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ABSTRACT: Plasmonic nanoparticles have been increasingly investigated for
numerous applications in medicine, sensing, and catalysis. In particular, gold
nanoparticles have been investigated for separations, sensing, drug/nucleic acid
delivery, and bioimaging. In addition, silver nanoparticles demonstrate
antibacterial activity, resulting in potential application in treatments against
microbial infections, burns, diabetic skin ulcers, and medical devices. Here, we
describe the facile, parallel synthesis of both gold and silver nanoparticles using a
small set of poly(amino ethers), or PAEs, derived from linear polyamines, under
ambient conditions and in absence of additional reagents. The kinetics of
nanoparticle formation were dependent on PAE concentration and chemical
composition. In addition, yields were significantly greater in case of PAEs when
compared to 25 kDa poly(ethylene imine), which was used as a standard catonic
polymer. Ultraviolet radiation enhanced the kinetics and the yield of both gold
and silver nanoparticles, likely by means of a coreduction effect. PAE-templated
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gold nanoparticles demonstrated the ability to deliver plasmid DNA, resulting in transgene expression, in 22Rv1 human prostate
cancer and MB49 murine bladder cancer cell lines. Taken together, our results indicate that chemically diverse poly(amino
ethers) can be employed for rapidly templating the formation of metal nanoparticles under ambient conditions. The simplicity of
synthesis and chemical diversity make PAE-templated nanoparticles useful tools for several applications in biotechnology,

including nucleic acid delivery.
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inorganic nanoparticles

B INTRODUCTION

Plasmonic metal-based nanomaterials have been widely
investigated as therapeutic and imaging agents' > in biomedical
studies and have also found applications in sensing and
catalysis. In particular, gold nanoparticles (GNPs) have been
increasingly investigated for separations,* sensing,s’6 delivery of
~'* and bioimag-
ing.">™"* Gold nanoparticles exhibit high surface-area-to-
volume ratios and biocompatibility, are candidates for facile
surface modification and functionalization, and possess unique
optical properties.'® Silver nanoparticles (AgNPs) demonstrate
antibacterial activity resulting in potential application in
treatments against microbial infections, burns, diabetic skin
ulcers, and medical devices; the antimicrobial spectrum of
AgNPs is considered to be broader than that of most common
antibiotics.'"” AgNPs have also been investigated as antifungal
agents18 and as effective virucidal agents.19 However, broad use
of silver nanoparticles is somewhat limited due to concerns
regarding their toxicity.”>*!

chemotherapeutic drugs’ and nucleic acids,®

-4 ACS Publications  © 2014 American Chemical Society

Both GNPs and AgNPs have been synthesized using diverse
methods, including chemical’>™** or photochemical®>~’
reduction, and one-pot synthesis methods in which a
polypeptide®® or polymer acts as both a reducing and a
capping agent.””*' Combinatorial and parallel synthesis
methods allow exploration of diverse chemical space, leading
to the rapid generation of molecular species for diverse
applications. Although combinatorial methods have been
widely employed for synthesis of small and macromolecules,
their utility for nanoparticle synthesis is underexplored.

Amine-containing compounds, including amino acids and
polymers, have been utilized as both reducing and stabilizing
agents for the synthesis of GNPs.*”**7>* We have recently
reported the synthesis and use of polyamine-based poly(amino-
ether) (PAE) cationic polymers® > for transgene expression
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following delivery of plasmid DNA, and for enhancin
adenoviral delivery to cells resistant to viral transduction.>®?
In this study, we investigate the efficacy of a small set of
cationic PAEs to template the formation of gold and silver
nanoparticles in a one-pot, parallel synthesis reaction scheme
under ambient conditions and compare nanoparticle formation
efficacy to that observed with 25 kDa poly(ethylene imine) or
pEI25k, a cationic polymer typically employed for delivering
genes to mammalian cells. Identification of polymers that can
template nanoparticle synthesis under ambient conditions,
without the necessity of additional reducing agents, derivatiza-
tion chemistries, or harsh synthesis conditions, offers significant
advantages over other existing methods, particularly over those
that utilize pEI2Sk. Poly(amino ether)-templated gold nano-
particle assemblies were also employed for transgene (plasmid
DNA) delivery and expression in mammalian cells. Our current
approach resulted in the identification of poly(amino ethers)
that can simultaneously template nanoparticle formation and
stabilize nanoparticles in aqueous media, resulting in the
formation of PAE—GNP nanoassemblies, which, in turn, can
deliver nucleic acids to mammalian cells.

B EXPERIMENTAL SECTION

Poly(amino ether) (PAE) Synthesis. A small set of eight PAE
polymers, synthesized as described previously,>”” was used to
demonstrate the combinatorial nanoparticle templating/synthesis
approach. Briefly, 1,4-cyclohexanedimethanol diglycidyl ether (1,4C)
was reacted in equimolar amounts with 1,4-bis(3-aminopropyl)
piperazine (1,4Bis), 3,3’-diamino-N-methyldipropylamine (3,3"),
pentaethylenehexamine (PHA), 1,3-diaminopropane (1,3DPP), and
2-methylpentane-1,5-diamine (2M1,5P), resulting in the formation of
1,4C—-1,4Bis, 1,4C-3,3', 1,4C—PHA, 14C-1,3DPP, and 14C—
2M1,5P PAEs, respectively. Neopentylglycol diglycidyl ether
(NPDGE) was reacted in equimolar amounts with 1,4Bis, 3,3/,
PHA, and 1,3DPP to generatt NPGDE—14Bis, NPGDE-3,3/,
NPGDE—-PHA, and NPGDE—1,3DPP, respectively. Amine mono-
mers employed in this study are shown in Figure la. The
polymerization reaction was carried out in 20 mL glass scintillation
vials for 16 h. Following the reaction, polymers were dissolved at a
concentration of 10 mg/mL in phosphate-buffered saline (0.01x PBS),
and the solution pH was adjusted to 7.4 using 30% hydrochloric acid
in deionized (DI) water to compensate for the basicity of the cationic
PAEs. The extent of polymerization was determined by comparing
reactive amine concentrations at initial mixing of monomer reagents
(time, 0 h) and after 16 h polymerization using the ninhydrin assay as
described previously.>>**

Synthesis of Poly(amino ether)-Gold Nanoparticles (PAE—
GNPs) and Poly(amino ether)—Silver Nanoparticles (PAE—
AgNPs) Synthesis. PAE-GNP and PAE—AgNP syntheses were
carried out in a one-pot reaction under ambient conditions. Briefly, 1
mg of HAuCl, or 0.1 mg of AgNO; was coincubated with each of the
PAE polymers or branched pEI2Sk [2S kDa poly(ethylenimine)] at
polymer/metal salt weight ratios of 25:1, 50:1, and 100:1. Reactions
were allowed to proceed in the dark at room temperature for S and 4
days for GNP and AgNP syntheses, respectively. Nanoparticle
synthesis was monitored by measuring the solution absorption spectra
from 300 to 999 nm in S nm increments at various times during the
nanoparticle synthesis. After the monitoring period, PAE—nanoparticle
dispersions were centrifuged for 20 min at 10 000 rcf to remove excess
polymer and metal salt, redispersed in nanopure water, and filtered
with a 0.22 uM filter for further characterization.

Ultraviolet Irradiation. To determine the effect of ultraviolet (UV)
irradiation on nanoparticle formation, we coincubated 1 mg of metal
salt or 0.1 mg AgNO; with each of the PAEs or branched pEI2Sk at
polymer/metal salt weight ratios of 25:1, 50:1, and 100:1. Dispersions
were then irradiated with a UV light using a hand-held UV lamp (366
nm, 6 W) for 24 and 3 h at room temperature for GNP and AgNP
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Figure 1. (a) Chemical structure of amine-containing monomers used
in the synthesis of PAEs for nanoparticle formation. Abbreviations
used in this study are in parentheses. (b) Simplified schematic of GNP
synthesis using poly(amino ethers).
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synthesis, respectively. Following irradiation, dispersions were allowed
to sit for an additional 4 days or 21 h in the dark at room temperature
for GNP or AgNP syntheses, respectively. To monitor nanoparticle
formation, we monitored the solution absorption spectra from 300 to
999 nm in S nm increments at various times. After 5 days or 24 h for
GNP or AgNP syntheses, respectively, dispersions were centrifuged for
20 min at 10000 rcf to remove excess polymer and metal salt,
redispersed in nanopure water, and filtered through a 0.22 uM filter for
further characterization.

Transmission Electron Microscopy. Following synthesis, PAE—
GNP and PAE—AgNPs were visualized using transmission electron
microscopy (TEM), which was carried out using a JEOL-JEM-2000FX
microscope, operating at 200 kV (Leroy Eyring Center for Solid State
Sciences, Arizona State Univeristy). Specimen samples for TEM were
prepared by casting a drop of PAE—GNP or PAE—AgNP dispersions
onto a carbon film on a 200 mesh copper wire screen (Global Electron
Microscopy Technology Co.) and dried in air. Dried samples were
examined by TEM at 200 kV.

Determination of Hydrodynamic Diameter and Zeta
Potential of PAE-GNPs and PAE—AgNPs. The hydrodynamic
diameters of PAE—GNPs and PAE—AgNPs were determined via
dynamic light scattering (DLS) using a particle sizer (Corrvus
Advanced Optical Instruments). Hydrodynamic diameters are
reported in nanometers (nm). 1,4C—1,4Bis—GNPs were synthesized
at a ratio of 100:1 of 1,4C—1,4Bis/HAuCl, under UV irradiation.
Templated GNPs were set to concentrations of 4.9, 9.8, 24.4, 48.8, or
97.5 ug/mL and loaded with between 0 and 250 ng of pGL3 plasmid
DNA. Dispersions were transferred into folded capillary zeta cells
(Malvern, Westborough, MA). Zeta potential values were determined
using a Zetasizer Nano ZS (Malvern).

Determination of Primary and Secondary Amine Concen-
tration of PAE—GNPs. Ninhydrin (2,2-dihydroxyindane-1,3-dione)
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reacts with free primary and secondary amines with a resulting deep
blue or purple color, which can be measured and compared to a
standard for quantifying reactive (i.e, primary and secondary) amine
concentrations. Glycine standards, with known amine concentrations
(0, 50, 150, and 300 uM), were prepared in nanopure water with a
total volume of 200 uL. GNPs were synthesized as described above.
Following synthesis, GNPs were dispersed in nanopure water, and
their optical density was determined at the maximum absorbance
wavelength. GNP dispersions of 200, 100, and 75 uL were prepared
and filled up to 200 L with nanopure water. Following the addition of
the ninhydrin reagent (100 yL), all samples were incubated in water at
100 °C for 10 min, following which, they were allowed to cool to room
temperature. We then added 500 uL of 95% ethanol to each sample
and measured the absorbance at 570 nm. Reactive amine
concentrations were determined by comparing measured values to
the glycine standard curve. Amine concentrations were then
normalized to the respective. GNP maximum absorbance (pseudo-
concentration).

Plasmid DNA Delivery Using 1,4C—1,4Bis—GNPs. Plasmid
DNA. The pGL3 control vector (Promega Corp., Madison, WI), which
encodes for the modified firefly luciferase protein under the control of
an SV40 promoter, was used for transgene expression studies.
Escherichia coli (XL1 Blue) cells containing the pGL3 plasmid DNA
were cultured overnight (16 h, 37 °C, 150 rpm) in 15 mL tubes
(Fisher) containing S mL of Terrific Broth (MP Biomedicals, LLC).
The cultures were then centrifuged at 5400g and 4 °C for 10 min.
Plasmid DNA was purified according to the QIAprep Miniprep Kit
(Qiagen) protocol. DNA concentration and purity were determined
on the basis of absorbance at 260 and 280 nm using a NanoDrop
spectrophotometer (ND-1000; NanoDrop Technologies). Plasmid
DNA concentrations of 200—300 ng/uL were typically obtained, and
volumes were adjusted in order to load between 10 and 200 ng of
pGL3 plasmid DNA on 1,4C—1,4Bis—GNPs prior to transfections.

Cell Culture. 22Rv1 human prostate cancer cells and MB49 murine
bladder cancer cells were both generous gifts from Professor Christina
Voelkel-Johnson of the Medical University of South Carolina as part of
an existing collaboration. RPMI-1640 with L-glutamine and HEPES
(RPMI-1640 medium), DMEM with high glucose, L-Glutamine, and
HEPES, Pen-Strep solution: 10000 units/mL penicillin and 10 000
pug/mL streptomycin in 0.85% NaCl, and fetal bovine serum (FBS),
were purchased from Hyclone. Serum-free medium (SFM) consisted
of RPMI-1640 or DMEM medium plus 1% Pen-Strep (1000 units/mL
penicillin and 1000 pg/mL). Serum-containing medium (SCM)
consisted of SFM plus 10% FBS. 22Rvl cells, as received, were
cultured in a 5% CO, incubator at 37 °C using RPMI-1640 medium
containing 10% heat-inactivated FBS and 1% antibiotics (Pen-Strep).
MB49 cells, as received, were cultured in a 5% CO, incubator at 37 °C
using DMEM containing 10% heat-inactivated FBS and 1% antibiotics
(Pen-Strep).

Cytotoxicity. Cytotoxicity of 1,4C—1,4Bis—GNPs was determined
in 22Rv1 and MB49 cells. Cells were seeded at a density of 8400 cells/
well in 150 yL of SCM in a 96-well plate and allowed to attach
overnight. Plasmid DNA (pGL3) encoding the luciferase protein was
diluted to a concentration of SO ng/uL using Tris EDTA buffer (10
mM Trizma and 1 mM EDTA, Thermo Fisher Scientific, Rockford,
IL). 1,4C—1,4Bis—GNPs were dispersed in SFM at concentrations of
4.9, 9.8, 24.4, 48.8, and 97.5 pg/mL. 1,4C—1,4Bis—GNP dispersions
were then coincubated with 0, 25, 50, 75, 100, 125, 150, 200, or 250 ng
of pGL3 plasmid DNA for 30 min. Following the incubation period,
pGL3 plasmid-loaded 1,4C—1,4Bis—GNPs were used to treat 22Rvl
or MB49 cells in SFM for 6 h in an incubator under humidified air
containing 5% CO, at 37 °C. Subsequently, the medium was replaced
with fresh SCM. Lipofectamine-3000 (Lipo3000) complexes were
prepared according to manufacturer’s protocol using the same plasmid
DNA amounts used for 1,4C—1,4Bis—GNP experiments and used to
treat cells. After cells were incubated for 48 h, cell viability was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) cell proliferation assay kit (ATCC). This assay
involves the enzymatic conversion of the MTT substrate to purple-
colored formazan in metabolically active cells. This activity is widely

employed as an indicator of cell viability and proliferation;** loss of
metabolic activity was used as an indirect indicator of loss of cell
viability. Following the addition of the MTT reagent (2 h at 37 °C),
cells were treated with a lysis buffer from the kit and kept at room
temperature in the dark for 2 h in order to lyse cells and solubilize the
MTT product. The absorbance of each well was measured using a
plate reader (BioTek Synergy 2) at S70 nm to assay for the blue-
colored MTT product. Absorbance readouts were normalized to the
live (untreated) and dead (S uL of 30% hydrogen peroxide-treated)
controls in subsequent data analyses.

Transgene Delivery and Expression. MB49 and 22Rv1 cells were
transfected using pGL3 plasmid-loaded 1,4C—1,4Bis—GNPs, as
described above. Prior to transfection, cells were seeded at a density
of 8400 cells/well in 150 uL of SCM in a 96-well plate and allowed to
attach overnight. The pGL3 plasmid encoding the luciferase protein
was diluted to a concentration of 50 ng/uL using Tris EDTA buffer
(10 mM Trizma and 1 mM EDTA, Thermo Fisher Scientific,
Rockford, IL). 1,4C—1,4Bis—GNPs were dispersed in SFM at
concentrations of 4.9, 9.8, 24.4, 48.8, and 97.5 ug/mL. 1,4C—
1,4Bis—GNP dispersions were then coincubated with 0, 25, 50, 75,
100, 125, 150, 200, or 250 ng of pGL3 plasmid DNA for 30 min.
Following incubation, pGL3 loaded 1,4C—1,4Bis—GNPs were used to
treat 22Rvl or MB49 cells in SEM for 6 h in an incubator under
humidified air containing 5% CO, at 37 °C. Subsequently, the medium
was replaced with fresh SCM and allowed to incubate for an additional
48 h. Lipo3000 complexes were prepared according to manufacturer’s
protocol using the same plasmid DNA amounts used for 1,4C—
1,4Bis—GNP experiments and used to treat cells. Luciferase protein
expression, expressed in terms of relative luminescence units, or RLU,
was determined using the luciferase assay kit according to the
manufacturer’s protocol 48 h after transfection; luminescence
measurements were carried out using a plate reader (Bio-Tek Synergy
2). The protein content (mg protein) in each well was determined
using the BCA Protein Assay Kit. Transgene (luciferase) expression in
all cell lines was calculated, normalized with the protein content, and
expressed as RLU per milligram (mg) protein (RLU/mg protein).
Transfection experiments were performed at least in triplicate.

Statistical Analyses. For cytotoxicity and transgene expression
studies, PAE-templated GNP were compared to Lipo3000 at the same
plasmid DNA loading conditions (Student’s t test, * p < 0.0S, ** p <
0.01). Data represent mean =+ standard error.

B RESULTS

A focused library of poly(amino ethers) (PAEs; reaction
scheme shown in Figure S1, Supporting Information) was
previously synthesized, characterized, and investigated for
transgene delivery capabilities.>>” Several candidates among
the new PAEs synthesized in our laboratory demonstrated
higher transgene expression efficacies compared to 25 kDa
poly(ethylene imine), or pEI2Sk. In addition, the facile
synthesis method and chemical diversity of these amine-
containing polymers further facilitates the combinatorial
synthesis of plasmonic nanoparticles (GNP and AgNPs)
under ambient conditions, without the need for energy
intensive conditions or other reducing agents. PAEs were able
to template and cap nanoparticles, leading to stable PAE—
nanoparticle dispersions in aqueous media. The diversity in
PAE chemistry translates to differences in the yield and kinetics
of formation of these nanoparticles. PAE-templated gold
nanoparticles were employed for transgene delivery and
expression in mammalian cells.

Kinetics of Nanoparticle Formation. Gold Nanoparticle
(GNP) Formation. GNP formation was observed for all
polymers and conditions following incubation of PAEs with
HAuCl, for S days (Figures 2 and 3 and Figure S2, Supporting
Information). Nanoparticle formation was visualized by a
change in color from a pale yellow solution to red/maroon-
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Figure 2. Kinetics of PAE-templated GNP synthesis in the absence of
UV irradiation monitored at maximum absorption wavelength (500—
540 nm) at polymer/HAuCl, weight ratios of (top) 25:1, (middle)
50:1, and (bottom) 100:1. Nanoparticles were monitored for S days;
however, only the first 24 h are shown. All particles were synthesized
in triplicate, and data points represent the mean absorbance +
standard error. Lines connecting data points are included for
visualization only.

colored dispersion. This color change was corroborated by a
light absorption peak maximum at approximately 520 nm,
which is characteristic of spherical GNPs (Figure S3,
Supporting Information).>" The mechanism of gold nano-
particle formation is hypothesized to occur by metal ion
binding to the amines present in PAEs. Following binding,
transfer of electrons from the amines to metal ions™ causes
reduction of the latter to zerovalent ions. This leads to
nucleation, growth, and subsequent nanoparticle formation. As
a result, PAEs are integral to this process because they can
template and cap nanoparticle formation, leading to the
formation of stable dispersions in aqueous media (Figure 1b).

As seen in Figure 2, the extent of nanoparticle formation
depends on the polymer chemistry employed. These observed
differences in PAE-templated nanoparticle formation rates can,
in turn, be correlated to the chemical composition of the amine
monomers used for the polymer synthesis (Figure 1). Both
1,4Bis and 3,3’-based polymers exhibited the fastest rates of
nanoparticle formation. Although there was an observed
decrease in the absorbance of 1,4C—1,4Bis-templated GNP
samples (25:1) after ~4 h, likely due to aggregation or
precipitation, the final absorbance or nanoparticle concen-
tration in the case of the 1,4C—1,4Bis polymer outperformed
other polymers under the same conditions. The 1,4-bis(3-
aminopropyl) piperazine (1,4Bis) monomer contains two
primary amines (with one or both converted to a secondary
amine following polymer synthesis), in addition to two tertiary
amines. Similarly, the 3,3’-diamino-N-methyldipropylamine
(3,3') monomer, contains two primary amines (with one or
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Figure 3. Comparison of 1,4C-derived PAE-templated GNP formation
kinetics monitored at maximum absorption peak (500—540 nm) as a
function of PAE/HAuCI, weight ratio. Nanoparticle synthesis in the
absence of UV irradiation is replotted from Figure 2 to better visualize
the difference of UV vs non-UV irradiation for each polymer.
Nanoparticles were monitored for S days; however, only the first 24 h
are shown. Data points represent the mean absorbance =+ standard
error (n = 3). Lines connecting individual data points are included for
visualization only. Corresponding data for NPGDE-derived PAEs are
shown in Figure S2 (Supporting Information).

both converted to a secondary amine following polymer
synthesis) as well as a tertiary amine. It is accepted that the
binding of tertiary amines to metals is weaker compared to
primary or secondary amines.*' The presence of tertiary amines
in these polymers likely results in faster dynamics of binding,
reduction, and release of gold ions. Faster nucleation and
growth of gold nanoparticles is therefore likely observed in
cases of polymers that have moderate affinities of interaction
with gold* or those with an increased number of tertiary
amines. PHA and pEI25k are both dominated by primary and
secondary amines, whereas 1,3DPP has two primary amines.
The high amine/charge density in pEI2Sk and PHA and the
presence of primary amines in 1,3DPP may result in stronger
binding to gold ions, resulting in decreased solvation and thus
decreased nucleation, explaining the decreased kinetics of
nanoparticle formation. In addition, complexation has been
found to lower the redox potential of metal ions, resulting in
decreased reducibility.** This suggests that polymers that are
dominated by strong metal binding moieties (i.e., primary and
secondary amines) will likely demonstrate strong binding and
increased complexation times, resulting in reduced reduction of
metal ions, and therefore decreased kinetics of nanoparticle
synthesis. Our results therefore indicate that amine-containing
polymers or molecules with high amounts of tertiary amines are

dx.doi.org/10.1021/am5017073 | ACS Appl. Mater. Interfaces 2014, 6, 1486114873
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likely to demonstrate enhanced kinetics for generation of
plasmonic nanoparticles. These observations also allow for the
synthesis of polymers with controllable reducing properties for
tunable nanoparticle growth kinetics. However, sophisticated
molecular modeling methods (e.g., molecular dynamics
simulations), subsequent syntheses, and structure—property
analyses will be necessary to delve deeper into the mechanisms
of PAE-templated nanoparticle formation.

An increase in the polymer/metal salt ratio resulted in
retardation in the kinetics of nanoparticle formation, indicating
that additional reduction/templating and capping sites did not
promote faster kinetics (Figure 3). This difference in
nanoparticle formation was observed during the first 12 h of
incubation, whereas the effective concentrations of the GNP
dispersions were comparable for a given templating polymer
after 24 h. It has been reported that entanglement of polymer
chains can decrease the complexation rate of polymers with
metal ions,*® which, in turn, can result in decreased reduction
rates of metal ions and therefore account for the subsequent
reduction in nanoparticle formation kinetics. Thus, in addition
to identifying appropriate chemistries, it is also important to
identify appropriate reaction conditions for nanoparticle
synthesis. For example, it has been observed that increasing
the reaction temperature can result in faster nanoparticle
formation,™ and modifying the reaction pH44 or reagent
addition rate® can result in different formation mechanism.

UV irradiation has been employed for photochemical
reduction of both gold and silver ions for nanoparticle
formation.”>*****” Exposure to UV irradiation for 24 h indeed
resulted in an increase in GNP formations in all PAEs
employed, but it was particularly effective in 1,3DPP and
pEI25k polymers (Figure 3). In the presence of UV irradiation,
formation of GNPs likely occurs through a coreduction
mechanism in which gold ions are simultaneously reduced by
both photo and chemical means. It has been proposed that
nanoparticle formation following UV exposure occurs in a
multistep process.** The proposed mechanism begins with
excitation of Au®* ions by the incident UV radiation, followed
by subsequent reduction to an unstable Au** form. This results
in disproportionation of Au** resulting in the formation of Au'*
and Au*". The Au'* ions then absorb an additional photon and
are again photoreduced to Au’ or zerovalent gold ions, which
nucleate and grow to form gold nanoparticles. It is likely that
UV radiation enhances the kinetics of PAE-templated nano-
particle formation via mechanisms similar to those previously
proposed.>>*¢

We also investigated nanoparticle formation in the presence
of an anionic polymer, poly(styrenesulfonate), or PSS. To the
best of our knowledge, PSS has no known inherent metal
reducing capabilities, although the polymer has been employed
as a stabilizing reagent in the presence of a reducing agent for
nanoparticle synthesis.** ' Gold nanoparticle formation was
observed following UV-based photoreduction of HAuCl, in the
presence of PSS after 24 h (Figure S4, Supporting
Information); no change in color (i.e, no nanoparticle
formation) was observed when the gold salt was incubated
with PSS in the absence of UV light (Figure S4, Supporting
Information). These results indicate that UV irradiation can
induce nanoparticle formation (metal reduction) in the
presence of a suitable capping agent and that the observed
increase in PAE nanoparticle formation in the presence of UV
irradiation is most likely due to additional metal reduction via
UV-photoreduction. In contrast to PSS, PAEs can template the

formation of gold nanoparticles by themselves in the absence of
UV radiation. However, GNP kinetics and yield are further
enhanced by exposure to UV radiation via a coreduction effect.
All else being same, exposure to UV radiation resulted in higher
yields of GNPs than with PAEs alone in the absence of UV
radiation, as demonstrated by higher final optical densities
(surrogate for nanoparticle concentration).

Silver Nanoparticle (AgNP) Formation. AgNP formation
was observed for all PAE polymers and conditions following
incubation of PAEs with AgNO; for 3 days at polymer/AgNO,
weight ratios of 25:1, 50:1, and 100:1. Interestingly, AgNP
formation was not observed in the case of pEI2Sk (Figures 4
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Figure 4. Kinetics of PAE-templated AgNP synthesis, in absence of
UV radiation, monitored at maximum absorption peak (400—430 nm)
at polymer/AgNO; weight ratios of (top) 25:1, (middle) S0:1, and
(bottom) 100:1. Nanoparticles were monitored for 4 days. Data points
represent the mean absorbance + standard error (n = 3). Lines
connecting data points are included for visualization only.

and SS, Supporting Information). Formation of AgNPs was
visually observed by a change in solution color from clear to a
yellow color, which was reflected in the appearance of a
maximum absorption peak at approximately 420 nm (Figure
S6, Supporting Information). However, the yields of AgNPs
were lower than that of GNPs, and the times required for
nanoparticle formation were significantly longer than those for
GNPs. This may be a result of amines showing stronger
affinities to silver than to gold,52 resulting in stronger binding,
decreased solvation, and lower levels of nanoparticle nucleation.
Additionally, silver has lower reduction potential and higher
electrochemical potential compared to gold, which may further
explain the lower yield of AgNP formation.”® With the
exception of 1,4C—3,3" polymer, PAE-based systems showed
a moderate increase in absorbance at approximately 420 nm
(Figure 4). In fact, a reduction in maximal absorbance was
observed from 24 to 48h, likely due to aggregation and
precipitation of the nanoparticles. Interestingly, color change or
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appearance of an absorbance peak indicative of AgNP
formation was not observed for pEI2Sk under any of the
conditions investigated. This is likely due to strong binding of
the metal ions to the primary and secondary amines of pEI25k,
which does not allow for subsequent solvation and nanoparticle
nucleation. Previous reports on pEI2Sk-templated AgNP
formation employed a strong reducmg agent (e.g, NaBH,)**
or high incubation temperatures.>® Here, we demonstrate that
PAEs generated in our laboratory are capable of synthesizing
and capping AgNPs in a one-pot synthesis method at room
temperature without the use of an additional reducing agent.
These results underscore the importance of combinatorial
approaches to template identification; parallel screening of
different PAEs rapidly resulted in the identification of
chemistries that led to formation of stable plasmonic
nanoparticle dispersions.

As with GNPs, PAE-mediated AgNP synthesis was
investigated in the presence of UV-irradiation to determine if
photoreduction could increase the kinetics and yield of
nanoparticles. Whereas observable PAE-AgNP synthesis took
1-2 days without UV-irradiation, AgNP formation began
within 1—5 min in the presence of UV irradiation (Figures 4
and S and Figure SS, Supporting Information). Interestingly,
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Figure S. Kinetics of 1,4C-derived PAE-templated AgNP synthesis in
the presence of UV-irradiation, monitored at maximum absorption
peak (400—430 nm) at different polymer/AgNO; weight ratios. The
PAE-AgNO; solution was subjected to UV radiation for the first 3 h,
and nanoparticle formation was monitored for a total of 24 h. Data
points represent the mean absorbance + standard error (n = 3). Lines
connecting individual data points are for visualization only.
Corresponding data for NPGDE-derived PAEs are shown in Figure
SS (Supporting Information).

AgNP formation was not observed in the case of pEI25SK, even
in the presence of UV irradiation, as indicated by a lack of color
change and a lack of an absorption peak at 420 nm in the
spectrum. To study the effects over a longer period of time and
to allow for maximal AgNP formation, we exposed PAE-AgNO;
solutions to UV radiation for a maximum of 3 h (Figures S and
SS, Supporting Information), during which AgNP formation
proceeded with fast kinetics. However, negligible levels of
nanoparticle formation were observed once the UV irradiation
was removed, and the nanoparticles were kept in the dark for
an additional 21 h. These results indicate that the efficacy of
photoreduction is significantly higher than that of chemo-
reduction for AgNP formation. However, similar to observa-
tions with GNPs, AgNP formation occurred most rapidly at
lower polymer/metal salt weight ratios. All PAEs demonstrated
similar efficacies for templating and capping AgNPs, and
aggregation/precipitation of AgNPs was not observed when
UV-irradiation was employed, unlike in the absence of
radiation. PHA-based polymers were an exception to this
behavior, because nanoparticle precipitation was observed
during AgNP synthesis, resulting in a decrease of the maximum
absorbance over time.

PAE-Nanoparticle Characterization. Transmission Elec-
tron Microscopy. Following synthesis in the absence of UV-
irradiation and removal of excess polymer and metal salts via
centrifugation, 1,4C—1,4Bis—GNPs, NPGDE—1,4Bis—GNPs,
pEI25k—GNPs, and NPGDE—1,4Bis—AgNPs were character-
ized by TEM; these PAEs were chosen because 1,4Bis-based
PAEs demonstrate the fastest kinetics or GNP formation.
1,4C—1,4Bis—GNPs, NPGDE—-1,4Bis—GNPs, and pEI25k—
GNPs possessed spherical metal cores in the sub-20 nm range
(Figure 6a—i). Despite the observed differences in the initial
kinetics of nanoparticle formation, the metal cores exhibit
similar sizes across the three different weight ratios tested.
However, aggregation/bridging of some metal cores was
observed in pEI2Sk—GNPs. The sizes of metal cores in
NPGDE-1,4Bis-templated AgNPs are larger than 20 nm, with
similar sizes across the three different tested weight ratios
(Figure 6j—1). Some aggregation and, interestingly, formation
of nanorods (cylindrical shapes) were observed in NPGDE—
1,4Bis—AgNPs.

Hydrodynamic Diameter. The hydrodynamic diameters of
all PAE—GNPs were in the sub-150 nm range (Figure 7a). The
hydrodynamic diameter for a given PAE—GNP did not vary
significantly with different PAE/gold salt weight ratios.
However, the hydrodynamic diameter increased moderately
with an increase in the weight ratio for 1,4C—1,4Bis and
1,3DPP PAE-templated gold nanoparticles. Interestingly, the
hydrodynamic diameters decreased with increasing weight
ratios for PHA-based polymers. With the exception of 1,4C—
1,4Bis—GNPs, the hydrodynamic diameters of PAE—GNPs
synthesized with and without UV-irradiation are comparable.
pEI25k—GNPs exhibited the smallest hydrodynamic diameters
in the 25—35 nm range, which was similar to the size observed
via TEM. The hydrodynamic diameters of 1,4C—1,4Bis—GNPs
and NPGDE—-1,4Bis—GNPs (non-UV-irradiated) were much
larger than the metal cores observed via TEM. This is likely due
to the presence of the polymer/PAE coat, which was not
observed in TEM analysis.

All PAE-AgNPs exhibited hydrodynamic diameters in the
sub-120 nm range (Figure 7b); no measurements were
obtained for pEI2SK due to lack of nanoparticle formation.
As opposed to GNPs, less clear trends in hydrodynamic
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Figure 6. TEM images of 1,4C—1,4Bis-templated GNPs at a weight ratio of (a) 25:1, (b) 50:1, and (c) 100:1; NPGDE—1,4Bis—GNPs at weight
ratios of (d) 25:1, (e) S0:1, and (f) 100:1; pEI25Sk—GNPs at weight ratios of (g) 25:1, (h) 50:1, and (i) 100:1; and NPGDE—1,4Bis—AgNPs at
weight ratios of (j) 25:1, (k) 50:1, and (1) 100:1, polymer/HAuCl,. All scale bars indicate 20 nm.

diameter size were seen with respect to synthesis conditions
(i.e., change in weight ratios or UV irradiation) in case of PAE-
AgNPs. For example, in case of 1,4C-—4Bis, 1,4C—1,3DPP,
and NPGDE—PHA polymers, AgNPs synthesized in the
presence of UV-irradiation are smaller in size than those
synthesized in absence of the radiation. However, the opposite
trend was observed in other PAEs such as, 1,4C—3,3" and
NPGDE—-1,3DPP polymers. Finally, diameters of AgNPs were
comparable for some PAEs including 1,4C-PHA, NPGDE-
1,4Bis, and NPGDE-3,3".

Amine Content. PAE-GNPs were characterized for amine
content using the ninhydrin assay to further confirm the
presence of the cationic polymer in the nanoassemblies; higher
amine content can be used as an indicator of increased polymer
content. Similar to the trend in hydrodynamic diameters, at
increased weight ratios of PAE to HAuCl,, 1,4C—1,4Bis—GNPs
exhibited slightly increased amine content (ie., increased
polymer coating) (Figure 8). In addition, the amine content
for PHA-based polymers decreased with an increase in weight
ratios, which is in agreement with the decrease in hydro-
dynamic diameters observed for these polymers (Figure 7).
Taken together, the amine content can be used as an indicator
of extent of polymer coating, and follows similar trends as that
of the measured hydrodynamic diameters.

Biological Activity of PAE-Templated Nanopatrticles:
Transgene Delivery and Expression. Previous studies from

our laboratory demonstrated that 1,4C—1,4Bis polyplexes,*>*°

and 1,4C—1,4Bis-coated gold nanorods,' were able to deliver
plasmid DNA leading to transgene expression or gene
silencing57 in mammalian (e.g, cancer) cells. In these previous
investigations, 1,4C—1,4Bis—plasmid DNA complexes (poly-
plexes) exhibited decreased cytotoxicity and up to 80-fold
enhancement in transfection efficacies compared to pEI25k in
PC3—PSMA cells at higher polymer/plasmid weight ratios. In a
separate study, 1,4C—1,Bis was employed to coat premade gold
nanorods using a layer-by-layer deposition approach. These
nanoparticles exhibited up to 165-fold enhancement compared
to similarly modified pEI25k gold nanorods. Given the
previously known activity of the 1,4C—1,4Bis—PAE, we
investigated 1,4C—1,4Bis—GNP nanoassemblies for plasmid
DNA delivery and subsequent transgene expression. It is
important to mention that in previous cases, PAEs were
employed to coat pre-made nanoparticles for plasmid DNA
delivery, which is different from these current DNA delivery
vehicles, which are essentially PAE-templated nanoparticles.
1,4C—1,4Bis—GNPs were synthesized at a weight ratio of
100:1 (1,4C—1,4Bis/HAuCl,) in the presence of UV
irradiation, as described in the Experimental Section, and
dispersed in SFM at different concentrations. 1,4C—1,4Bis—
GNPs were then loaded with 1—250 ng of pGL3 plasmid DNA,
which expresses the luciferase protein. Plasmid DNA-loaded
1,4C—1,4Bis—GNPs or “nanoassemblies” were delivered to
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22Rvl human prostate cancer and MB49 murine bladder
cancer cells in order to evaluate their transgene (luciferase)
expression efficacies. Lipo3000 was also investigated as a
commercially available delivery vehicle. The nanoassemblies
exhibited greater cytotoxicity in 22Rvl cells (Figure 9a) when
compared to MB49 cells (Figure 9b). Lower concentrations of

14868

1,4C—1,4Bis—GNPs were therefore used for delivery to 22Rv1
cells (concentrations of 4.9, 9.8, 24.4, and 48.8 ug/mL) than in
the case of MB49 cells (concentrations of 9.8, 24.4, 48.8, and
97.5 ug/mL). Lipo3000 was found to be significantly less toxic
in 22Rvl cells when compared to the 24.4 and 48.8 pug/mL
concentration of the nanoassemblies. Lipo3000 demonstrated
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Figure 9. Viability of (a) 22Rvl and (b) MB49 cells following
treatment with 1,4C—1,4Bis—GNPs synthesized at a weight ratio of
100:1 of 1,4C—1,4Bis—PAE/HAuCl, in the presence of UV
irradiation. The concentrations of 1,4C—1,4Bis—GNPs were adjusted
to 4.9, 9.8, 24.4, and 48.8 ug/mL for 22Rvl cells and 9.8, 24.4, 48.8,
and 97.5 pg/mL in MB49 cells and loaded with different amounts of
pGL3 plasmid DNA for transgene expression. Lipo3000 was also
investigated as a control. Cell viability was determined 48 h after
transfection (see the Experimental Section for details). Data points
represent the mean measurement + standard error (n > 3). Statistical
significance comparing GNP condition compared to Lipo3000 at the
same plasmid loading amount is denoted by asterisks (Student’s ¢ test;
%, p < 0.08; **, p < 0.01).

similar toxicity to that of nanoassemblies in a majority of cases
in MB49 cells.

The highest observed luciferase transgene expression was
~9.2 million RLU/mg at 4.9 pug/mL of 1,4C—1,4Bis—GNPs
and a plasmid loading of 25 ng in 22Rvl cells (Figure 10a).
These levels of luciferase expression were significantly higher to
those observed with Lipo3000. Luciferase expression decreased
with increasing plasmid loading on the nanoparticles when the
1,4C—1,4Bis—GNP concentration was maintained at 4.9 ug/
mL. A similar trend was observed when 9.8 yig/mL GNPs were
employed for delivering plasmid DNA. However, at this
concentration, luciferase expression levels observed in 22Rvl
cells were significantly higher than those observed with
Lipo3000 at plasmid DNA loading conditions of 50 and 75
ng. It is likely that the decrease in luciferase expression with
increased loadings of plasmid DNA is due to a decrease in the
nanoassembly zeta potential, because negatively charged
plasmids can shield the positively charged polymer coating
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Figure 10. Luciferase transgene expression (RLU/mg) in (a) 22Rvl
and (b) MB49 cells following delivery of 1,4C—1,4Bis—GNPs
synthesized at a weight ratio of 100:1 of 1,4C—14Bis to HAuCl,
with UV irradiation. The concentrations of 1,4C—1,4Bis—GNPs were
adjusted to 4.9, 9.8, 24.4, and 48.8 pug/mL for 22Rv1 cells and 9.8,
244, 48.8, and 97.5 ug/mL in MB49 cells, and loaded with different
amounts of pGL3 plasmid DNA for transgene expression. Lipo3000
was also investigated as a control. Luciferase expression was
determined 48 h after transfection (see the Experimental Section for
details). Data points represent the mean measurement + standard
error (n > 3). Statistical significance comparing GNP condition
compared to Lipo3000 at the same plasmid loading amount is denoted
by asterisks (Student’s t test;, *, p < 0.05; **, p < 0.01).

with increasing loading amounts, as seen previous.ly,11 reducing
cell interactions and uptake. Zeta potential values of 1,4C—
1,4Bis—GNPs were found to decrease for all nanoparticle
concentrations as the loading of plasmid DNA increased to 250
ng (Figure 11). In some instances, a reversal of the positive
charge was observed, likely due to excess negative charge of the
plasmid DNA, which shields the positive charges from the
amines in these PAEs.

Use of higher concentrations of 1,4C—1,4Bis—GNPs (i.e,
24.4, 48.8, and 97.5 ug/mL) can result in increased luciferase
expression, most likely due to an increase in the effective
polymer concentration. Although increased polymer concen-
tration can allow for increased interactions with cells, leading to
greater uptake, cell viability was observed to be less than 50%
under these conditions. As a consequence of this toxicity at
higher doses, luciferase expression levels did not reach the
maximum observed in case of the 4.9 ug/mL nanoassembly
condition.
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Figure 11. Zeta potential values of 1,4C—1,4Bis—GNPs synthesized at
a weight ratio of 100:1 1,4C—1,4Bis to HAuCl, with UV irradiation,
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(ng plasmid DNA indicated in the figure legend). Values represent the
mean zeta potential + standard error (n = 3). All plasmid loading
conditions were found to have statistically significant difference
compared to the unloaded condition (Student’s ¢ test, p < 0.05).

In MB49 cells, the highest observed luciferase expression was
~50 million RLU/mg at a GNP concentration of 24.4 yg/mL
and plasmid loading of 75 ng (Figure 10b). However, this level
of luciferase expression was not found to be statistically
significant from that seen using Lipo3000. However, 1,4C—
1,4Bis—GNPs exhibited a significantly higher transgene
expression efficacy than Lipo3000 at concentrations of 48.8
and 97.5 pg/mL. Additionally, the levels of luciferase expression
observed in MB49 cells were significantly higher than those
observed in 22Rvl cells under comparable conditions.
Luciferase expression levels decreased with increased plasmid
DNA loading in MB49 cells, which was similar to the trend
observed in 22Rvl cells. As before, this is likely due to the
observed decrease in zeta potential (Figure 11) caused by
shielding of the positive charges on the PAEs by plasmid
DNA." It is likely that intermediate loadings of pGL3 (25—100
ng) are likely ideal conditions where zeta potential is positive
enough to allow for cell interaction and uptake, and enough
plasmid DNA is loaded for effective transgene delivery and
expression. A careful balance between plasmid DNA loading,
subsequent transgene expression efficacy, and cytotoxicity
therefore needs to be maintained for optimizing performance
using polymer—nanoparticle nanoassemblies.

B DISCUSSION

The facile synthesis method and chemical diversity of the
poly(amino ether) polymers have elucidated certain design
principles that could help in engineering future amine-
containing polymeric systems for efficient one-pot synthesis
of gold and silver nanoparticle systems. As can be observed
from our results, polymers with higher amounts of tertiary
amines resulted in the fastest nanoparticle growth. Similar
observations have been reported, wherein increasing the ratio
of tertiary amines to gold-salt resulted in a decrease in time for
observable gold nanoparticle synthesis using PAMAM succi-
namic acid dendrimers.>® The ability of tertiary amines to
engender faster nanoparticle formation kinetics is likely due to
two reasons. First, the binding of tertiary amines to metal ions
is weaker than that of secondary or primary amines. This is
important as it allows for binding, reduction, and quick release

of the metal ions for nucleation and nanoparticle growth.
Second, tertiary amines have a higher oxidation potential than
secondary or primary amines,” which allows for them to more
readily give up electrons resulting in faster reduction of the
metal ions. Although tertiary amines are favorable for reduction
and release of metal ions, secondary and primary amines have
the same function, only at slower rates. Thus, optimization of
primary, secondary, and tertiary amines within a polymer can
allow for tunability of nanoparticle growth, depending on
specific requirements. It has been reported that change in
nanoparticle reduction/nucleation rates can affect the size and
optical properties of nanoparticles.’” This change in nano-
particle formation rate can also be a result of reaction
conditions. As observed here, an increase in polymer
concentration led to the decrease in nanoparticle formation
kinetics (Figure 3). This also shows the importance of using an
appropriate capping agent that can not only stabilize nano-
particles in aqueous media, but also impart the desired
functionality for a given application. Specifically, PAE-
templated gold nanoparticles synthesized in this study were
used for transgene delivery and expression. Thus, PAEs were
simultaneously able to template nanoparticle formation,
stabilize them in aqueous media, and carry and deliver plasmid
DNA to mammalian (cancer) cells, leading to transgene
expression.

PAE-templated gold and silver nanoparticle formation
reported here is a facile and attractive method for synthesis
of these plasmonic nanoassemblies, and is either competitive to
or better than other existing methods employed for nano-
particle generation. Polypeptides have also been used as
reducing and capping agents for facilitating nanoparticle
formation from metal salts; it was found that the formation
of metal nanoparticles by short peptides depends on both the
reducing capability and the capping/binding properties of the
peptide.** Polypeptide-nanoconjugates have been used to
template the synthesis of gold nanoparticles in a one-pot
method and have been used for transgene delivery® as well as
antiviral and anticancer drug delivery®" in vitro. We have
previously demonstrated that cysteine-containing elastin-like
polypeptides can be employed for templating the formation of
gold nanoparticle synthesis within 18 h, although upward of
175 Gy of ionizing (X-ray) radiation are required for obtaining
significant levels of nanoparticles.”®

Polymers have also been investigated for the synthesis of
gold nanoparticles. For example, PVP has been used as a
capping agent for nanoparticles synthesized via reduction by
gycerol.62 Thiol-modified pEI2 (pEI with a molecular weight of
2 kDa) was used for capping gold nanoparticles following
chemical reduction and demonstrated efficient gene delivery.'*
Chemical modifications were necessary to thiolate pEIL, and
NaBH, was required to induce nanoparticle formation. In
addition, pEI2Sk—silver nanoaprticles have been synthesized;
however, they required additional chemical reduction or high
temperatures for efficient nanoparticle synthesis.**>> PEI25k
has been investigated previously for the one-pot synthesis of
gold nanoparticles®® and pEI25k—gold nanoparticles demon-
strated efficient delivery of siRNA for gene silencing.’’
However, as demonstrated here and previously by us, several
poly(amino ethers) demonstrate either higher transgene
expression efficacies,*>*” nanoparticle templating activities,
or both, compared to pEI25k.

dx.doi.org/10.1021/am5017073 | ACS Appl. Mater. Interfaces 2014, 6, 14861—-14873



ACS Applied Materials & Interfaces

Research Article

B CONCLUSIONS

In this study, we demonstrated a facile, one-pot, combinatorial
synthesis method for the generation of both gold and silver
nanoparticles under ambient conditions using a small set of
poly(amino ethers) generated in our laboratory. PAEs were
able to simultaneously act as both reducing and capping agents
for nanoparticle synthesis and did not require the use of any
additional reagents (e.g., reducing agents) or subsequent
derivatization, all of which are significant advantages over
several existing methods. Poly(amino ethers) from our library
demonstrated faster kinetics of gold nanoparticle formation
compared to 25 kDa branched poly(ethylene imine) or pEI25k.
Significantly, all PAEs were able to template the formation of
silver nanoparticles, whereas this was not observed with
pEI2Sk.

The rate of nanoparticle formation is dependent on the
chemical composition of the polyamine monomers used in the
polymer synthesis. Particularly, 1,4-bis(3-aminopropyl) piper-
azine (1,4Bis), and 3,3'-diamino-N-methyldipropylamine
(3,3’)-based polymers, which are likely to have a high content
of tertiary amines, demonstrated the fastest kinetics of
nanoparticle formation, possibly due to increased solvation of
amine-metal complexes that facilitates nanoparticle nuclea-
tion.** Nanoparticle synthesis was dependent on the polymer
concentration relative to the metal ion concentration. Exposure
to UV irradiation significantly enhanced the kinetics of
nanoparticle formation; of particular significance, the time
required for silver nanoparticle synthesis was greatly reduced
from several days to only a few minutes in the presence of UV
radiation. Hydrodynamic diameters of less than 150 nm were
seen for all nanoparticles, while the metal cores were spherical
and approximately 20 nm in diameter in most cases. We
demonstrated that 1,4C—1,4Bis-templated gold nanoparticles
were able to deliver plasmid DNA leading to transgene
(luciferase) expression in two different cancer cell lines. The
ease of synthesis of PAE-templated plasmonic nanoparticles,
stability in biologically relevant media, presence of amines for
further functionalization, and biological activity (e.g,, nucleic
acid delivery) make this an attractive approach for several
applications in biotechnology and medicine.
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