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Abstract

Gold nanoparticles functionalized with biologically-compatible layers may achieve stable drug 

release while avoiding adverse effects in cancer treatment. We study cisplatin and paclitaxel 

release from gold cores functionalized with hexadecanethiol (TL) and phosphatidylcholine (PC) to 

form two-layer nanoparticles, or TL, PC, and high density lipoprotein (HDL) to form three-layer 

nanoparticles. Drug release was monitored for 14 days to assess long term effects of the core 

surface modifications on release kinetics. Release profiles were fitted to previously developed 

kinetic models to differentiate possible release mechanisms. The hydrophilic drug (cisplatin) 

showed an initial (5-hr.) burst, followed by a steady release over 14 days. The hydrophobic drug 

(paclitaxel) showed a steady release over the same time period. Two layer nanoparticles released 

64.0 ± 2.5% of cisplatin and 22.3 ± 1.5% of paclitaxel, while three layer nanoparticles released the 

entire encapsulated drug. The Korsmeyer-Peppas model best described each release scenario, 

while the simplified Higuchi model also adequately described paclitaxel release from the two layer 

formulation. We conclude that functionalization of gold nanoparticles with a combination of TL 

and PC may help to modulate both hydrophilic and hydrophobic drug release kinetics, while the 

addition of HDL may enhance long term release of hydrophobic drug.
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INTRODUCTION

Tumor chemotherapeutic response can be significantly affected by drug physiochemical 

properties, such as water solubility and bioavailability, as well as intrinsic and physiologic 

resistance by the tumor tissue itself. Two commonly utilized chemotherapeutics in cancer 

treatment are cisplatin and paclitaxel [1]. Cisplatin inhibits cell proliferation through 

multiple mechanisms, including: binding with DNA to form intra-stand adducts causing 

changes in DNA conformation, promoting mitochondrial damage leading to diminished 

energy production, altering cellular transport mechanisms, and decreasing ATPase activity 

within the cells [2,3]. Paclitaxel enhances tubulin polymerization to stable microtubules and 

stabilizes them against depolymerization, which results in mitotic arrest [4]. While both 

drugs are effective, they are known to possess adverse reaction profiles. Cisplatin induces 

renal toxicity caused by its activation within proximal and distal tubules, neurotoxicity by 

damaging Schwann cells of the myelin sheath, and tumor lysis syndrome (TLS) which 

results in abnormal metabolic and electrolyte profiles [2]. Paclitaxel has shown dose-

limiting hematological toxicity (e.g. neutropenia) and sensory neurotoxicity, along with 

other adverse non-hematological toxicities including arthralgia, myalgia, and fluid retention 

[5]. In addition to adverse profiles, the poor water solubility and low bioavailability of 

paclitaxel have hampered its clinical use. The drug is administered in a solubilized form, 

Cremophor EL, to overcome minimal water solubility; while the castor oil used to solubilize 

the drug enhances bioavailability, it is known to induce histamine release resulting in 

hypersensitivity reactions in some patients [6,7].

In order to enhance tumor response while minimizing systemic toxicity, a variety of drugs 

have been encapsulated in organic or inorganic nanoparticles, ranging in size from 1 to 100 

nm. The rate of drug release is dependent upon the physiochemical properties of the drug, 

attachment strength between drug molecules and the nanoparticle surface, and surface 

modifications used in the synthesis process. Gold nanoparticles, in particular, have been 

utilized as agents for drug delivery as well as in thermal therapy, in vivo imaging, and in 

radio-sensitization for both pre-clinical and clinical purposes [8]. Through nanoparticle 

functionalization, drug release may be modulated to ensure sufficient time for nanoparticles 

to localize in the tumor or to release drug at specific locations (e.g., hypoxic regions) within 

the tumor microenvironment [9]. For example, the addition of surfactant poly-(ethylene)-

glycol (PEG) is known to escalate nanoparticle circulation time by one to two orders of 

magnitude compared to freely circulating drugs [10], providing additional time for 

nanoparticles to localize in the solid tumor tissue. Surface modifications must also ensure 

that nanoparticles can successfully travel throughout systemic circulation to the tumor, 

extravasate from the intratumoral capillaries, and diffuse throughout the tissue to reach 

malignant cells [11]. This can be a challenge as nanoparticles administered in vivo are often 

sequestered and removed from systemic circulation by the reticuloendothelial system (RES) 

[12].
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The heterogeneous cell cycling patterns typically found in tumors ideally require 

nanoparticle accumulation with a sustained drug release. Paclitaxel-loaded gold 

nanoparticles have been utilized with this goal in mind while aiming for decreased toxicity 

and lowered chemoresistance [13,14]. Studies have shown that highly stable PEG-coated 

gold nanoparticles exhibit a biphasic paclitaxel release pattern with an initial burst followed 

by a slower release over the next 120 hours [15]. Cisplatin-loaded gold nanoparticles show 

similar release patterns [16–23]. “Smart-sensing” pH-sensitive nanoparticles have been 

developed that release cisplatin in specific environments, such as the acidic 

microenvironment of the tumor or within the cellular endosome once cellular internalization 

has occurred [23]. Recently, controlled release of cisplatin from magnetic nanoparticles has 

also been evaluated [24,25].

In this study, we examine the release profiles of cisplatin and paclitaxel from novel two and 

three layer gold nanoparticles for the purpose of aiding the development of gold-based 

nanotherapeutics [26]. Two layer gold nanoparticles were synthesized by adding 

hexadecanethiol (TL) and phosphatidylcholine (PC) to the outside of gold cores. The 

addition of PC to the outer layer of TL creates a hydrophobic region, similar to the lipid 

bilayer found on liposomes, which can be utilized for loading hydrophobic drugs. For the 

three layer gold nanoparticles, high-density lipoprotein (HDL) was added to the two layer 

nanoparticles for the purpose of improving tumor and liver targeting. For both two and three 

layer gold nanoparticles, paclitaxel was loaded in the hydrophobic region between the TL 

and PC. Cisplatin was loaded through non-covalent interactions onto the outside of the two 

or three layer gold nanoparticles. The release of drug was assessed based on particle surface 

modifications and drug physiochemical properties. Mechanisms of drug release were further 

assessed by evaluation of kinetic models, including: zero-order kinetic model, first-order 

kinetic model, simplified Higuchi model, and Korsmeyer-Peppas model [27]. Finally, an 

assessment of nanoparticle efficacy was performed in 3D cell culture.

MATERIALS AND METHODS

Materials

HAuCl4 (Alfa Aesar, Ward Hill, MA, USA), trisodium citrate (Fisher Scientific, Waltham, 

MA, USA), 1-Hexadecanethiol (TL) (Sigma Aldrich), 100% Ethanol (Decon Labs, King of 

Prussia, PA, USA), Chloroform (Sigma Aldrich), L-Phosphatidylcholine (PC) (Sigma 

Aldrich), High Density Lipoprotein (HDL) (Lee Biosolutions, St. Louis, MO, USA), 

Phosphate-Buffered Saline (PBS) (Life Technologies, Grand Island, NY), Cisplatin (Sigma 

Aldrich), Paclitaxel (Cayman Chemical, Ann Arbor, MI, USA), Acetonitrile (Sigma 

Aldrich), Trifluoroacetic acid (TFA) (Sigma Aldrich)

Synthesis of citrate gold nanoparticles

Particles were synthesized using a method in which gold chloroauric acid is reduced by 

trisodium citrate as previously described [28]. In this process, 2.2–2.4 mL 1% weight/

volume (wt/v) citrate is added to 200 mL of boiling 0.01% wt/v HAuCl4, and the solution is 

allowed to continue boiling for 10 minutes to promote the reaction of sodium citrate to citric 

acid. Once the reaction is completed, the solution cools at room temperature before 
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concentration using a rotovapor (Buchi Rotovapor System, BÜCHI Labortechnik AG, 

Flawil, Switzerland) to ~20 mL at 20 OD. After the nanoparticles are concentrated, surface 

modifications are added as described below.

Particle functionalization with PC and HDL

The first layer applied to the citrate gold nanoparticles was 1-Hexadecanethiol dissolved in 

ethanol. Previous studies have shown that thiol compounds can displace surface-bound 

citrate from gold nanoparticles due to the strong binding affinity between gold and thiol in 

comparison to the electrostatic binding with citrate [29–31]; a comprehensive review 

concerning the covalent interaction between gold and sulfur was recently published [31]. 

This creates a hydrophobic nanoparticle, as the hydrocarbon chains of the thiol compound 

will point outward from the gold core. While stirring, 20 mL pure ethanol was placed in a 

beaker with 60 μL 1-Hexadecanethiol being added secondly to reach a molar ratio between 

thiol and gold nanoparticles of 2,500 : 1. The 1-Hexadecanethiol solution was added slowly 

to the nanoparticle solution over the next 10 minutes, while also undergoing sonication. The 

sample was further sonicated for two hours, and then placed for 12 hours on an orbital 

rocker (Boekel Scientific, Feasterville, PA, USA). The sample was spun down, and the 

pellet was washed twice with ethanol and sonicated before suspension in chloroform. The 

second functionalization was the addition of the PC to the surface of nanoparticles. The 

stock solution was made by diluting PC in chloroform (2mg/mL), and 100 μL (molar ratio 

2000 PC: 1 NP) was added to the particles after the TL layer, and allowed to set overnight 

on an orbital rocker. The solutions were transferred to glass tubes and the chloroform 

evaporated at ambient temperature. This process completed the two layer gold nanoparticles 

containing gold core, TL, and PC. The three-layered nanoparticles were created by 

optimizing the ratio of HDL to particle optical density (1 mg HDL per 20 OD nanoparticle), 

and allowed to react overnight after two hours of sonication.

Addition of chemotherapeutics to nanoparticles

The amount of chemotherapeutic loaded was chosen to achieve a molar concentration upon 

release typical for cell culture experiments with these drugs. Paclitaxel was loaded after the 

sample completed 12 hours on the orbital rocker (see above). After nanoparticles were 

resuspended in 9 mL chloroform at 5 OD, an additional 1 mL of chloroform containing 5 mg 

paclitaxel was added to the solution. Nanoparticles were sonicated for two hours before the 

solution was placed on an orbital rocker for six hours. The solution was further modified to 

add the second layer of PC to the surface of the nanoparticles. While paclitaxel was loaded 

into the hydrophobic region created between the TL and PC layer, cisplatin was loaded at 

two different areas dependent upon the layering. For the two layer gold nanoparticles, 

cisplatin was added after the addition of PC. This was done by transferring the solutions to 

glass tubes and the chloroform evaporated at ambient temperature. Next, the nanoparticles 

were resuspended in 10 mL ultrapure H2O (Purelab Ultra, Elga Labwater, UK) containing 

7.5 mg cisplatin to accomplish a molar ratio of 350 cisplatin molecules per nanoparticle. For 

the three layer gold nanoparticles, cisplatin was added after the addition of HDL by 

synthesizing the particles as described above; after HDL was added and allowed to react for 

two hours, the solution was removed, and 7.5 mg cisplatin was added. Excess drug was 

removed from the solution by centrifuging the particles at 7000 rpm for 25 minutes, 
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removing the supernatant, and re-suspending the particles in the corresponding solvent. 

Washing was performed twice.

Nanoparticle Characterization

Nanoparticle identity was verified as follows: (1) Maximum absorption wavelengths were 

obtained using the Varian Cary 50 Bio Ultraviolet-Visible (UV-Vis) Spectrometer 

(McKinley Scientific); (2) size and zeta potential measurements were obtained using the 

ZetaSizer Nanoseries ZS90 (Malvern Instruments, Worcestershire, UK); (3) DLS (dynamic 

light scattering, also known as Photon Correlation Spectroscopy) was used to determine 

hydrodynamic size in solution based upon Brownian motion; (4) shape and size were 

determined using a Zeiss Supra 35VP (Carl Zeiss, Oberkochen, Germany) scanning electron 

microscope (SEM); (5) presence of lipids on the particle cores was confirmed using a 

Fourier transform infrared (FTIR) instrument (Perkin Elmer Spectrum BX; Perkin Elmer, 

Waltham, MA, USA) and through visual analysis using the SEM.

Drug Release Studies

In vitro drug release studies were carried out using dialysis tubing cellulose membrane with 

an average flat width of 25 mm and 12,000 MW cutoff (Fisher Scientific, Waltham, MA, 

USA). The prepared drug-loaded nanoparticles were added to dialysis tubes and subject to 

dialysis by submerging the tubing into a beaker containing 500 mL 1X PBS at pH 7.4. We 

chose to evaluate this release in saline solution [14,25,32,33] as the simplest system from 

which parameters could also possibly be extracted for mathematical modeling. The solution 

was sonicated continuously throughout the release evaluation using a magnetic stirrer at 

room temperature covered with Parafilm to minimize evaporation. At established time 

intervals, 3 mL samples of PBS containing drug were removed and replaced with fresh 

buffer to ensure a constant volume. The amount of drug in each sample was determined 

using High Performance Liquid Chromatography (HPLC). Cumulative drug release versus 

time was expressed by the following equation (Eq. 1):

Eq. (1)

where [Drug]t refers to the concentration of drug release at time t and [Drug]total is the total 

amount of drug loaded onto the nanoparticles.

Drug Detection using HPLC

Samples of paclitaxel and cisplatin were analyzed using a Waters Alliance e2695 HPLC 

equipped with a Waters 2998 photodiode array UV/Vis detector and a μRPC C2/C18 ST 

4.6/100 column (GE Healthcare, catalog number 17-5057-01). Initial injection conditions 

were 100% water/0.1% TFA immediately followed upon injection by 5 minutes with 100% 

water/0.1% TFA, 35 minutes of linear gradient to 100% acetonitrile/0.1% TFA, 5 minutes at 

100% acetonitrile, followed by a return to 100% water/0.1% TFA to prepare the column for 

the next run. Total run time was 55 minutes. The flow rate was 0.5 ml/min. 

Spectrophotometric data were collected from 200 to 800 nm. The baseline for each run was 

monitored at 260 nm and 280 nm. A standard calibration curve was created for paclitaxel 
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(0.01 μM to 10 μM plus a blank sample) and cisplatin (2.5 μM to 500 μM plus a blank 

sample) by injection of pure compounds dissolved in water or buffer. The peak 

corresponding to paclitaxel was integrated at 230 nm to minimize overlap of peaks 

belonging to interfering compounds and to maximize peak area. Cisplatin was integrated at 

380 nm for the same reasons. After elution, peaks were integrated using Waters Empower 

software. A calibration curve was generated by plotting peak area vs. concentration using 

Microsoft Excel. Analytical samples of each compound were then compared to the standard 

curve to determine their approximate concentration.

Determination of drug incorporation efficiency

Drug incorporation efficiency (I.E.) (%) was expressed as the percentage of drug in the 

produced nanoparticles with respect to the initial amount of drug that was used for 

synthesizing the nanoparticles [32]. This calculation was determined using HPLC as 

described above in conjunction with the following equation (Eq. 2):

Eq. (2)

Mechanism of Drug Release

To assess the mechanism of drug release, in vitro release patterns were analyzed using four 

kinetic models: zero-order kinetic model, first-order kinetic model, simplified Higuchi 

model, and Korsmeyer-Peppas model. The zero order model is associated with drug 

dissolution that is independent of drug concentration (Eq. 3) [34]:

Eq. (3)

where Qt is the amount of drug dissolved in time t, Q0 is the initial amount of drug in 

solution, and k0 describes the zero-order rate constant. The first order model describes drug 

release that is concentration-dependent (Eq. 4) [34]:

Eq. (4)

where C refers to drug concentration and k is the first order rate constant. This equation can 

also be expressed as (Eq. 5):

Eq. (5)

where C0 corresponds to the initial concentration of drug. The simplified Higuchi model 

utilizes the following equation to describe drug release from matrix and polymeric systems 

(Eq. 6) [35]:

Eq. (6)
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where (Mt/M·) is the cumulative amount of drug released at time t, and k is the Higuchi 

constant based upon the formulation of the system. The Korsmeyer-Peppas model describes 

drug release from matrix and polymeric systems through the following equation (Eq. 7) 

[36]:

Eq. (7)

where (Mt/M·) is the cumulative amount of drug released at time t, k′ is the kinetic constant, 

and n is the exponent that describes a particular diffusion mechanism.

The first 60% of drug release is typically sufficient for determining the best fit model of 

drug release [37]. For each model, a graph was constructed using Microsoft Excel from 

which the rate constant and correlation values were obtained by applying a linear regression 

fit. The zero-order kinetic model was obtained by plotting cumulative % drug release vs. 

time. The first-order kinetic model was analyzed by plotting log cumulative % of drug 

remaining vs. time. The Higuchi model was evaluated by plotting cumulative % drug release 

vs. square root of time, while the Korsmeyer-Peppas model was analyzed by plotting log 

cumulative % drug release vs. log time.

Evaluation of Nanoparticle Efficacy

Three human non-small cell lung cancer (NSCLC) cell lines, A-549, PC-9, NCI-H358, were 

maintained in RPMI 1640 medium (Cellgro, Corning Inc.) supplemented with 10% fetal 

bovine serum (Cellgro, Corning Inc.) and 1% penicillin-streptomycin-glutamine (Cellgro, 

Corning Inc.) in standard culture conditions. All cells were grown to 80% confluence before 

harvesting. Cells were seeded onto 24-well ultra-low cluster plates (Costar, Corning Inc.) at 

1×105 cells per well, and shaken for ~10 minutes to promote aggregation. Cells were 

incubated for 5 days and then exposed to either free drug (cisplatin or paclitaxel) or 

nanoparticles (two- or three-layer) with one of these drugs. Drug concentrations ranged from 

0 to 1024 (μM cisplatin or nM paclitaxel) in 4X increments (0, 0.0625, 0.25, 1, etc.) for 48 

h. Spheroids were exposed to the same concentration of nanoparticle-loaded drug as free 

drug, with the dose calculated by considering the loading efficiency from the HPLC data 

showing the drug concentration in the nanoparticles and the percent drug released at 48 h. 

Negative controls (without drug and without nanoparticles) were seeded and incubated 

under the same conditions. At the end point spheroids were disaggregated using trypsin 

(0.05%), and cell viability was assessed via trypan blue exclusion counts.

Statistics

All drug release and cell viability measurements were performed in triplicate. Error bars 

denote standard deviation.

RESULTS

Nanoparticle Synthesis and Characterization

We have previously characterized the diffusivity and transport of two and three layer gold 

nanoparticles in 3D cell culture [26], finding that they performed better than PEG-coated 
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versions. Here, we examine the in vitro release profiles of cisplatin and paclitaxel from such 

nanoparticle formulations. We evaluate nanoparticles functionalized with TL and PC for the 

development of an inner hydrophobic region with a surrounding hydrophilic exterior, or TL, 

PC and HDL as three layered gold nanoparticles (Figure 1). To ensure proper synthesis and 

surface functionalization, nanoparticles were characterized through UV-Vis (ultraviolet-

visible) spectroscopy to determine maxima absorbance, SEM (scanning electron 

microscopy) for morphological and size analysis, DLS (dynamic light scattering) to 

determine hydrodynamic size in solution based upon Brownian motion, zeta potential to 

determine surface charge, and FTIR (Fourier transform infrared) analysis to ensure the 

presence of surface modifications.

Optical measurements were performed through UV-Vis spectroscopy and offer information 

regarding nanoparticle size, shape, and agglomeration status. The spectra of two layer gold 

nanoparticles exhibited a maximum absorbance peak at 540 nm, while three layer gold 

nanoparticles displayed a similar spectrum with a maximum absorbance of 541 nm (Figure 

2A). This particular wavelength near 534–545 nm is characteristic for polydispersed gold 

nanoparticles with a diameter 50–70 nm [38]. We note that preliminary observations 

examining stability in fetal bovine serum (FBS) for 24 hours showed the nanoparticles to be 

relatively stable in FBS (data not shown), with both two and three layer nanoparticles 

showing minute shifts from the maximum absorbance values reported here. Visual 

determination of nanoparticle size was accomplished using SEM, showing that two layer 

gold nanoparticles had an average size of 47.1 ± 12.6 nm, while three layer gold 

nanoparticles were 33% larger with an average size of 62.8 ± 14.9 nm (Figure 2B).

DLS establishes the hydrodynamic size of nanoparticles in solution by considering 

Brownian motion. Figure 3 reveals the hydrodynamic size for two and three layer gold 

nanoparticles at 74.91 ± 13.3 nm and 85.26 ± 18.7 nm, respectively (Table 1). The surface 

charge of two and three layer gold nanoparticles, determined through zeta potential analysis 

as illustrated in Figure 3, shows that HDL-coated nanoparticles (−2 mV) were more 

neutrally charged in comparison to anionic PC-coated gold nanoparticles at −20 mV (Table 

1). For comparison, un-coated gold nanoparticles possessed a zeta potential near −40 mV, 

while thiol coated nanoparticles had approximately −30 mV.

FTIR was employed to confirm the presence of surface modifications (Figure 4). Spectra 

obtained from two and three layer gold nanoparticles were compared with spectra of pure 

PC [39] and HDL [40]. Two layer gold nanoparticles functionalized with TL and PC 

exhibited several signature peaks that confirmed the presence of TL and PC onto the gold 

core. Signature peaks included PO4
3− group vibrations between ~850–1000 cm−1, a C–O–C 

stretch ~1100 cm−1, a [(-CH2)n] rocking vibration ~720 cm−1, both asymmetric and 

symmetric –CH2 (2880 cm−1) and –CH3 (2950 cm−1) stretch and vibration, and a -CH2 

stretching and scissoring at 1375 and 1470 cm−1, respectively. Slight differences in the 

spectra can be attributed to other chemicals used in the synthesis of the layered 

nanoparticles, including TL and colloidal gold. For HDL-coated nanoparticles, the 

asymmetric and symmetric –CH2 (2880 cm−1) and –CH3 (2950 cm−1) stretch and vibration 

occur along with C=O from the lipid ester ~1700–1800 cm−1, along with amide bond 

stretches between 1500–1700 cm−1, and a phospholipid P=O2 stretch ~1250 cm−1. As these 
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nanoparticles were also coated with TL and PC, distinct bands from both TL and PC were 

expected to be present in the spectra of the three layer formulation.

Drug Release from Two and Three Layered Gold Nanoparticles

Both two and three layer gold nanoparticles were loaded with either cisplatin or paclitaxel to 

evaluate the effect that the surface modifications may have on hydrophilic and hydrophobic 

drug release kinetics. The cumulative percent of drug release was plotted against time to 

analyze the kinetics for each case (Figure 5). For cisplatin-loaded two layer gold 

nanoparticles, an initial burst of 35.7 ± 2.3% was observed during the first 5 hours, followed 

by a steady release for the next 14 days (336 hours), with 64.0 ± 2.4% of loaded cisplatin 

released (Figure 5A). Three layer gold nanoparticles loaded with cisplatin also showed an 

initial burst of 68.4 ± 1.0%, followed by a steady profile with 98.3 ± 2.6% of loaded drug 

released at the end of 14 days (Figure 5B). Drug release within the first 24 hours was plotted 

separately to highlight the initial burst followed by the switch to a more linear profile 

(Figure A1).

Paclitaxel release from two layer gold nanoparticles showed a linear profile with only 22.3 ± 

1.5% of loaded drug being released at the end of 14 days, indicating that nearly 78% of 

entrapped drug was still attached to the nanoparticles (Figure 5C). In contrast, the three layer 

formulation effectively released 97.8 ± 2.3% of encapsulated drug by day 14 (Figure 5D). 

The first 24 hours were also plotted separately to highlight the initial release (Figure A1).

The amount of drug loaded onto the nanoparticles was determined indirectly by measuring 

the amount of drug that did not load (Table 2). For two layer gold nanoparticles, 68.4 ± 

7.1% of cisplatin and 99.1 ± 0.7% of paclitaxel were effectively loaded. For the three layer 

formulation, higher drug incorporation efficiencies were obtained with of 78.9 ± 4.9% 

cisplatin and 99.4 ± 0.4% of paclitaxel loaded. Nearly 100% of paclitaxel became 

encapsulated, suggesting that even higher drug concentrations may be possible.

Kinetic models of drug release

Mathematical models may be useful to evaluate the kinetics and mechanism of drug release 

from nanoparticles. The release curves from Figure 5 were fitted to four distinct models to 

determine which one exhibited the highest correlation with experimental results (Table 3).

Hydrophobic drug (paclitaxel) release from three layer gold nanoparticles exhibited high 

correlation with the zero-order kinetic model and the Korsmeyer-Peppas models, both with 

R2>0.98 (Figure 6). The other cases of drug release are shown in the Supplement (Figure 

A2–4). Release of paclitaxel from the two layer gold nanoparticles also showed high 

correlation with the simplified Higuchi model (R2=0.9862), possibly due to the profile curve 

denoting an early stage of release since only 22.3 ± 1.5% of paclitaxel was unloaded by day 

14. Both two and three layer gold nanoparticles loaded with hydrophilic drug (cisplatin) 

correlated best with the Korsmeyer-Peppas model with R2>0.98, suggesting that aggregate 

drug release from multi-layered gold nanoparticles may be modeled similar to a polymeric 

system undergoing degradation [41].
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Assessment of Efficacy

The cytotoxicity of drug-loaded two- and three-layer gold nanoparticles was evaluated in 3D 

cell culture by comparing the inhibitory drug concentration to achieve a 50% decrease in 

cell viability (the “IC50”). Although 3D cell culture is a gross simplification of the in vivo 

condition, it allows for the establishment of tissue structures in which the effects of diffusion 

and transport are not negligible (unlike monolayer cell culture), thus mimicking poorly 

vascularized regions of solid tumors or avascular tumor nodules. Such a culture system 

allows for the possibility of tissue penetration by the two- and three-layer nanoparticle 

systems, as evaluated previously [26], with the goal to overcome the diffusion barrier 

presented by the typically irregular tumor vasculature during systemic delivery. Table 4 

shows that for three different non-small cell lung cancer cell lines, the nanoparticles 

achieved a lower IC50 than with free drug, indicating that they were at least as efficacious as 

the traditional chemotherapeutics.

DISCUSSION

We synthesized two and three layer gold nanoparticles to analyze the effect of surface 

modifications on the loading and release kinetics of two commonly utilized 

chemotherapeutics, cisplatin and paclitaxel, representing hydrophilic and hydrophobic 

drugs, respectively. Two layer gold nanoparticles were synthesized through the addition of a 

TL layer and PC coating [26], thus creating a hydrophobic region accessible to water 

insoluble drugs such as paclitaxel (Figure 1). Besides aiding in drug entrapment, a PC 

coating was previously shown to significantly reduce nanoparticle cytotoxicity [42]. PC-

coated gold nanoparticles were synthesized by first displacing the citrate stabilizer with TL. 

The strong binding affinity felt by the head group of TL for the gold core creates water 

insoluble nanoparticles, as the hydrophobic tails of TL point outward from the gold cores 

(Figure 1). Addition of PC to the outer layer of TL re-establishes water solubility, as the tail 

of the PC molecule binds tail-to-tail with TL. This process is expected to effectively create a 

hydrophobic region between the TL and PC layers that can be utilized for loading 

hydrophobic drugs. The two layer nanoparticles may be considered analogous to liposomes, 

yet containing an inner gold core. Addition of the bilayer to the outside of gold nanoparticles 

is expected to increase the bioavailability and decrease immunogenicity, as PC is a primary 

component of cellular membranes.

Three layer gold nanoparticles were synthesized through the addition of HDL to the surface 

of PC-coated two layer gold nanoparticles. This modification is expected to enhance tumor-

targeting capabilities, especially for hepatocellular carcinoma as HDL receptors are 

unregulated in liver cancer [43]. Cisplatin was loaded after the addition of PC for the two 

layer gold nanoparticles or after the addition of HDL for the three layer gold nanoparticles, 

and expected to exhibit faster release kinetics in comparison to paclitaxel due to the 

weakness of the non-covalent linkages (Figure 1).

Nanoparticles were characterized to confirm proper synthesis and modifications. Currently, 

a set of characterization standards for characterizing nanoparticles does not exist [44], thus, 

this study utilized common instrumentation to ensure size, surface charge, and surface 

functionalization. While SEM (Figure 2) and DLS (Figure 3) are two common techniques 
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for determining nanoparticle size [45], measurement variances are often seen between 

samples using both instruments [46,47]. As the head groups of PC are negatively charged, it 

was expected that two layer nanoparticles would be moderately anionic. A previous study 

showed that the zeta potential of PC-coated nanoparticles varies based upon pH, from 14 

mV at pH=5 to −40 at pH=7 [48]. Due to the orientation of the PC onto the nanoparticles on 

top of the thiol compound, a slightly negative zeta potential was obtained. The zeta potential 

of HDL coated nanoparticles was expected to be more neutrally charged as HDL is a 

neutrally charged molecule [49], as confirmed in Table 1. Previous studies have shown that 

highly cationic or anionic nanoparticles experience increased uptake in the liver, thus 

inactivating the nanoparticles before they have time to reach the target destination and 

resulting in possible liver toxicity [50–52]. It has been shown that nanoparticles with a 

slightly negative charge may have low liver uptake and enhanced accumulation in solid 

tumors [50], thus suggesting that such nanoparticles will display improved biocompatibility, 

reduced RES sequestering, and enhanced drug delivery to solid tumors.

FTIR confirmed the presence of surface modifications by comparing the peaks of two and 

three layer gold nanoparticles to pure PC and HDL (Figure 4). Two layer gold nanoparticles 

coated with TL and PC were expected to have a large peak associated with –CH2 and –CH3 

groups (~3000 cm−1) along with phosphate group vibrations ~900 cm−1 [33,53]. While these 

bands were present in the nanoparticle spectra, the intensity of the peaks was diminished 

from the spectra of pure PC. This can be attributed to the layering process, as the PC is 

loaded on top of TL, and both are attached to gold cores. For HDL-coated nanoparticles, 

bands were expected to show with lipid esters between 1700–1800 cm−1 and two amide 

stretches between 1500–1700 cm−1 [54]. As the HDL is loaded on top of the PC-coated 

nanoparticles, PC representative peaks were expected to be visible in the spectra of the three 

layer gold nanoparticles.

Cisplatin release from two and three layer gold nanoparticles showed an initial burst during 

the first five hours followed by a steady release for the following 14 days (Figure 5 A–B). 

An initial burst is common for nanoparticles, yet is highly dependent upon surface polymers 

and strength of drug attachment [55]. As cisplatin was bound to the nanoparticles non-

covalently, the initial burst was expected. In comparison, paclitaxel showed a steady drug 

release profile (Figure 5 C–D). Minimal paclitaxel was released within 14 days from the 

two-layer formulation, which can be attributed to its tight encapsulation within the 

hydrophobic layer created by the TL and PC. While PC may be degraded inside the body, it 

will stay relatively intact in PBS, thus not allowing most of the drug to escape. However, the 

addition of HDL to the surface of PC disrupts the layer allowing for paclitaxel to slowly 

release from the hydrophobic region. This hypothesis is supported by the work of Scherphof 

et al. who determined that HDL could disrupt the structural integrity of liposomes 

synthesized with PC [56]. This effect could explain the difference between the two and three 

layer gold nanoparticles loaded with paclitaxel, showing a 5-fold increase in release from 

the three layer formulation coated with HDL in comparison to the two layer (Figure 5 C–D). 

This also suggests that the addition of HDL may not be creating an actual layer on the 

outside of the nanoparticles, but rather insert HDL into the PC layer.
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Paclitaxel release was best fitted by the simplified Higuchi model for the two layer 

nanoparticles and the Korsmeyer-Peppas model and zero-order kinetic model for the three 

layer nanoparticles, both with correlation values >0.98. For these nanoparticles, the long 

term sustained release could make them suitable candidates for therapeutic applications. 

Cisplatin release from two and three layer gold nanoparticles was best modeled by the 

Korsmeyer-Peppas equation. Both the simplified Higuchi model and Korsmeyer-Peppas 

models describe drug release from degrading matrix and polymeric systems, thus suggesting 

that the aggregate drug released from multi-layered gold particles confined within a dialysis 

bag may be modeled similar to a system which undergoes degradation. The Higuchi model 

is based upon the following assumptions: (1) diffusion of drug only occurs in a single 

dimension, (2) negligible matrix swelling and dissolution, (3) much smaller drug molecules 

than system thickness, (4) constant drug diffusivity, (5) release environment acts as a perfect 

sink, and (6) much higher drug solubility than matrix initial drug concentration [34]. The 

Korsmeyer-Peppas model is a semi-empirical relation also known as the Power law, in 

which the fraction of drug release is exponentially related to the time for release. Two main 

assumptions include the following: (1) the equation is only applicable for the first 60% of 

drug release and (2) the release must occur in a single dimension [34, 57]. The single 

dimension is constructed by the release of drug radially outward from the source, thus 

making it possible to model a 1-D problem.

For comparison, we also evaluated the Weibull model as a possible candidate for describing 

the drug release. While this model is a general empirical equation that is widely applied to 

drug release from pharmaceutical dosage forms, the model is limited by the inability to 

establish in vivo and in vitro correlation and the lack of parameters that can be related to the 

drug dissolution rate [57]. The Weibull model exhibited low correlation for cisplatin-loaded 

two and three layer gold nanoparticles, with R2 values of 0.7617 and 0.8792, respectively. 

The model was a somewhat better fit for the paclitaxel-loaded nanoparticles, with the two 

layer gold nanoparticles having R2=0.9313 and the three layer formulation R2=0.9743.

In contrast to polymeric or matrix nano-materials in which drugs are loaded within the 

nanocarrier structure, gold surfaces allow for drug molecule attachment via charge 

interactions and thiol-gold linkages that approach covalent bonds in strength. Based on 

desired release profiles and sequestration of molecules due to particular physical properties 

(such as charge and hydrophobicity), there may be applications for which a layered system 

is easier to design using gold instead of polymeric nano-materials. Thus, citrate gold 

particles represent an initial step to build a multilayer system on a gold surface, which can 

be used to elucidate interactions with cells. The next step would be to transition to a gold 

coated particle capable of absorbing light at a specified wavelength to generate heat and to 

use this energy to release drugs from the nanoparticle, thus leading to enhanced localized 

delivery. However, to enhance release requires particles which absorb light in a region 

transparent to tissue, such as near-infrared absorbing gold nanoparticles (nanorods, gold 

silica nanoshells or gold-sulfide aggregate nanoparticles). Colloidal gold particles are 

unsuitable for thermal absorption as the wavelength of light used to activate these particles 

(~540 nm) will harm living tissues due to absorption of energy at this wavelength [58].
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Enhanced understanding of hydrophilic and hydrophobic drug release kinetics from multi-

layered gold nanoparticles could result in the development of combinatorial treatment 

strategies targeting tumor cells. Future work will assess the efficacy of cisplatin and 

paclitaxel from TL, PC, and HDL coated versions of gold nanoparticles in vivo; a 

preliminary assessment of in vitro efficacy shows promise in this regard. Here, we have 

chosen to focus on the drug release kinetics as a first step in this evaluation. The results may 

further help to calibrate computational simulations that can provide insight into the complex 

dynamics of nanoparticle transport and drug release within solid tumors [59–62].
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FTIR Fourier Transform Infrared

HDL High Density Lipoprotein
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NSCLC Non-small cell lung cancer

PBS phosphate buffered saline

PC L-α-Phosphatidylcholine

PEG poly (ethylene glycol)

RES Reticulo-endothelial System
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TFA Trifluoroacetic acid

TL 1-Hexadecanethiol
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Highlights

• Hydrophilic and hydrophobic drug release was assessed from layered Au 

nanoparticles

• Layers were –thiol/phosphatidylcholine, or both plus high density lipoprotein

• Layers help to modulate hydrophilic and hydrophobic drug release kinetics

• High density lipoprotein enhances long term release of hydrophobic drug

• Korsmeyer-Peppas kinetic model best described each drug release scenario
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Figure 1. 
Nanoparticles were synthesized with either two or three layers, in which a lipid containing a 

hexadecanethiol (TL) head group was applied to the gold surface. This displaced the citrate 

stabilizer, forming a hydrophobic nanoparticle. The addition of phosphatidylcholine (PC) to 

the solution promoted water solubility as the hydrophobic tails of PC bound the tails of TL. 

The two layer gold nanoparticles (A) were compared to three layer nanoparticles (B), in 

which HDL was further added to alter the in vivo reactivity, drug release profile, and 

enhancement of tumor targeting.
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Figure 2. 
Gold nanoparticles were characterized using UV-Vis spectroscopy to determine the 

maximum absorbance wavelength and with scanning electron microscopy (SEM) for size 

analysis. (A) The maximum absorbance of two and three layer gold nanoparticles was 540 

nm and 541 nm, respectively. (B) SEM showed the size of two layer gold nanoparticles at 

47.1 ± 12.6 nm and three layer gold nanoparticles at 62.8 ± 14.9 nm.
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Figure 3. 
Gold nanoparticles were characterized using dynamic light scattering (DLS) to determine 

hydrodynamic size in solution and with zeta potential to determine surface charge. (A) The 

hydrodynamic size of two and three layer gold nanoparticles was determined to be 74.91 ± 

13.3 nm and 85.26 ± 18.7 nm, respectively. (B) Two layer gold nanoparticles exhibited an 

anionic charge of −20 mV, while three layer gold nanoparticles were more neutrally charged 

at −2 mV.
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Figure 4. 
Gold nanoparticle surface modifications were confirmed using Fourier Transform Infrared 

Spectroscopy (FTIR). The peaks were matched with those of pure phosphatidylcholine (PC) 

and HDL. The PC-coated two layer gold nanoparticles exhibited multiple peaks that were 

used for conformation, including a [(-CH2)n] rocking vibration ~720 cm−1, a PO4
3− group 

vibration between 820–1000 cm−1, C-O-C stretch ~1100 cm−1, - CH2 stretching and 

scissoring (1375 and 1470 cm−1). The HDL-coated three layer gold nanoparticles exhibited 

several peaks including: asymmetric and symmetric –CH2 (2880 cm−1), –CH3 (2950 cm−1) 

stretch and vibration, C=O from the lipid ester between 1700–1800 cm−1, amide bond 

stretches between 1500–1700 cm−1 and a phospholipid P=O2 stretch ~1250 cm−1.
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Figure 5. 
Hydrophilic and hydrophobic drug release profiles from gold nanoparticles coated with PC 

and TL (two layer), or PC, TL, and HDL (three layer). (A) Cisplatin-loaded two layer gold 

nanoparticles exhibited a burst during the first 5 hours, with ~35% of drug being released. A 

steady release followed over the next 14 days. (B) Cisplatin-loaded three layer gold 

nanoparticles also experienced an initial burst with ~70% of encapsulated drug being 

released within the first 5 hours. Drug release then became steady for the next 14 days. (C) 

Paclitaxel release from two layer gold nanoparticles was steady with only ~20% of 

encapsulated paclitaxel released during the 14 days. (D) Almost 100% of paclitaxel 

encapsulated within three layer gold nanoparticles was released by 14. Error bars represent 

standard deviation (n=3).
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Figure 6. 
Paclitaxel release from three layer gold nanoparticles (points, representing average values) 

fitted to kinetic models (lines). The first 60% of cumulative release was fitted to each kinetic 

model: zero-order kinetic model by plotting cumulative % drug release vs. time, first-order 

kinetic model by plotting log of % drug remaining vs. time, simplified Higuchi model by 

plotting cumulative % drug release vs. square root of time, and Korsmeyer-Peppas model by 

plotting log cumulative % drug release vs. log time. Both the zero-order kinetic and the 

Korsmeyer-Peppas models showed high correlation with R2>0.98.
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Table 2

Drug Incorporation Efficiency of Two and Three Layer Gold Nanoparticles

Nanoparticle Surface Modification Incorporated Drug Drug Incorporation Efficiency (%)

Citrate Gold TL-PC Cisplatin 68.4 ± 7.1

Citrate Gold TL-PC-HDL Cisplatin 78.9 ± 4.9

Citrate Gold TL-PC Paclitaxel 99.1 ± 0.7

Citrate Gold TL-PC-HDL Paclitaxel 99.4 ± 0.4
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Table 4

Assessment of efficacy of drug-loaded Two and Three Layer Gold Nanoparticles in 3D cell culture with three 

non-small cell lung cancer (NSCLC) cell lines.

A

Incorporated Drug Cell Line Type IC50 (μM)

Cisplatin

A549

Free Drug 26.6 ± 3.0

Two Layer 14.8 ± 0.4

Three Layer 15.9 ± 1.2

H358

Free Drug 32.9 ± 3.4

Two Layer 17.4 ± 0.4

Three Layer 10.8 ± 1.3

PC9

Free Drug 16.6 ± 4.5

Two Layer 13.4 ± 1.4

Three Layer 7.6 ± 2.4

B

Incorporated Drug Cell Line Type IC50 (nM)

Paclitaxel

A549

Free Drug 38.3 ± 4.2

Two Layer 28.5 ± 6.9

Three Layer 34.2 ± 2.6

H358

Free Drug 45.6 ± 8.1

Two Layer 19.0 ± 1.0

Three Layer 25.2 ± 3.3

PC9

Free Drug 30.7 ± 4.6

Two Layer 20.0 ± 1.6

Three Layer 24.4 ± 2.0
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