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Abstract

The synthesis and application of gold nanoparticles (AuNPs) have attracted much attention
due to their interesting optical and chemical properties, as well as their utility in imaging,
therapeutics, sensors, electronics, and catalysis. AuNPs are synthesized using multiple
approaches, followed by chemical modification or encapsulation, to enhance their colloidal
stability, biocompatibility, and targeting. Here, we report the one-step synthesis of gold-
polyester nanoparticles for use as an imaging agent. The AuNPs were prepared inside
polymeric NPs by means of ultraviolet irradiation of a gold salt in the presence of Irgacure
1-2959 photoinitiator. We monitored the kinetic growth and nucleation of AuNPs (in vitro
and ex vivo) over time using spectral analysis. Moreover, we investigated the cytotoxicity,
localized plasmonic surface resonance (LSPR), and cellular imaging capabilities of the Au-
polyester nanoparticles. The resulting Au-polyester NPs were characterized by Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray

diffraction (XRD), dynamic light scattering (DLS), and transmission electron microscopy
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(TEM) to probe their chemical structure, size, zeta potential (), and morphology,
respectively. Furthermore, in vitro experiments showed that the NP formulation is stable
over time and exhibits negligible toxicity against 3T3 fibroblast and U-87 MG glioblastoma
cells. The results also demonstrated that the Au-polyester NPs exhibit excellent cellular
imaging properties. This one-step strategy goes beyond current syntheses of gold-polyester
nanoparticles because it can be used to synthesize the imaging agent in situ (i.e., in living

cells) in lieu of conventional ex sifu approaches.

Keywords
Photochemical synthesis; gold nanoparticles; polyester; cellular imaging; PDLLA;

bioimaging

1. Introduction

AuNPs have found use in a wide range of applications such as catalysis,! electronics,??
solar cells,*> chemical sensing,®’ optical imaging,®’ and particularly in therapy and
bioimaging. Notably, AuNPs alone — or in combination with other nanomaterials — are
applied in targeted photothermal ablation in vivo and have been extended to potential
clinical studies.®!4 They also possess antitumor activity'>~!7 and can be targeted to tumor
cells via passive or active targeting strategies.'®22 As imaging agents, they are mainly used
for CT imaging and provide a higher X-ray attenuation relative to traditional, marketed
iodinated molecules and other clinical products.?3?* The use of AuNPs as contrast agents is
also recommended for patients who are contraindicated for iodinated agents. There have
been numerous approaches explored for tuning the size, morphology, and surface chemistry
of AuNPs in order to optimize the performance of the resulting material for a desired
application.”27 A number of publications have outlined the common approaches for the
synthesis of AuNPs. Chemical methods include the citrate reduction method,”® the one-
phase amine-based method,?**? and the Brust-Schiffrin method of two-phase synthesis with
thiol stabilization.3! Alternative strategies include sonochemical methods,’? laser
ablation,33-3* thermolytic processes,?>3¢ and photochemical and radical-induced methods.37~
41 The photochemical synthesis of metal nanoparticles provides the possibility of
controlling the rate of NP formation*? as well as allowing for spatial and temporal control.
AuNPs have been chemically functionalized on the surface, encapsulated, or coated in

order to enhance their stability, biocompatibility, or targeting capability. Two conventional
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approaches to prepare gold-polymer nanoparticles are to mix gold nanoparticles with
polymers or to functionalize the surface of gold nanoparticles with an appropriate
polymer.*3-4¢ Nonetheless, this approach requires multiple steps and is mostly based on the
principles of surface chemistry or self-assembly. Therefore, when the nanoparticle imaging
agents are administered, the imaging contrast is evident in multiple tissues where they are
accumulated. To address some of these challenges, we hypothesized that a new gold-
polyester nanoparticle formulation for imaging applications could be synthesized in situ
and in one step using a photochemical synthesis protocol.

Thus, in contrast to conventional approaches to prepare gold-polymer nanoparticles, we
report a one-step strategy that allows for the in situ preparation of AuNPs embedded within
PDLLA-PEG polymeric NPs using a photochemical reaction. Our results validate the use
of polymeric NPs bearing a gold salt and photoinitiator to prepare AuNPs on demand upon
UV irradiation in vitro and ex vivo and with possible application for in vivo synthesis. The
AuNP-polymer nanoparticles were fully characterized by Fourier-transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray diffraction (XRD),
dynamic light scattering (DLS), and transmission electron microscopy (TEM). The
performance of the Au-polyester NPs in localized surface plasmon resonance (LSPR) and

cellular imaging applications was also investigated.

2. Experimental section
2.1. Materials

Hydroxyl poly(ethyleneglycol) carboxyl (HO-PEG-COOH, MW 3500 Da) was supplied
by JenKem Technology, D,L-lactide (DLLA, PURASORB DL) was supplied by Purac
Biomaterials. Tin(II) 2-ethylhexanoate, anhydrous sodium sulfate, anhydrous toluene,
methanol, chloroform, dichloromethane, and poly(vinyl alcohol) (MW 31,000-50,000 Da,
98-99% hydrolyzed (PVA)) were supplied by Sigma-Aldrich. Gold(IIl) chloride hydrate
(HAuCly xH,0), 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure I-
2959, photoinitiator), deionized water, ultra-centrifugal filters of 100,000 MWCO
(Millipore, Billerica, MA) were also employed. Photochemical reactions were carried out in
a UV lamp chamber using black 96-well plates. In addition, the in vitro experimental
materials used for cellular experiments included Dulbecco's modified Eagle medium
(DMEM), fetal bovine serum (FBS), penicillin, streptomycin, phosphate buffered saline
(PBS) from PAN Biotech (Aidenbach Germany), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and dimethyl sulfoxide (DMSO) from Sigma-
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Aldrich. Human glioblastoma U-87 MG cells, 3T3 fibroblast cells,and RAW 264.7
Macrophages were purchased from the American Type Culture Collection (ATCC). The
chiken tissue used for the imaging studies was prepared by cutting thin slices of chicken

breast fillets obtained from a local grocery, Ingles Market, Inc (Asheville, NC, USA).

42 Exertmental methods . N -
2 2 1. 1H NMR Analyszso “the Syntheszzed po y(D I- lactzde) poly(ethyleneglycol) (PDLLA-
PEG-COOH) copolymer

'"H NMR spectra were recorded with a Bruker Top Spin 3.0 operating at 400 MHz using
deuterated chloroform (CDCls) as a solvent. Chemical shifts () are expressed in parts per
million (ppm), taking tetramethylsilane (TMS) as internal reference. Coupling constants (J)
are reported in Hz. The resulting '"H NMR data was consistent with previously reported
spectra for PDLLA-PEG-COOH copolymer (Figure S1). PDLLA-PEG-COOH polymer: 'H
NMR (400 MHz; CDCl;): 6 (ppm): 5.03 (q, J = 6.7 Hz, 1H, CH-CH3), 3.64 (s, 4H, CH,-
CH,-0), and 1.68 (d, J = 6.7 Hz, 3H, CH-CHj).

2.2.2. Synthesis of gold NPs imbedded within PDLLA-PEG-COOH polymeric
nanoparticles

Au-polyester polymeric NPs were formulated by the double emulsion solvent evaporation
method.*’ Typically, 1.6 mL of a 21.4 mmol aqueous stock solution of Irgacure 1-2959 was
warmed to 60 ‘C for 15 min. Next, | mL of a 9.6 mmol aqueous stock solution of
HAuCly xH,O was then added to the photoinitiator solution and the resulting solution was
diluted to a total volume of 5.7 mL with additional water. Thereafter, 0.5 mL of DCM
containing 25 mg of PDLLA-PEG-COOH polymer as an organic phase was mixed with the
aqueous solution by vortexing for 1 min followed by sonication at 20% amplitude for 15 s
using a 20 W ultrasonic processor. Afterwards, 1% w/v PVA solution (1 mL) was added
and the mixture was sonicated again under the same conditions. The resulting water-in-oil
(W/O) microemulsion was then added dropwise to a 0.3% w/v PVA solution (25 mL) with
continuous stirring for 2 h to remove the organic solvent. The PDLLA-PEG-COOH
polymeric NPs containing gold salt and photoinitiator were then purified and concentrated
to 1 mL by centrifugation through centrifugal filter units to remove free initiator and gold.
Alternatively, the NPs could be purified by dialysis while the solution was concentrated

under a stream of nitrogen overnight.
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Into a black 96-well plate, 200 pL of the PDLLA-PEG-COOH NP solution was added to
each well and then irradiated at 254 nm (1 cm distance) in a UV lamp dark chamber for 30
min. During the irradiation, the transparent solution was transformed into a ruby color due
to the formation of gold nanoparticles. After irradiation, the samples were protected from
light by aluminum foil and characterized by spectrophotometric analysis. The same
procedure was applied to develop three nanoformulations; ;) PDLLA-PEG-COOH polymer
alone, ii) PDLLA-PEG-COOH polymer containing gold salt, and i#iij) water solution
containing gold salt and photoinitiator in absence of the polymer. The results demonstrated
that gold NPs loaded within polymer nanoparticle matrix can be synthesized only in the

presence of the photoinitiator (vide infra).

2.3. Physicochemical characterization of Au-polyester nanoparticles
2.3.1. Fourier transform infrared spectroscopy (FTIR)

Infrared spectra were obtained from freeze-dried samples which were placed directly in a
Nicolet Magna 550 spectrometer equipped with a NicPlan FT-IR Microscope. All spectra

were collected with a 2 cm! resolution after 32 continuous scans.

2.3.2. Thermogravimetric analysis (TGA)
Lyophilized samples of PDLLA-PEG-COOH and Au-polyester NPs were subjected to
TGA analysis in a TA Instruments Hi-Res TGA 2950 thermogravimetric analyzer from 25

to 600 °C at a rate of 20 °C min~! under nitrogen flow.

2.3.3. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) was used to determine the nature of the polymeric NPs using a
Rigaku Ultima IV diffractometer with Cu Ka radiation. PDLLA-PEG-COOH polymer NPs
(with and without AuNPs) were analyzed on a zero background sample holder. Data were
collected between 5° and 65° 20 at a scan rate of 1 degree per minute in 0.02 degree

intervals.

2.3.4. Transmission electron microscopy (TEM) and high resolution TEM (HRTEM)

The size and shape of the developed nanoparticles were evaluated by TEM microscopy.
A drop of the nanoparticle suspension was placed on a carbon grid and kept at room
temperature to dry and form a film on the top of the carbon grid. The samples were then

evaluated using 7600-TEM and 9500-HRTEM techniques with low excitation voltage (10
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and 5 keV, respectively), and a sample detector distance of 10 mm. Due to the inherent

contrast properties of the materials, they did not need to be coated with staining agents.

2.3.5. Dynamic light scattering microscopy (DLS)
Particle Size and Zeta Potential (€) Measurements

Aqueous dispersions of the polymer and Au-polyester NP samples with different polymer
concentrations were diluted 20 times in water at ambient temperature prior to analysis.
They were then transferred to disposable cuvettes with a detection angle of 173° at room
temperature. All size measurements for particles were made with dynamic light scattering
(DLS) on a Malvern Zetasizer Nano Series, and hydrodynamic size was represented with Z-
average values in nanometers. The {-potential measurements were performed in disposable
folded capillary cells and electrophoretic mobilities were converted to C-potential using the
Smoluchowski model with a Henry’s function value of 1.50.4% All determinations were

reported as the average of three measurements.

2.3.6. Ultraviolet—visible spectroscopy

A UNICAM HELIOS UV-vis spectrophotometer (Varioskan Flash, Thermo Scientific,
USA) was used for recording absorbance and to conduct kinetics measurements. The
transmission spectra of the samples were collected with different dilutions of the polymeric
NPs and Au-polyester NPs over the wavelength range of 300 nm to 700 nm (I nm

resolution).

2.4. In vitro studies
2.4.1. In vitro stability of the NPs in fetal bovine serum (FBS)

In order to evaluate the stability of the Au-polyester NPs in blood serum as a means to
evaluate their potential biocompatibility, the experiment was performed through incubation
of 0.1 mL of the prepared NPs (three gold nanoformulations; 25, 100, and 200 mg
polymer/mL in each formulation) with 0.9 mL FBS with gentle stirring at 37 °C for 24 h.
An aliquot of the incubated solutions was then taken separately at interval times and
measured by DLS to assign Z-average particle diameter and PDI in order to investigate the
NP sizes and their agglomeration or interaction with biomacromolecules of the blood

serum.
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2.4.2. Cytotoxicity (MTT and MTS assays)

The cytotoxicity of the Au-polyester NPs was evaluated using the MTT method on both
3T3 fibroblast cells (normal cell line model), human glioblastoma U-87 MG cells (cancer
cell line model) and adipose stromal cells (ASC). Cells were seeded at 10* cells per well
into a 96-well cell culture plate in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% FBS and 1% antibiotic (penicillin-streptomycin) at 37 °C under a
controlled atmosphere (5% CO, and 80% H,0) for 24 h. The cell culture medium was then
replaced by the same medium containing different concentrations of three NPs (i.e.
polymeric NPs, Au-polyester NPs, and Au-polyester NPs generated by irradiation through a
chicken tissue barrier loaded at either 10, 20, 50, 100, 200, 300, 400, or 500 png/mL). After
incubation for another 24 h, the cells were washed with fresh PBS, followed by addition of
fresh DMEM containing MTT (100 pL, 0.5 mg/mL in PBS) to each well, and the plate was
incubated for 4 h at 37 °C. The obtained formazan crystals were dissolved by adding 100
uL DMSO in each well followed by shaking the well-plate for 10 min. The UV absorbance
was measured at 570 nm with a microplate reader (Varioskan Flash, Thermo Scientific,
USA). Experiments were carried out in triplicate and expressed as a percentage of viable
cells compared to the control group. In the case of the MTS method, different
concentrations of NPs were used (390, 781, 1526, and 3125 mg/mL) compared with two
controls (see Figure S6 in ESI). Afterwards, UV irradiation was applied for 30 min
followed by adding 20 pL. MTS reagent for each well and incubated for an additional four

hours. The absorbance at 490 nm was then determined.

2.4.3. Cellular imaging studies

Cell culture

Murine macrophages (RAW) and human glioblastoma (U-87 MG) cells were grown in
DMEM supplemented with 10% fetal bovine serum, 2 uM L-glutamine, 100 pg/mL
streptomycin, and 100 U/mL penicillin at 37 °C in a 5% CO, humidified atmosphere. The

medium was replaced every 3-4 days.

Confocal fluorescence microscopy

Cells (murine macrophages (RAW) and human glioblastoma (U-87 MG)) were seeded in 8-
well glass chambers (10* cells per well) followed by overnight incubation. Then, 250 pL of
appropriate working solutions of Au-polyester NPs (1000 pg/mL and 500 pg/mL) in full
DMEM medium were added to the cells and the plate was incubated in the dark in a CO,
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incubator for 1 h and 24 h. After incubation, the cells were washed 3 times with cold PBS
and stained with Hoechst 33258 dye (50 uM) for 15 min. Optical images were acquired
using a Leica TSP SPE confocal microscope. The visualization was performed as described
previously by Kim et al.** A laser wavelength of 543 nm and a dichroic beam splitter (RT
70/30, Leica) were used to excite the intracellular Au-polyester NPs, the focus of cells was
adjusted using the differential inference contrast (DIC) and fluorescent Hoechst 33258

staining as a reference.

2.5. Scattering spectrum

Sample preparation for darkfield imaging:

Glass slides and coverslips were cleaned using Alconox® detergent, ethanol, and deionized
water, respectively followed by drying in an oven. A 10 uL aliquot of Au-polyester NPs
were diluted in 5 mL ethanol. The NPs were then drop-coated onto a cleaned glass slide
and allowed to air dry. Finally, a drop of Cytoviva immersion oil was placed on the dried
nanoparticles and covered with a coverslip. The seams between the coverslip and glass
slide was sealed using a clear nail polish.

Hyperspectral imaging:

Gold nanoparticles were imaged using an enhanced dark field transmission optical
microscope (Olympus BX41) equipped with a hyperspectral imaging spectrophotometer
(CytoViva Hyperspectral Imaging System (HSI), Auburn, AL). The hyperspectral imager
(mounted on a microscope and controlled by Environment for Visualization software
(ENVI 4.4 version) from ITT Visual Solutions) extracted complete spectral information
from single or multiple pixels. All images were taken using a 60X oil with iris objective at
identical exposure time (0.6 ms). Nanoparticle intensity was calculated by averaging

multiple pixels and normalized by dividing lamp spectral intensity.

3. Results and Discussion

3.1. One-step formulation of Au-PDLLA-PEG-COOH NPs

As described in the supporting information, a tin-mediated ring opening polymerization
was used to synthesize PDLLA-PEG-COOH copolymer. The product was then purified,
lyophilized, and characterized. The '"H NMR spectrum revealed signals assigned to the
expected copolymer (Figure S1). Next, we generated AuNPs within the PDLLA-PEG-
COOH polymeric NPs using a photochemical reaction. To accomplish this task, we

prepared PDLLA-PEG-COOH NPs with an encapsulated Au(III) salt and a photoinitiator
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by means of a double emulsion/solvent evaporation methodology (Scheme 1). As detailed
in the experimental section, organic and aqueous phases were mixed together by ultrasonic
homogenization followed by addition of PVA surfactant. Additional homogenization
produced a water/oil (W/O) microemulsion, which was then finally poured into a aqueous
solution of PVA to create water-in-oil-in-water (W/O/W) nanoparticles after the removal of
the organic solvent. The NPs were then washed and subsequently exposed to UV irradiation
at 254 nm for 15-30 min. Purification and concentration of this isolate proceeded by means
of filtration through centrifugal units or by dialysis to thoroughly remove any residuals in
the solution. The irradiation protocol (254 nm) was conducted in the presence (ex vivo) and
absence (in vitro) of chicken tissue in order to test the potential for on-demand and in situ
preparation of the imaging agent. During UV exposure, gold NPs rapidly formed within the
PDLLA-PEG-COOH NPs, resulting in the formation of a ruby/wine-colored solution in
less than one min, indicative of the formation of AuNPs. The rapid formation of the AuNPs

is due to the high local concentration of gold salt and initiator inside the PDLLA-PEG-

COOH nanoparticle.
OO Stirrin;

v g 2h .
ol B3 &
MY d | Ultrasonic 1mLPVA O QO 25mLPVA | d

homogenizer solution solution
HAuCI -
lrs:cu:e sl I:,'.'?,::f [Water-in-oil microemulsion solution] swdﬁlz\:‘
(W) (0)
PEG —_._ﬁ \ is UV irradiation
(X J at 245 nm

30 min

Au-PLA-PEG NPs

Scheme 1. Schematic representing the one-step synthesis of gold nanoparticles imbedded within PDLLA-PEG-COOH
polymeric NPs. The protocol includes the introduction of the gold salt and photoinitiator into the polymeric NPs by the
formation of a W/O/W emulsion, followed by solvent evaporation using an ultrasound generator, followed by exposure to

UV irradiation (254 nm) for 30 min.

Specifically, the photochemical synthesis of AuNPs was promoted by the UV irradiation of
encapsulated Irgacure photoinitiator (I-2959) and HAuCl,;-xH,O. Irradiation with 254 nm

light induces the formation of free radicals, which in turn reduce Au** to a combination of
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Au?" and Au, thus generating AuNPs as described elsewhere.’® The efficiency of the
photochemical process (Scheme S1) is such that upon exposure to 254 nm UV light, AuNP
formation can be accomplished in a matter of minutes in sharp contrast to treatment of a
solution of the Irgacure photoinitiator (I-2959) and HAuCly; xH,O without prior

encapsulation in the polymeric NPs.

3.2. Characterization of the Au-PDLLA-PEG-COOH NPs

FTIR, '"H NMR, TGA, DLS, TEM, XRD, and UV-vis spectroscopy techniques were used
to characterize the physicochemical properties of the synthesized PDLLA-PEG-COOH and
Au-PDLLA-PEG-COOH NP formulations. To confirm that the pre-encapsulation of the
gold salt and photoinitiator was necessary for effective AuNP formation, we combined the
gold salt and initiator in water in the absence of polymeric NPs. After UV treatment (15
min irradiation, 254 nm) we observed no detectable formation of AuNPs as confirmed by
UV-vis spectroscopic analysis (Figure 1A). In contrast, the experiment with gold salt and
initiator encapsulated in PDLLA-PEG-COOH NPs demonstrated clear evidence of AuNP
formation (Figure 1B). These results suggest that the polymeric NPs serve to co-localize the
Au(III) salt and the photoinitiator to promote an efficient reduction event leading to AuNP
formation within the PDLLA-PEG nanoparticle. This reaction is evidently not possible in

dilute solvent without the aid of polymeric NPs.
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Figure 1. UV visible spectroscopic analysis of: (A) a solution of gold salt and initiator (i.e. not encapsulated in polymeric
NPs) before (black line) and after (red line) 30 min UV irradiation; (B) a solution of gold salt and initiator encapsulated in
PDLLA-PEG-COOH NPs before (black line) and after (red line) 30 min UV irradiation; (C) Digital photograph for two
well-plates containing three kinds of nanoformulations before and after irradiation: i) PDLLA-PEG-COOH NPs, ii)
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PDLLA-PEG-COOH NPs with gold(IIl) salt; and iii) PDLLA-PEG-COOH NPs incorporating gold(III) salt and initiator;
(D) UV-vis kinetic measurements (534 nm) monitoring the nucleation and growth of AuNPs as a function of time. Three
formulations of NPs (NPs alone, NPs+HAuCl,, and NPs+ HAuCly+ 1-2959) were tested before and after UV irradiation
for 15 min. Each measurement was carried out five times (n=5). (E) Transmission electron microscopy (TEM)
micrographs which demonstrate the fundamental difference in the contrast and the morphology between the PDLLA-
PEG-COOH NPs alone (control) and the PDLLA-PEG-COOH NPs incorporating gold NPs: (i) PDLLA-PEG-COOH
NPs, (ii-iv) gold-loaded PDLLA-PEG-COOH polymer NPs at different magnifications, and (v,vi) high resolution TEM
for gold-loaded PDLLA-PEG-COOH polymer NPs.

To further emphasize the necessity of polymeric encapsulation of the reagents prior to
AuNP synthesis, we prepared three formulations in parallel: PDLLA-PEG-COOH
polymeric NPs, the polymeric NPs with encapsulated Au(Ill) salt, and polymeric NPs with
encapsulated Au(IIl) salt and photoinitiator. Figure 1C shows that the characteristic
ruby/wine color indicative of approximately spherical AuNP formation appeared after 30
min of UV irradiation only in the third row of the well-plate that contained both Au(III) salt
and photoinitiator encapsulated in the polymeric nanoparticles. We further followed the
nucleation and growth of the AuNPs kinetically by monitoring the UV-vis absorption at
534 nm over time (Figure 1D). This analysis revealed stable, flat absorbance traces before
UV irradiation (i.e. no AuNPs generated) in all three formulations. After irradiation, no
change occurred to samples containing PDLLA-PEG-COOH NPs lacking gold salt and
initiator, while negligible changes were evident in the PDLLA-PEG-COOH NP sample
containing Au(IIl) salt but lacking initiator.

TEM images of the materials were obtained immediately after formulation. Consistent with
the DLS data (vide infra), the images indicate densely opaque, approximately spherical
nanoparticles with a relatively homogeneous distribution within the sample. The
measurements were done without the need for a staining agent. For comparison, we imaged
the pure polymeric nanoparticles without gold (Figure 1E (i)) and found them to be
significantly less contrasted as compared to the Au-PDLLA-PEG-COOH NPs (Figure 1E
(i1-v1)). This discrepancy provides further evidence for the successful photochemical
preparation of gold NPs within the polymeric NP matrix. Figure 1E (iv-vi) also highlight
the mainly spherical shape and good homogeneity of the NPs.

Next, the growth of AuNPs as a function of irradiation time was monitored by recording the
UV signal at ~534 nm — arising from the AuNP formation — before and after UV irradiation
for 50 min. To investigate the effects of the concentration of all constituents on the growth

of AuNPs, we conducted five parallel experiments in 1 mL final colloidal solution where
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AuNPs were generated using increasing loadings of the polymeric NPs, Au(Ill) salt, and
photoinitatior. Specifically, we probed the use of 0, 25, 50, 100, 200 mg of the polymer
with variable loadings of Au(IIl) salt and photoinitiator as outlined in Table 1. The five
samples were monitored by UV-vis spectroscopy before and after 50 min of UV irradiation

to follow the nucleation and growth of AuNPs over time.

Table 1. Different concentrations of all ingredients to form 1 mL solutions of Au-PDLLA-PEG polymer NP suspension.

Formulations 2-5 have increasing concentration of reagents, but constant relative concentrations.

#NPs Polymer Au(IIl) Irgacure Final NP
(mg) (mmol) (mmol) solution (mL)

25 0 0
25 9.6 214
50 19.2 42.8

100 38.4 85.6
200 76.8 171.2

DN AW N =
et | et | | ot [ ok

The spectra depicted in Figure 2A showed the gradual emergence of new peaks at 534 nm
in the four formulations containing gold and initiator, indicating the formation of AuNPs
after irradiation. A regular increase in the absorbance was recorded which has a direct
correlation with the gold(IIl) concentration, while no absorbance peaks at 534 nm were
evident in the case of the formulation lacking gold and initiator (i.e. NPs 1, Table 1).

Absorbance values of all samples were determined at different interval times (5 min rate)
before and after UV exposure as indicated in Figure 2C and D. Since irradiation is
necessary for AuNP generation, essentially no change in the UV spectrum was observed
over time in the absence of light (Figure 2C). In contrast, a rapid emergence of a new
absorbance band was apparent after 1 min of irradiation time in all four samples containing
gold and photoinitiator reaching completion within 5, 7, and 15 min for the 25, 50, and 100
mg polymer formulations, respectively (Figure 2D). At the highest loading of polymer,
gold, and photoinitiator (i.e. 200 mg polymer, 76.8 mmol Au’*, 171.2 mmol photoinitator),
we found that the nucleation and growth of AuNPs continues over the course of the entire
50 min irradiation period. These data clearly demonstrate the ability to formulate AuNPs

within the polymeric NPs by means of a convenient photochemical reaction.
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Figure 2. UV-vis spectroscopic analysis of the five nanoparticle formulations (see Table 1); (A and B) UV—vis
absorbance spectra before and after 30 min UV irradiation, respectively. (C and D) plot of absorbance resulting from
AuNP formation versus time, without irradiation (C) and with irradiation (534 nm) (D). Spectra were recorded at 5 min

intervals.

In order to show the potential application for in sifu generation of Au-polyester NPs, we
explored their preparation by irradiation through a barrier of chicken muscle tissue (ca. 2
mm thickness). Thus, we positioned the UV lamp approximately 1 cm above the chicken
tissue, which was used to cover a 96-well plate containing the reagents necessary for Au-
polyester NP formation (Figure S2). UV-absorption spectroscopy, kinetic measurements
and TEM analyses of the Au-polyester NPs generated in this experiment are shown in
Figure 3. After a 30 min irradiation period, a weak band is observed at ~535 nm,
superimposed on a background spectrum from scatter (Figure 3A). This 535 nm peak
indicates the formation of a low concentration of AuNPs unlike the sharp band that
appeared in the absence of chicken tissue (cf. Figure 2B). The growth of AuNPs was also
monitored over the course of a 60 min irradiation period, showing a modest increase (see
Figure 3B). The TEM images demonstrated the successful generation of the Au-polyester
NPs in moderate concentration by means of UV-radiation through a tissue barrier (Figure

30).
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Figure 3. (A): UV absorbance spectra after 30 min UV irradiation of three polymeric NP formulations; NPs in water
(control, black line), gold salt encapsulated within NPs (red line), and gold salt/photoinitiator encapsulated within polymer
NPs (blue line). The experiments conducted by UV irradiation through a chicken muscle tissue (~ 2 mm thickness) barrier
at 1 cm distance from the UV lamp. (B): Kinetic growth spectra (UV-vis) of Au-polymer NPs which shows a modest
gradual nucleation of the gold NPs within the polymer NPs upon UV irradiation through tissue barrier. (C) TEM
photographs for one sample of Au-polymer NPs with different scale bars (i.—iv.). These particles were generated by means
of UV irradiation (254 nm; 30 min) through a chicken muscle tissue barrier. All spectral measurements were calculated as

the average of quintuplicate runs.

Figure 4 outlines the X-ray diffraction (XRD) pattern of the polymeric NPs (control), Au-
polymeric NPs, and Au-polymeric NPs generated by UV-irradiation through a tissue barrier
(Figure S2). The XRD of the polymeric nanoparticles revealed the presence of a distinct
peak at 20: 19.5° which is present in all three curves. Additional peaks corresponding to the
presence of Au NPs were apparent at 20: 38.2°, 44.4°, and 64.6" in the sample prepared with
and without irradiation through the tissue barrier, providing further evidence of the efficient

formation of Au-polymeric NPs in both experiments.
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Figure 4. Powder X-ray diffraction (XRD) analyses of three nanoparticles formulations as indicated by colors.

Figure S3 depicts the overlaid infrared spectra of the pure PDLLA-PEG-COOH polymer
NPs and Au-polyester NPs prepared in the presence and absence of the chicken muscle
tissue barrier. These data indicate nearly identical IR spectra for the three formulations.
Additionally, Figure S4 depicts TGA analyses of PDLLA-PEG-COOH polymer, PDLLA-
PEG-COOH NPs, and Au-polyester NPs prepared in the presence and absence of the
chicken muscle tissue barrier. The TGA analyses revealed significant changes in the
thermal degradation of the bulk polymer as compared to the NP formulations. Nevertheless,

the three polymeric formulations exhibited similar thermal degradation profiles.

Next, we studied the physical properties (i.e. size, surface charge, and polydispersity) of the
resulting Au-polyester NPs resulting from different polymer and gold concentrations by
means of DLS measurements (Figure 5). For this study, we characterized three
nanoformulations (i.e., NP1, NP2, and NP5; Table 1). They all provided narrow size
distributions centered around 50, 106 and 60 nm, respectively (Figure 5A). All
formulations were stable over a five week period after preparation confirming the excellent
stability of the formulations upon prolonged storage at room temperature (Figure 5B and
5C). The particles remained monodisperse (PDI < 0.2) over the 5 week storage period
(Figure 5C) and revealed a high negative charge — up to —37 mV — on their surface (Figure
5D). This highly negative surface charge likely arises from the surface carboxylates of the
polyester NP.
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Figure 5. DLS measurements of three formulations; PDLLA-PEG-COOH NPs (25 mg), Au-polyester NPs (25 mg
polymer loading), and Au-polyester NPs (200 mg polymer loading). (A) NP diameter, (B) Size stability over time up to 5
weeks, (C) PDI over time, and (D) zeta potential measurements representing a highly negative surface charge of all

nanoformulations.

Additional in vitro studies were carried out on the synthesized nanoparticles to ensure their
stability in blood serum. The three previous formulations with different concentrations of
polymer (i.e., NP1, NP2, and NP5; Table 1) were introduced into FBS by mixing 0.1 mL of
each NP formulation with 0.9 mL FBS (10x dilution). The samples were then housed in an
incubator at 37 °C under a controlled atmosphere (80% H,0 and 5% CO,) for 24 h. The
stability of the NP formulations was probed by monitoring the size of the NPs by means of
DLS analysis versus time over a 24 h period (Figure 6 (top)). The results indicate no
discernable change in the size for all three nanoformulations, meaning that the NPs are
quite stable in blood.

Cytotoxicity assays were also performed with the same three formulations on 3T3 normal
fibroblast cells to assess the possibility of adverse effects on cells (Figure 6 (bottom)). After
one day incubation, we observed no discernible cytotoxicity of either the polymeric NPs
(control) or the gold-polymer NPs formed ex vivo (i.e. prepared by irradiation through a
chicken tissue barrier), while a very modest cell death was apparent upon dosing higher

concentrations of Au-polyester NPs prepared by direct UV irradiation. The modest
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cytotoxicity of the formulation prepared by direct UV irradiation (i.e. without a tissue
barrier) is likely due to a higher density of Au-polyester NPs being generated in the sample.
Overall the three formulations showed very low cytotoxicity in doses up to 500 ug NPs/mL
on 3T3 fibroblast cells. In parallel, the same Au-polyester NP formulations were tested also
on human glioblastoma U-87 MG cells and no cell death was found up to 500 ug/mL
concentrations (Figure S5). These results provide strong evidence that the Au-polyester
nanoparticles do not exhibit appreciable cytotoxicity, even at higher concentrations.

Next, we set out to evaluate whether the Au-polyester NPs could be formulated in the
presecence of living cells in culture medium. We cultured adipose stromal cells (ASC) and
then added pre-synthesized PLA-PEG-COOH NPs containing gold salt and the
photoinitiator. We next exposed the cells and NPs to UV irradiation for 30 min to generate
the Au-polyester NPs. We observed the formation of Au-polyester NPs visually by the
appearance of a pink color in the culture medium, which was confirmed by UV spectral
analysis, revealing the characteristic absorbance peak at a wavelength of 535 nm. In order
to assess the cytotoxicity of the formulation protocol we generated two control cultures for
comparison: ASCs exposed to 30 min UV irradiation and ASCs that were protected from
UV irradiation. We compared these control samples against four trials of our UV
irradiation protocol that resulted in increasing concentrations of Au-polyester NPs: 390.5,
781, 1526, and 3125 pg/mL. Figure S6 indicates nearly identical levels of cell viability as
compared to the two controls for the 390.5 ng/mL, which confirms the successful synthesis
of the Au-polyester NPs in the presence of living cells. In contrast, cell viability was
reduced in the prescence of higher concentrations of Au-polyester NPs.

Thus, we believe that these materials may prove useful for studying cellular
functions/mechanisms in culture without impacting cell viability. Our results are consistent
with a study reported by Buonanno et al. that demonstrated that 254 nm UV irradiation,
while having serious safety considerations, did not produce UV-associated DNA lesions in
a 3D skin model and exhibited low cytotoxicity to exposed mammalian skin.’! Moreover, it
is expected that the length of exposure and repeated exposure could increase the risk, but

our proposed method only requires one short exposure.
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Figure 6. In vitro studies; (top) Size stability of the NP formulations in fetal bovine serum over 24 h. (bottom) One day-
3T3 fibroblast cell viability at different concentrations of Au-polyester NPs generated by irradiation with or without a

tissue barrier, along with the control polymeric NPs. Results as presented as means + standard deviation. All the

experimental studies were performed in sextuplicate.

3.3. Plasmonic surface resonance

Gold nanoparticles have interesting optical properties depending on their size, their shape,
and the refractive index of the surrounding medium. When the Au-polyester NPs were
illuminated with white light, they appeared as green color points in darkfield microscopy
images. Additionally, a few of the nanoparticles appeared red in color (Figure 7, left). This
discrepancy is likely due to aggregation of the Au-polyester NPs during sample preparation

for SPR analysis (i.e. drop coating).
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Figure 7: (Left) darkfield microscopy image representing the SPR properties of Au-polyester NPs. (Middle) darkfield
microscopy image (4x magnification) representing individual nanoparticles corresponding to the presented scattering
spectra. (Right) scattering spectra (normalized to the lamp spectrum) corresponding to the encircled nanoparticles (see

inset image at left).

Single Au-polyester nanoparticles were clearly observed in the dark-field image (and
more clearly in the magnified inset) (Figure 7). Single-particle scattering spectra
corresponding to the resulting nanoparticles are shown in Figure 7, at right. The average
LSPR peak of Au-polyester NPs is ca. 569 nm. The slight shift in the LSPR peak is due to
different sizes and shapes of the NPs and the refractive index of the Cytoviva immersion oil
used for the experiment. These results validate the excellent plasmonic properties of the

Au-polyester NPs.

3.4. Cellular uptake and endosome-entrapment of Au-polyester NPs

Raw murine cells (normal cell model) and U-87 MG glioblastoma cells (cancer cell
model) were prepared and incubated in the presence of two concentrations of Au-polyester
NPs (500 and 1000 pg/mL) for 1 h and 24 h. The cell samples were then washed three
times with phosphate-buffered saline (PBS) to remove free particles from the cell medium
before imaging. The confocal settings were performed as it was described by Kim er al.*®
The Au-polyester NPs were clearly visualized inside the two cell lines due to a high degree
of internalization. As can be seen in Figure S7, scattering signals were very low at 1 h
incubation time in both cell lines at high concentration of the NPs (1000 pg/mL). Higher
signals (marked in red) were detected after significant internalization by the cells over the

24 h incubation time at the same concentration as shown in Figure 8.
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Figure 8. Cellular uptake images of the synthesized Au-polyester NPs in vitro. Typical images (glioblastoma and RAW
264.7 cells, 24 h incubation, 500 and 1000 pg/mL indicated in the 4 channels) (A-D). Each channel contains blue color
which indicates nuclei and particularly, cytoplasm (upper-left corner), red color indicates presence of Au-polyester NPs
(upper-right corner), white-black image is the DIC image of the cells (lower left corner), and overlay (lower right corner).
Scale-bar is 20 pm.

We noticed a comparable uptake of the Au-polyester NPs in both cell lines after a short,
one-hour incubation time. After 24 h of incubation, the entire cytoplasm is filled with red
NPs in both cell lines. Nonetheless, a bit higher uptake was observed in macrophages as
compared to glioblastoma cells after 24 h due to phagocytosis. These images demonstrate
that the Au-polyester NPs were entirely localized in the late endosome/lysosome after 24 h,
and the observed scattering imaging intensity is time dependent. These observations are
similar to what was described previously, demonstrating the capability of Au-polyester NPs
to be efficiently internalized into cells.’? These in vitro experiments were designed as a
preamble for in vivo examination in the future. We hypothesize that the PDLLA-PEG-
COOH NPs containing the gold salt and photoinitiator will circulate in the blood,
accumulate in tissues, and then remain in a localized region due to their facile

internalization into cells. Then, the Au-polyester NPs can be prepared in situ by exposure to
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UV irradiation. The concentration of the gold salt and photoinitiator is critical, and can be

effectively controlled by encapsulating the materials into the PDLLA-PEG-COOH NPs.

4. Conclusions

As opposed to the common methodologies reported in the literature for the synthesis of
AuNPs loaded in polymeric NPs, herein we synthesized polymer NPs containing a gold(III)
salt and photoinitiator that are efficiently transformed into Au-polyester NPs on demand by
means of a convenient photochemical reaction within the polymer NP formulation.
Uniform spherical Au-polyester NPs with high negative surface charge of -37 mV and a
controlled size (i.e., 50 and 106 nm) were obtained according to variations in the
concentrations of the polymer, Au(Ill) salt, and initiator prior to irradiation. The Au-
polyester NPs can be generated by irradiation through a tissue barrier, indicating the
potential for this strategy to be used in vivo. Toward this end, the formulation developed
herein exhibited very high stability in blood serum and negligible in vitro cytotoxicity
against 3T3 fibroblast and glioblastoma cell lines. The photothermal synthesis of the Au-
polyester NPs can be effected in the presence of living cells without causing appreciable
cytotoxicity, despite the use of UV irradiation. The Au-polyester NPs also exhibited
outstanding SPR and cellular imaging properties. The significance of this contribution
arises from the ability to prepare an appropriate imaging agent in sifu by means of a
convenient photochemical process in lieu of more conventional ex sifu approaches. Current
efforts in our group are centered on improving the efficiency of this protocol and testing the

Au-polyester NPs using relevant animal models.
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