around 0.9 nM AuNP
(or 0.13 uM DOX). This platform was prepared from a novel ligand exchange reaction
between negatively charged dendronized AuNP-CO,H and azide-functionalized and/or
doxorubicin-conjugated PPI dendrons. These dendrons could be added to a solution of
AuNP-CO,H at varied ratios to give multifunctional AuNP-DOX/N3. The AuNPs pre-
pared here were conjugated through azide/DBCO click chemistry to an antibody fragment
to allow for nanoparticle active targeting. Doxorubicin was conjugated to the PPI platform
using pH-sensitive acyl hydrazone bonds. The resulting AuNPs were observed to have
targeted uptake in PC3 prostate cancer cells, as observed by TEM, and selective cytotoxicity
of AuNP-Fab/DOX when compared to AuNP-Fab and AuNP-CO,H. Overall, these results
show that using dendrons on AuNPs can compensate for low ratios of drug-loaded ligands
on the NPs (20% DOX ligands on the AulNPs still led to 140 DOX/AuNP) and lead to
lower ICs than existing NPs. This opens the door to AuNPs with higher multifunctionality
and higher cytotoxicity by combining other drug-loaded dendrons (such as docetaxel or
cabazitaxel) with DOX on a single NP using various ratios. This AuNP system may also be
expanded to dendrons with MRI contrast agents to afford a powerful theranostic platform.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15082103/s1, Calculation for AuNP ligand exchange
reaction; Figure S1: IH NMR (D,0) of TA-TEG-G3N3 (2); Figure S2: UV-Vis spectrum of PPI-DOX
dendron; Figure S3: MTT assay using 0.6 nM AuNDPs.
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