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ABSTRACT 

Gold nanorods (AuNRs) hold tremendous potential to improve the diagnosis and therapeutic 

options across the blood-retinal barrier to treat retinal diseases. For clinical ophthalmological 

translation, a fundamental understanding of how their physicochemical properties such as size, 

shape, charge, surface chemistry, and concentration, impact their stability biological 

environments, mechanism and efficiency of uptake, and toxicity is a necessity. Here we 

interrogated the uptake efficiency, biocompatibility, and stability of two subtypes of AuNRs with 

different types of surface coatings and varying charges, including a commercially available set of 

AuNRs with a 5 nm mSiO2-polymer coating and hybrid lipid-coated AuNRs developed in-house. 

Confocal and bright field microscopy images showed uptake of both subtypes of AuNRs in retinal 

pigment epithelium (RPE), neural progenitor (NP), and baby hamster kidney (BHK) cells. 

Transmission electron microscopy (TEM) confirms both types of AuNRs are taken up into the 

cytoplasm of the cells; however, larger aggregates of AuNRs are observed with the more positive 

and “sticky” AuNRs with a 5 nm mSiO2-polymer coating than the slightly negative hybrid lipid-

coated AuNRs. Inductively Coupled Mass Spectroscopy (ICP-MS) confirm that ~3,000 of the 
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slightly negative hybrid lipid-coated AuNRs cells and ~5,400 of the positively charged AuNRs 

with a 5 nm mSiO2-polymer coating (+35 mV) are taken up into RPE and BHK cell lines. Stability 

studies in a variety of cellular media showed that hybrid lipid-coated AuNRs are stable and 

disaggregated in water, 10 mM PBS buffer pH 7, and BHK media except for NP media. In contrast, 

the positively charged AuNRs with a 5 nm mSiO2-zeta polymer coating aggregated in all media, 

indicating more interactions with each other and components of the media. Bright-field and TEM 

confirm the presence of large aggregates of AuNRs on the surface and within the cytoplasm. 

Cytotoxicity studies both subtypes of AuNRs have an 80 ± 8 %  cell viability, indicating mild 

toxicity. The hybrid lipid-coated AuNR with the cell-penetrating peptide had the least 

toxicological impact with a  > 92 ± 7 % cell viability. Our study highlights the importance of 

evaluating the impact of the physicochemical features of each new nanoparticle design on their 

stability in biologically relevant environments and their impact on cellular uptake and toxicity in 

stem cell-derived therapeutic cells. Here we also provide a simple design strategy for tuning the 

surface chemistry of robust hybrid lipid-coated AuNRs to enhance cellular uptake to label stem 

cells with minimal aggregation and toxicity. 
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INTRODUCTION  

The exploitation of nanotechnologies for modern medicine is still on a steep upward trajectory 

towards clinical translation as new materials with novel properties are discovered and as we gain 

a better understanding of how these materials interface and behave with biological systems.1-10 A 

range of nanomaterials are sought for use as drug delivery, imaging, cell labeling, and targeting 



agents or as biological sensors for several disease areas, which include cancer, cardiovascular 

disease, Alzheimer's, and more recently COVID-19. The potential use of nanomaterials in the field 

of ophthalmology is also gaining traction as these have the power to improve the safety and 

efficacy of current therapies or surgical intervention11 and improve the diagnoses of retinal 

diseases such as retinitis pigmentosa, age-related macular degeneration, glaucoma, and retinal 

neovascularization.12  

Thus far, most of the nanomaterials developed ophthalmology applications have been 

amphiphilic molecules, metals, or polymers.12 Polymeric nanoparticles are typically comprised of 

polyamidoamine (PAMAM), poly-lactic acid (PLA), poly-lactic-co-glycolic acid (PLGA), and 

polyglycolic acid (PGA)13-18 while amphiphilic molecules are in the form of liposomes19-21 and 

have been used drug delivery agents. Metal-nanoparticles such as silver and gold have also been 

used as antiangiogenic agents in retinal diseases such as AMD10, 22-23 These types of nanomaterial-

based delivery systems have increased the bioavailability of drugs, improved the rate of drug 

release, and reduced dosing or injection frequency compared to traditional methods for retinal 

diseases such as diabetic retinopathy, which require a series of intravitreal injections with anti-

vascular endothelial growth factor (VEGF) antibodies.24-28 Therefore, the construction of safe 

nanomaterials with features and properties that allow them to cross the blood-retinal barrier (BRB) 

for delivery of topical application or intraocular injections is of significant interest. 

Another important area where nanotechnologies a growing in importance in ophthalmology 

and medicine is cell-based regenerative therapies (RMTs), which hold enormous potential for a 

variety of incurable diseases including kidney,29 liver,30 diabetes31, and retinal degeneration.32 The 

slow translation of RMTs in retinal cell-transplantation therapy, from bed to bench side is hindered 

by the lack of convincing data regarding their safety and efficacy in preclinical models before 



applying those therapies to humans. Current methods for evaluating cell-based therapies rely on 

histological analysis of tissues post-mortem. This approach requires many animals to be sacrificed 

at multiple time points to gain insight into cell migration and integration after transplantation. 

Therefore, alternative strategies for visually tracking stem cells are crucial. Recent studies show 

that nanomaterials can be used for labeling stem cells for in vivo tracking using imaging 

technologies such as X-ray, fluorescence, and optical coherence tomography (OCT) imaging.33-34 

Although many contrast agents are well established for various imaging modalities,35-36 37-39 to 

date there is still a limited number of well-defined nanomaterials for OCT imaging or stem cell 

labeling, which are at the laboratory development stage.40 These include carbon nanotubes,41 

magnetic nanoparticles,42 and silicon nanoparticles,43 which mostly operate in the NIR-I window 

(650-950 nm) with small scattering cross-sections in the NIR-II window (1000-1700 nm).  Hence, 

recent efforts are focused on developing contrast agents that operate in the NIR-II window for 

OCT for imaging at the micron-scale resolution. Gold nanoparticles (AuNPs) are of particular 

interest for OCT because they have strong localized surface plasmon resonance (LSPR) for 

interaction with light44 and can be tuned towards the NIR-I and NIR-II windows.45-46 Studies show 

that the size and shape of AuNPs, nanospheres,47-48 nanocages, nanoshells,49-51 nanobipyramids,40 

branched AuNPs,52 nanoprisms,53 nanorods,54-59 and nanodisks,60 have high scattering efficiencies 

and OCT contrast when the SPR band is within the central operating wavelength of the OCT.61-62 

Silver nanoparticles (AgNPs),63 silica-coated gold nanostars,64 silica-coated silver nanorods 

(AgNRs),65-66 and titanium oxide (TiO2)
67 also have high scattering efficiencies. For cell labeling 

studies nanomaterials such as quantum dots,68 luminescent nanoparticles,69 iron oxide 

nanoparticles,70, and AuNPs71-72 have been employed as they produce intense signal sensitivity to 

detect a low number of cells with a distinct advantage over reporter genes.40 However, all labeling 

probes suffer from signal dilution during cell division or probe leakage making it difficult to track 



the cells long-term.40 To overcome this challenge researchers are selecting and exploiting proteins 

such as epidermal growth factor receptor73 or HER-274 and targeting peptides to enhance uptake 

and targeting of cells or subcellular organelles.75 To advance cell-based therapies, new designs of 

nanomaterials will be forthcoming and there is an unmet need to understand how the 

physicochemical properties of the nanomaterials influence nanoparticle uptake and performance 

inside the cell without altering its function and inducing toxicity or an immune response.  

With the limited amount of nanomaterial-based OCT contrast and cell-labeling agents 

available for tracking cell-based therapies, there are still few systematic studies of nanoparticle-

cell interactions that enable us to understand how the physicochemical features (size, shape, 

surface charge, surface ligands) dictate their stability, uptake efficiency, nanoparticle-biological 

interactions, and toxicity in ocular environments or retinal cells.76,77 Regardless, numerous studies 

show that the physicochemical properties significantly dictate the stability of nanoparticles, their 

circulation time, the efficiency of cellular internalization, mechanism of uptake, clearance, and 

relative toxicity in vitro and in vivo.78-80, 81-86 For example, studies have shown that a surface charge 

plays a role in nanoparticle-biological interactions and cellular uptake of nanoparticles.87-96 

Nanoparticles with a positive charge are known to enhance cellular uptake to improve the efficacy 

of imaging, gene transfer, and drug delivery.97 Consequently, positively charged nanoparticles 

have also been shown to have higher toxicity.98-99 In contrast, other studies show that the cationic 

charge can be masked with serum proteins that bind to the surface and minimize toxicity.100 The 

formation of a protein corona on the nanoparticle surface plays a pivotal role in nanoparticle 

interactions, mechanism of uptake and efficiency, and toxicity with biological systems.52, 57-59 101-

105 Since these physicochemical features have the power to dictate the behavior and properties of 

nanomaterials it is important to understand how these properties of each new nanoparticle type 



influence their mechanism of uptake, efficiency, and any potential adverse effects on therapeutic 

stem cells that would be placed in a living eye. 

Here we describe the synthesis and study of two subtypes of AuNRs that absorb in the 

NIR-II region with two different surface coatings to evaluate their cellular uptake, nanoparticle-

interactions, and toxicity in different cell lines, which include retinal pigment epithelium (RPE) 

and neuronal progenitor cell (NP) cells. Previously we showed that lipid-membranes anchored by 

long-chained hydrophobic thiols are biocompatible coatings that can stabilize gold nanoparticles 

(AuNPs)106-110 and silver nanoparticles (AgNPs) of various sizes and shapes that do not undergo 

membrane rearrangement, unlike traditional liposomes.111-112 Furthermore, the hybrid lipid-coated 

AuNPs and AgNPs show minimal to no toxicity in vivo and instability under harsh biological 

environments.111, 113 Hence, this coating strategy is expected to produce safe AuNRs with minimal 

toxicity to stem cell-derived therapeutic cells. We compared the effect of the hybrid lipid-coated 

AuNRs (Scheme 1, A)  to a commercially set of AuNRs with 5 nm mesoporous silicon shell coated 

with a proprietary polymer (Scheme 1, B) reported to enhance cellular uptake. Confocal and 

bright-field microscopy were used to examine the stability of the coated-AuNRs in biological 

media, their cellular uptake efficiency, and cellular toxicity was compared. Inductively coupled 

Mass Spectroscopy (ICP-MS) and Transmission Electron Microscopy (TEM) was used to quantify 

the amount of AuNRs taken up and their localization in cells. Our studies show that the coatings 

have a profound effect on AuNR stability, cellular uptake efficiency, and biocompatibility with 

stem cell-derived therapeutic cells. 

 



 

Materials and Methods 

Reagents. Aqueous solutions of gold citrate-capped nanorods (69 nm x 12 nm) were from 

NanoComposix.com, and gold mSiO2-capped nanorods with zeta polymer (55 nm x 10 nm or 96 

nm x 25 nm) were purchased from Nanopartz.com Sodium oleate was from TCI America, while 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-(cysarginylglycylaspartate-

maleimidomethyl)cyclohexane-carboxamide] (PE-RGD), 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine 

B sulfonyl) (PE-LRSH) were purchased from Avanti Polar Lipids. Cetyltrimethylammonium 

bromide (CTAB), 95% L--phosphatidylcholine (PC), TWEEN20, and 95% 1-hexanethiol (HT) 

were purchased from Sigma Aldrich. Sodium phosphate monobasic monohydrate and sodium 

Scheme 1. Cartoon of Gold Nanorods with Hybrid Lipid Membrane or 5 nm mSiO2 and Polymer 

Layer 

 



phosphate dibasic heptahydrate were from BDH Chemicals. Potassium cyanide (KCN) and 

chloroform were from Mallinckrodt. Methanol was from OmniSolv. Nanopure water was from a 

Milli-Q ultra-pure system. Baby hamster kidney (BHK) (ATCC), neural progenitor cells (NP) 

(Stem Cell Technologies), and retinal pigment epithelial (RPE) cell lines generated at the Oregon 

National Primate Center were used for cell culture studies. All other reagents were used as 

received. 

 

Liposome Preparation. Thin films comprised of a 9:1 ratio of PC:PE-LRSH (45 µL of 21.6 mM 

PC and 285 µL of 379 µM PE-LRSH in CHCl3), 6:3:1 ratio of PC:PE-LRSH:DOTAP or PC:PE-

LRSH:CTAB (30 µL of 21.6 mM PC, 285 µL of 379 µM PE-LRSH, 27 µL of 11.9 mM DOTAP, 

or 35 µL of 9.15 mM CTAB in CHCl3), 8:1:1 ratio of PC:RGD:PE-LRSH (40 µL of 21.6 mM PC, 

157 µL of 171 µM RGD in methanol, and 285 µL of 379 µM PE-LRSH in CHCl3), or 7:1:1:1 ratio 

of PC:RGD:PE-LRSH:DOTAP (35 µL of 21.6 mM PC, 157 µL of 171 µM RGD in methanol, 285 

µL of 379 µM PE-LRSH, and 9 µL of 11.9 mM DOTAP in CHCl3) were prepared by solvent 

evaporation under N2 gas. The total number of moles of lipids in each film was 1.08 µmol. 

Following N2 evaporation the thin films were dried under vacuum for 12 h before the addition of 

2 mL of 10 mM sodium phosphate buffer at pH 8.0. The film was vigorously shaken to resuspend 

the lipids followed by sonication for 90 min until the cloudy solution turned transparent. 

 

Preparation of hybrid lipid-coated AuNRs. Sodium oleate (SOA) (2.2 µL of 9.3 mM in H2O) 

was added to 1 mL of AuNRs with an optical density (OD) of 1.1 in H2O and stirred for 20 min. 

To the AuNR-SOA solution, 7.4 µL of 0.54 mM of the liposome solution was added and then 

incubated for 40 min. This was followed by the addition of 0.2 µL of 5 mM hexanethiol (HT) in 

ethanol that was stirred for 30 min. The resulting hybrid lipid-coated AuNRs were buffered with 



10 μL of 1 M sodium phosphate buffer at pH 8.0. To purify the hybrid lipid-coated AuNRs, the 

sample was incubated with 10 µL of 10 mM TWEEN20 for 20 min at 25 oC to disrupt and 

destabilize any “nanoparticle-free” liposomes. A Thermo Scientific Sorvall ST 40R at 4700 rpm 

using GE Healthcare ultracentrifuge concentrators with a PES membrane (Vivaspin 20, MWCO = 

10 kDa) for 10 rounds at 4 min each were used to remove free lipids, sodium oleate, and thiol. The 

final hybrid AuNR-SOA-Liposome-HT was resuspended in 10 mM sodium phosphate buffer at 

pH 8.0. 

 

Stability Studies. To determine if the AuNRs are completely covered by the hybrid lipid 

membrane, the AuNR-SOA-Liposome-HT were exposed to KCN (20 μL of 307 mM in H2O) at a 

final concentration of 6 mM for 24 h. The percent change in the λmax and absorbance was monitored 

with UV-Vis to assess the hybrid AuNR membrane stability. For stability studies, AuNRs were 

incubated at 5x10^10 AuNRs/ml in either BHK and RPE cell culture media (DMEM, 10% fetal 

bovine serum (FBS), and 1% Penicillin Streptomycin (PS)), water, 1% PBS pH 7.4, or serum-free 

NP media. Following 24 h at 37C, samples were imaged using brightfield microscopy. 

 

Optical Measurements and Fluorescence Imaging. UV-vis spectra were recorded on a 

Shimadzu UV-3600 UV-vis-NIR spectrophotometers using a 1 cm quartz cuvette. Fluorescence 

measurements were conducted on samples containing the LRSH fluorophore using a PTI 

spectrophotometer with Felix32 software with a quartz cuvette at an excitation of 568 nm and an 

emission of 580 nm to check for free dye after purification. For evaluation of the AuNR uptake 

into the cells, a Leica TCS SP5 Confocal Microscope with fluorescence and bright-field imaging 

was used. 



Transmission Electron Microscopy (TEM). For TEM imaging, 500,000 BHK cells were plated 

into 24-well culture plates and treated with 5x105 AuNR, #8, 9, 0, and 1 untreated well for 24 h. 

Cells were washed 3x with 1x 10 mM PBS pH 7.4, dissociated with 0.25% trypsin, centrifuged, 

and fixed with 4% PFA. For visualization of nanoparticle uptake in cells, specimens were prepared 

via microwave fixation and traditional embedding in Eponate 12 (Ted Pella; Redding CA). 

Fixation, dehydration, and resin infiltration were conducted in a BioWave microwave processor 

(Ted Pella Inc., Redding CA). Specimens were fixed in 3% glutaraldehyde buffered with 0.1M 

cacodylate, post-fixed in 1% osmium tetroxide buffered with 0.1M cacodylate. Samples were then 

dehydrated in a graded water/acetone series, resin-infiltrated in a graded acetone/resin series, and 

cured overnight in a 60 ºC oven. After ultrathin sectioning to <100 nm, one split of samples was 

left unstained to minimize contrast due to staining and maximize contrast due to the presence of 

metal nanoparticles. The second split of ultrathin specimens was stained using standard protocols 

(Dykstra 1993) for uranyl acetate and lead citrate to allow for typical ultrastructural imaging. 

Ultrathin section ribbons were floated onto carbon-coated (300 Å) Formvar films on copper grids 

from Ted Pella. Transmission electron micrographs were acquired on a Tecnai F-20 FEI 

microscope using a CCD detector, at an acceleration voltage of 200 kV.  Images were analyzed 

using ImageJ Software.  

 

Cell Culture and AuNR Uptake Studies. BHK and RPE cell lines were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) with 10% FBS and 1% PS at 37 ℃ in a humidified 5% CO2 

atmosphere, while the NP cell lines were cultured in STEMdiff medium.  To evaluate cell uptake, 

150,000 cells were seeded into each well of a 4-well chamber slide (Lab-Tek). After 24 h 

incubation, the culture medium was replaced with a fresh medium containing the different AuNR 

samples with concentrations ranging from 1.6 x109 to 4.0 x 1012 AuNRs/mL depending on the 



study herein. After the cells were further incubated for 24 h, they were washed 3 times with 1% 

PBS buffer pH 7.4 to remove any AuNRs adsorbed on the cell surface. The cells were subsequently 

fixed for 5 min using 4% paraformaldehyde (Sigma-Aldrich) to evaluate AuNR uptake in the 

varying cell lines using a Leica confocal microscope under fluorescence and bright field. 

 

MTS Assay. To determine cytotoxic effects of AuNR uptake, the viability of cells after AuNR 

uptake was compared. Ten thousand BHK cells were seeded into each well on a 96 well-plate and 

incubated for 24 h in medium (DMEM with 5% FBS) that is replaced with a fresh medium 

containing the AuNRs #1, #3, #8, #9, and #10 (Table 1) at three concentrations of each AuNR 

type (1.0 x 108, 1.0 x 109, and 1.0 x 1010) in each well. After 24 h of incubation, the cells were 

washed with DPBS and fresh medium (100 µL) was added to each well. MTS solution (20 µL) 

was subsequently added to each well and after 3 h of incubation, absorbance was measured using 

a Spectramax M5 multi-mode plate reader at 490 nm. A well with only media and 20 µL of MTS 

solution was used to determine and subtract out background noise from the readings. The cell 

viability (%) for each nanoparticle type relative to control was calculated. 

 

Determination of Intracellular Uptake of AuNRs by ICP-MS. For quantitative determination 

of AuNR uptake, BHK and RPE cell lines were cultured in 6-well plates (Corning). When the cells 

reached 80% confluence, the culture medium was replaced with fresh DMEM containing the 

AuNR samples at a concentration of 5x1010 AuNRs/mL at 37℃. After 24 h of incubation, the 

samples were collected in a centrifuge tube and washed 3 times with 1% PBS buffer pH 7.4 by 

centrifugation at 200 g for 5 min and then frozen until ICP-Analysis.  The frozen cell pellets were 

submitted to the Elemental Analysis Core at Oregon Health and Science University (OHSU) to 

determine the concentration of Au. Samples were digested directly in the provided centrifuge tubed 



by adding 100 μL aqua regia (75 μL HCl (trace metal grade, Fisher) and 25 μL HNO3 (trace metal 

grade, Fisher)) to each cell pellet and briefly heating them to 90°C for 45 min. Samples were 

cooled down to ambient temperature and digestion was continued at room temperature overnight. 

The samples were then diluted with 1 % HCl (trace metal grade, Fisher) containing 1 % cysteine 

to a total volume of 1 mL. Samples were vortexed to check for complete digestion after dilution. 

For ICP-MS measurements were further diluted with 1 % cysteine in 1 % HCl into 15 mL metal-

free polypropylene tubes. ICP-MS analysis was performed using an Agilent 7700x equipped with 

an ASX 500 autosampler. The system was operated at a radio frequency power of 1550W, an Ar 

plasma gas flow rate of 15 L/min, and an Ar carrier gas flow rate of 0.9 L/min. Au was measured 

in NoGas mode. Data were quantified using a 10-point (0, 0.05, 0.1, 0.2, 0.5, 1, 5, 10, 50) ppb 

(μg/kg)) calibration curve. For each sample, data were acquired in triplicates and averaged. A 

coefficient of variance (CoV) was determined from frequent measurements of a sample containing 

10 ppb Au. An internal standard (Sc, Ge, Bi) continuously introduced with the sample was used to 

correct for detector fluctuations and to monitor plasma stability. 

 

Statistical Analysis. Data were expressed as means and stanRdard errors. Statistical significance 

was determined using analysis of variance or t-test. P<0.5 was considered statistically significant.  



 

RESULTS AND DISCUSSION 

Gold Nanorods (AuNRs) with Modified Surface Coatings 

In this study, AuNRs with a variety of coatings were prepared to study the effects of surface 

chemistry on cellular uptake and toxicity. One subtype of AuNRs with a mSiO2 layer and a 

proprietary polymer was purchased from Nanopartiz.com, while the other subtype was prepared 

in-house with a lipid membrane anchored to the AuNR core with hexanethiol (HT) that was 

assembled through a layer-by-layer approach (Scheme 1). Briefly, sodium oleate (SOA) was 

added to a 1 mL aqueous solution of minimally citrate-capped AuNR (1.0 O.D.) for 20 min. The 

citrate-capped AuNRs were purchased from NanoComposix.com with an average length of 69.7 

± 7.3 nm and width of 12.1 ± 0.8 nm. The AuNR concentration was 1.8 x 1011 AuNRs/mL with a 

zeta potential of -38.5 mV. The AuNR-SOA solution was incubated with preformed liposomes for 

40 min before the addition of HT. The AuNR-SOA-lipid-HT solution was then incubated for a 

Table 1. Physical Properties of hybrid lipid-coated AuNRs and commercially available AuNRs with 

a mSiO2 and polymer layer 

 



minimum of 30 min to ensure the membrane was tightly packed and completely covering the 

AuNR surface. A minimal amount of lipids is used to cover the AuNR surface thereby reducing 

the “nanoparticle-free” liposomes in the solution. The number of lipids needed to completely coat 

each AuNR was determined from the number of nanoparticles and the dimensions of the AuNR 

(See Supporting Information). A variety of liposome formulations with fluorescent dyes, 

cationic or anionic ligands, and cell-penetrating peptides are used for coating the AuNRs. A 

fluorophore-labeled lipid, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) (PE-LRSH), is incorporated for visual confirmation of cellular uptake using 

confocal fluorescence microscopy. Cetylammonium bromide (CTAB) and 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) are expected to add a positive surface charge to the 

AuNRs, which is expected to enhance the cellular uptake of the AuNRs compared to neutral or 

negative charged nanoparticles. DOTAP is a well-known cationic transfection agent that is used 

to enhance the delivery of liposomes114 and liposome-coated115 nanomaterials for drug delivery, 

and although excess CTAB is toxic, only a small amount was integrated into the membrane 

scaffolding to enhance cellular uptake. Similarly, the lipid-conjugated cell-penetrating peptide, 

distearoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-(cysarginylglycylaspartate-

maleimidomethyl)cyclohexane-carboxamide] (PE-RGD), is expected to enhance uptake.  After 

assembly, the hybrid lipid-coated AuNRs were purified by ultracentrifugation before their use in 

cell culture studies to remove any excess lipids, thiol, dye-conjugated lipids, or SOA. It is 

important to remove any excess fluorescent dye from the solution after synthesis to avoid their 

confounding effects on the tracking of hybrid-lipid-coated AuNRs with liposome formulations 

containing PE-LRSH. Fluorescence spectra were taken of fluorescent-labeled hybrid lipid-coated 

AuNRs and the filtrate before and after purification to confirm that the hybrid AuNR solutions 

contained no free PE-LRSH dye. 



The addition of a hybrid lipid-membrane to the AuNR does not change the optical 

properties of the AuNR as no significant shift in the localized surface plasmon resonance (LSPR) 

band is observed. The zeta potential measurements for all purified hybrid lipid-coated AuNRs and 

commercially purchased AuNRs used in this study are reported in Table 1. The mSiO2/polymer-

coated AuNRs all had a positive surface charge varying from + 5 mV to + 50 mV, while the hybrid 

lipid-coated AuNRs have a slightly negative zeta potential is at -5 to -7 mV even when cationic 

ligands such as DOTAP incorporated into the platform. The DOTAP, CTAB, PE-LRSH, and PC 

ligands have an overall neutral or positive charge, therefore the slight negative charge comes from 

the SOA molecules incorporated into the AuNR platform since the ratio of lipids:SOA:HT is 4:2:1 

where there is a greater amount of SOA than ligands with cationic charges.  

Previous studies show that hybrid lipid-coated AuNPs and AgNPs are resistant to strong 

oxidants only when the membrane is tightly packed around the nanoparticle surface.106-107, 116 

Therefore, to ensure that the AuNRs are completely covered by an intact hybrid bilayer, potassium 

cyanide (KCN) a well-known etchant, is added to every batch of hybrid-lipid coated AuNRs 

prepared. Briefly, a 700-fold excess of KCN was added to 1 mL hybrid-lipid coated AuNRs (1.1 

O.D.), and the LSPR band at λmax 980 nm was monitored over 24 h (Figure 1). No shift in the λmax 

or change in the O.D. was observed before (Figure 1, (i)) or after 24 h incubation with CN- (Figure 

1, (ii)). This indicates that the AuNRs were completely covered with a tightly packed membrane 

arrangement and are consistent with what was previously observed.106-107 Similarly, when citrate-

capped AuNRs without a hybrid lipid-coating are exposed to CN- there is a rapid change in color 

from red to colorless within seconds and disappearance of the LSPR band (Figure S1). Hybrid 

lipid-coated AuNRs that are completely shielded and that are stable in the presence of strong 

oxidants are expected to have minimal interactions with biomolecules that could destabilize the 

nanoparticles in vitro or in vivo by undergoing ligand exchange with the lipids or by binding 



directly with the gold surface. Consequently, these hybrid lipid-coated AuNRs are less likely to 

induce toxicity.  

 

 

Cellular Uptake Studies of Lipid-Coated Hybrid AuNRs  

Before AuNRs can be employed in ophthalmology applications as a diagnostic or 

therapeutic agent, it is necessary to evaluate their uptake in cells and potential toxicity. An 

increasing number of studies during the last decade show that the physicochemical properties of 

nanomaterials, size, shape,117 surface chemistry,118-120 and charge,121-123 influence their cellular 

uptake, which is also dependent on the cell type.124-126  Therefore, it is important to screen each 

new type of nanomaterial and its impact on cellular uptake and toxicity. Here a comparative study 

of a variety of hybrid-lipid coated AuNRs and the commercially purchased AuNRs with the mSiO2 

layer and proprietary polymer was carried out to evaluate how the surface coatings and their charge 

influence their efficiency of uptake, biocompatibility, and localization in Baby hamster kidney 

 
Figure 1. A) Representative UV-Vis Spectra of 1 mL AuNR-PC:PE-LRSH:DOTAP (6:1:3) i) 

before and ii) after 1 h , and iii) 24 h incubation with 20 L 307 mM KCN. All samples were in 

10 mM sodium phosphate buffer pH 8.0. 



cells (BHK), the retinal pigmented epithelium (RPE), and neural progenitor (NP) cells. BHK cells 

are stable, transparent, or non-pigmented, and inexpensive cells that are routinely maintained and 

easy for screening and visualizing nanomaterial uptake. RPE cells are highly pigmented from 

melanin and phagocytotic, therefore, a great number of nanoparticles are expected to be taken up 

in this cell type. NP cells are of interest because these cells are transformed into glial and neuronal 

cell types. Furthermore, both RPE and NP cells are used in clinical trials as cell replacement 

strategies to repair vision loss. These cell lines are important for our study to demonstrate the 

potential of AuNRs for stem cell labeling and tracking using OCT imaging.127-131   

The two subtypes of AuNRs applied to BHK, RPE, and NP cell lines. The BHK and RPE 

cells were grown and incubated in DMEM media with 10% fetal bovine serum and 1% 

penicillin/streptomycin at 37C in 5% CO2 in 24-well plates in triplicate, while the NP cell lines 

were cultured in STEMdiff medium. Cellular uptake was visualized by using confocal laser 

scanning microscopy using fluorescently-labeled AuNRs. Briefly, AuNR-SOA-PC:PE-LRSH-HT 

(PC:PE-LRSH ratio 9:1) were incubated with 150,000 RPE cells (Figure 2) for 24 h in DMEM 

media. Confocal microscopy images at 40x magnification show that with increasing the 

concentrations of AuNR-SOA-PC:PE-LRSH-HT, 1.6 x 109 to 3.3 x 1010 AuNRs/mL, there is an 

increase in red fluorescence of the AuNR-SOA-PC:PE-LRSH-HT indicating higher AuNR uptake 

as more nanoparticles enter the cell (Figure 2). No fluorescence is observed in control samples 

without AuNR (Figure 2A) and at lower applied AuNR concentrations at 1.6 x 109 

nanoparticles/mL (Figure 2B).  The blue fluorescence observed is from the DAPI dye used to stain 

the nucleus of the cell. Similarly, when AuNR-SOA-PC:PE-LRSH-HT were incubated with BHK 

cells for 24 h, at applied concentrations ranging from 3.3 x 108 to 3.3 x 1010 nanoparticles/mL, a 

proportional increase in the fluorescence is observed with an increase in AuNRs concentrations 

(Figure S2) and no fluorescence is observed when AuNRs are absent or are present in low 



concentrations. The observed fluorescence in BHK and RPE cells is not due to free PE-LRSH 

because before cell studies the hybrid lipid-coated AuNRs are extensively washed until no free 

dye is observed in the filtrate. Therefore, the observed fluorescence in the cells is because of 

AuNR-SOA-PC:PE-LRSH-HT internalization into the cell. 

 

 

While bright-field imaging is not possible with RPE cells because of their highly pigmented 

nature, the bright-field images of AuNRs in BHK cells showed that observed red fluorescence 

overlap where the presence of AuNRs is observed to be physically localized in the cells. Note that 

 

Figure 2. Confocal laser scanning microscopy images at 40x magnification of RPE cells A) before 

and B) after the addition of AuNR-SOA-PC:PE-LRSH-HT at an applied concentration of 1.6 x 109 

AuNRs/mL, C) 3.3 x 109 nanoparticles AuNRs/mL, D) 1.6 x 1010 AuNRs/mL, and E) 3.3 x 1010 

AuNRs/mL. Blue fluorescence is from the DAPI stained nuclei and red is from the LRSH labelled 

AuNRs. The scale bars indicate 50 µm. Cell concentration is 150,000 cells/mL. 

E) 3.3 x 1010 nps/mL D) 1.6 x 1010 nps/mL C) 3.3 x 109 nps/mL

B) 1.6 x 109 nps/mL A) No GNR

40x images



the fluorescence observed is not due to individual dye molecules or many dye molecules 

conjugated onto a single AuNR. Instead, the observed fluorescence is due to many dye molecules 

on a cluster of nanoparticles as the microscopy images are taken at 40x magnification where single 

nanoparticles cannot be differentiated at microscale resolution. Z-stack analysis of single cells 

shows that fluorescence is observed throughout the cell confirming that AuNR-SOA-PC:PE-

LRSH-HT are internalized into the cells and not only located on the surface of the cell. 

Furthermore, magnification at the micron scale of a single cell shows that the AuNR-SOA-PC:PE-

LRSH-HT clusters localized in the cytoplasm of the cell surrounding the nucleus in both BHK and 

RPE cells (Figure 3). BHK cells in the absence of DAPI nuclear staining show that the AuNR-

SOA-PC:PE-LRSH-HT are in the cytoplasm surrounding a dark center where the nucleus should 

be present (Figure 3A). Similarly, in the RPE cells, when the nucleus is stained with DAPI, 

fluorescence is observed surrounding the nucleus (Figure 3B) with little to no overlap of PE-

LRSH fluorescence overlapping the blue DAPI dye confirming that the AuNRs are mostly 

localized in the cytoplasm of the cell. Furthermore, the incubation of AuNR-SOA-PC:PE-LRSH-

HT with RPE and BHK cells show no morphological changes or visible signs of cell death are 

observed within 24 h indicating that AuNRs are biocompatible in vitro. Lastly, while the 

mechanism of uptake was not evaluated in these preliminary studies, it is expected that the AuNRs 

enter the cell through endocytosis and accumulate in the cytoplasm as visualized by the red 

fluorescence surrounding the blue DAPI stained nucleus (Figure 3B). These studies demonstrate 

large (70 x 12 nm hybrid lipid-coated AuNRs with zwitterionic ionic lipids can enter BHK and 

RPE cells easily with minimal impact on cell health that is confirmed from cytotoxicity studies, 

vide infra. 

  

 



 

The Effect of Surface Charge of Modified AuNRs 

To evaluate the effect of surface charge on the efficiency of uptake AuNRs of the same 

size and varying charges were studied. AuNRs with hybrid lipid-coated AuNRs were modified 

with cationic DOTAP or CTAB ligands and the AuNRs with the mSiO2 layer with the proprietary 

polymer with conjugated LRSH or Cyanine (Cy3) dyes and with varying zeta potentials were 

purchased (Table 1). Liposomes prepared with PC, PE-LRSH, and DOTAP or CTAB in a 6:1:3 

ratio were coated onto AuNRs and anchored with HT to yield AuNR-SOA-PC:PE-LRSH-

DOTAP-HT and AuNR-SOA-PC:PE-LRSH-CTAB-HT. The AuNR-SOA-PC:PE-LRSH-

DOTAP-HT were incubated with BHK cells with varying concentrations of AuNRs/mL in DMEM 

for 24 h. Qualitative inspection of the confocal microscopy images taken at 40x magnification 

revealed an increase in red fluorescence surrounding the DAPI stained nucleus with increasing 

 
Figure 3. Confocal laser scanning microscopy images (left 40x and right 63x magnification) of 

A) BHK and B) RPE cells after incubation with an applied concentration of 5 x 1010 AuNRs/mL 

of AuNR-SOA-PC:PE-LRSH for 24 h in DMEM with 150,000 cells/mL. Blue fluorescence is 

from DAPI stained nuclei and red is from PE-LRSH labeled AuNRs. The scale bars equal 50 µm 

resolution.  



concentrations of AuNR-SOA-PC:PE-LRSH-DOTAP-HT (Figure 4A). That is when comparing 

AuNR- SOA-PC:PE-LRSH-DOTAP-HT at 4.1 x 1010 AuNRs/mL (Figure 4A) to a similar 

concentration of AuNR-SOA-PC:PE-LRSH-HT (5 x 1010 AuNRs/mL) (Figure 3B) without 

DOTAP, there is a noticeable increase in the red fluorescence AuNR-SOA-PC:PE-LRSH-

DOTAP-HT around the cell nuclei suggesting more AuNR-SOA-PC:PE-LRSH-DOTAP-HT 

uptake. A similar increase in fluorescence is observed when AuNRs are prepared with CTAB, 

another cationic ligand (Figure S3). Confocal and bright-field images of AuNR-SOA-PC:PE-

LRSH-CTAB-HT with a 6:1:3 ratio of PC:PE-LRSH:CTAB show a similar enhancement 

fluorescence and clustering of AuNRs in the cellular cytoplasm of BHK cells (Figure S4) 

compared to AuNR-SOA-PC:PE-LRSH-HT (Figure 3A) at similar concentrations (5 x 1010 

AuNRs/mL). This confirms that when cationic ligands are present there is increased uptake of 

hybrid lipid-coated AuNR into cells. The increased cellular uptake of lipid-coated hybrid AuNRs 

containing DOTAP or CTAB suggests different mechanisms are responsible for the cellular uptake 

and needs to be investigated further. Lastly, visual inspection showed noticeable cell death with 

AuNR-SOA-PC:PE-LRSH-CTAB-HT compared to AuNR-SOA-PC:PE-LRSH-CTAB-HT. This 

is not surprising as CTAB is known to be toxic and is not an ideal ligand for coating 

nanoparticles.132-134  



 

In contrast, incubation of AuNR-mSiO2-polymer-Cy3 nanoparticles with an average length 

of 55 nm and width of 10 nm with a zeta potential of +5 mV and an applied concentration of 8 x 

1010 AuNRs/mL with BHK cells in DMEM for 24 h showed an increase in red fluorescence 

surrounding the DAPI stained nucleus from the Cy3-conjugated onto the polymer on the AuNR 

surface (Figure 5A). This suggests that AuNRs-mSiO2-polymer-Cy3 are also being taken up into 

the cytoplasm of the cells. With increasing applied concentrations of AuNR-mSiO2-polymer-Cy3 

from 8 x 1010 AuNRs/mL to 4 x 1012 AuNRs/mL there is the increasing appearance of red 

 
Figure 4. A) Confocal laser scanning microscopy images at 40x magnification with a 4x digital 

zoom and B) bright-field images of AuNR-SOA-PC:PE-LRSH-HT incubated at a) 4.1 x 1010 

nps/mL b) 8.3 x 1010 nps/mL and c) 4.1 x 1011 nps/mL incubated with 150,000 RPE cells per mL 

for 24 h in DMEM. Blue fluorescence is the DAPI stained nuclei and red are PE-LRSH-labeled 

AuNRs. The scale bars indicate 50 µm. 



fluorescence that eventually overlaps with the DAPI stained nucleus (Figure 5A, b-e). This 

overlap in fluorescence suggests that the AuNRs-mSiO2-polymer-Cy3 are localized in the 

cytoplasm as well as the exterior cell surface as supported in the bright field images where an 

abundance of AuNRs-mSiO2-polymer-Cy3 nanoparticles completely cover the cell body (Figure 

5B, e). In both BHK and RPE cells, there is an accumulation of AuNRs inside and outside of the 

cells and the AuNRs appear aggregated (Figure S5). The aggregation of nanomaterials is known 

to play a significant role in hindering the cellular uptake of nanomaterials.135-137   While the 

confocal and bright-field images appear to show greater uptake of AuNR-mSiO2-polymer-Cy3 

nanoparticles with a zeta potential of +5 mV compared to hybrid lipid-coated AuNRs with an 

overall slightly negative zeta potential, in general, it at higher concentrations 4 x 1012 AuNRs/mL 

there is a loss of cell adhesion to the culture dish and globular GNR aggregation. 

 

 

 
Figure 5: Representative A) confocal laser scanning microscopy images and B) bright-field 

images at 40x magnification of BHK cells a) without AuNRs and BHK cells incubated with 

increasing concentrations of AuNR-mSiO2-polymer-Cy3 at b) 8.0 x 1010 nps/mL b) 4.0 x 1011 

nps/mL, c) 8.0 x 1011 nps/mL and d) 4.0 x 1012 nps/mL. All AuNR samples were incubated with 

150,000 cells/mL for 24 h in DMEM. Blue fluorescence is the DAPI stained nuclei and red are 

Cy3-labeled polymer-coated mSiO2 layered AuNRs. The scale bars indicate 50 µm. 
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To further investigate the impact of increasing the cationic charge of the mSiO2 polymer-

coated AuNRs, a series of AuNRs-mSiO2-polymer-LRSH nanoparticles with an average length of 

95 nm and width of 25 nm with increasing positive zeta potential (Table 1) were incubated with 

BHK cells (Figure 6). The applied AuNRs-mSiO2-polymer-LRSH concentration (5 x 1010 

AuNRs/mL) are the same in each sample with 150,000 cells/mL. It should be noted that this 

subtype of AuNRs is “sticky” and adheres to the surfaces such as pipette tips when working with 

them. Representative confocal and microscopy images show that all AuNRs are taken up into the 

BHK cells and to varying degrees based on the amount of fluorescence observed (Figure 6). 

Surprisingly, while the bright field images (Figure 6B) show lots of nanoparticle aggregates an 

increase in fluorescence is not observed with an increasing cationic charge of the AuNRs (Figure 

6A). Variable fluorescence is observed when AuNRs-mSiO2-polymer-LRSH with zeta potentials 

of +8, +30, + 35 mV, and +50. Minimal or no fluorescence is observed with AuNRs-mSiO2-

polymer-LRSH with + 8 and + 50 mV (Figure 6A). Closer inspection of images shows punctate 

fluorescence staining from AuNRs-mSiO2-polymer-Cy3 at +5 mV and AuNRs-mSiO2-polymer-

LRSH at + 30 mV zeta potential (Figure 6B) indicating some internalization of the AuNRs in the 

cytoplasm of the cells surrounding the DAPI stained nucleus. In contrast, globular fluorescence is 

observed with AuNRs-mSiO2-polymer-LRSH with a + 30 mV zeta potential (Figure 6A) 

suggesting a lack of internalization as confirmed in the bright field images where the AuNRs 

appear to be agglomerated on the surface (Figure 6B). Based on these observations the cationic 

AuNRs-mSiO2-polymer-LRSH nanoparticles have a greater propensity for nanoparticle-

nanoparticle interactions and the agglomerates observed are most likely due to the interaction of 

the AuNRs-mSiO2-polymer-LRSH with proteins in the media that affects nanoparticle stability 

and cellular uptake.  



 

Interestingly, in a qualitative comparison, with the number of AuNRs-mSiO2-polymer-

LRSH nanoparticles visibly present in the BHK cells (Figure 7B and 8B), it is interesting to note 

that the fluorescence is not as bright compared to the hybrid lipid-coated AuNRs of a similar 

concentration and magnification (Figure 2 and 3). In some cases, there is minimal, or no 

fluorescence observed particularly with AuNRs-mSiO2-polymer-LRSH that highly positive zeta 

potential (Figure 6A). A major difference between the AuNRs-mSiO2-polymer-LRSH and the 

hybrid lipid-coated AuNRs is the surface charge and ligand coating on the AuNR surface. The 

AuNRs-mSiO2-polymer-LRSH is coated with a proprietary positively charged polymer coating 

that is very “sticky” such that it interacts with the pipette tips and cell culture plates compared to 

the hybrid lipid-coated AuNRs. Their inherent “sticky” nature is the driving force between 

nanoparticle-nanoparticle, nanoparticle-protein, nanoparticle-cell interactions. The level of 

nanoparticle-nanoparticles and nanoparticle-cell interactions is seen in Figure 7 where the AuNRs 

 
Figure 6: Representative A) confocal laser scanning microscopy images and B) bright-field 

images at 40x magnification with a 4x digital zoom of BHK cells incubated with 5.0 x 1010 

AuNRs/mL of AuNR-mSiO2-polymer-LRSH with increasing positive charge (right to left). All 

AuNR-mSiO2-polymer-LRSH samples were incubated with 150,000 cells/mL for 24 h in DMEM. 

Blue fluorescence is the DAPI stained nuclei and red are LRSH-labeled polymer-coated mSiO2 

layered AuNRs. The scale bars indicate 50 µm. 
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are internalized into the cytoplasm as aggregates surrounding the nucleus and are on the surface 

of the cell. The result nanoparticle-nanoparticle interactions observed here are hypothesized to 

induce a fluorescence quenching effect and are consistent with that observed with aggregation of 

polymeric and metal-based nanomaterials.138-141 The level of nanoparticle aggregation observed 

with the AuNRs-mSiO2-polymer-LRSH on the surface of cells would not be a concern for 

applications where the goal is to visualize the delivery therapeutics and cell death, it could be 

problematic if AuNR-labeled cells were to be used in cell transplantation studies. Since these 

surface-bound AuNRs could dissociate from the surface and migrate to non-transplanted cells in 

the eye leading to false positives using bioimaging methods designed to track transplanted cells. 

 

 

 
Figure 7: Representative A) confocal fluorescence microscopy and B) bright-field images at 63x 

magnification of BHK cells incubated with 5.0 x 1010 AuNRs/mL of AuNR-mSiO2-polymer-Cy3 

(55 x 10 nm) with + 5 mV zeta potential and AuNR-mSiO2-polymer-LRSH (96 x 25 nm) with a 

+ 35 mV zeta potential. All mSiO2-polymer-AuNR samples were incubated with 150,000 cells/mL 

for 24 h in DMEM. Blue fluorescence is the DAPI stained nuclei and red are Cy3 or LRSH dye-

labeled polymer-coated mSiO2 layered AuNRs. The scale bars indicate 50 µm. 
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The effect of Cell-penetrating peptides on cellular uptake 

In addition to modifying the surface of the AuNRs cationic charge, the AuNRs were also 

modified with the cell-penetrating peptides RGD, as another strategy for enhancing the cellular 

uptake and biocompatibility of the AuNRs. Hybrid lipid-coated AuNRs were prepared RGD 

peptides with and without DOTAP, AuNR-SOA-PC:PE-RGD:PE-LRSH (lipid ratio of 8:1:1), and 

with AuNR-SOA-PC:PE-RGD:PE-LRSH:DOTAP (lipid ratio of 7:1:1:1). The combination of the 

RGD peptide and DOTAP was employed to examine if the addition of the RGD and cationic agent 

further enhances cellular uptake than the cationic ligand or cell-penetrating peptide independently. 

A comparison of representative confocal microscopy images of AuNR-SOA-PC:PE-RGD:PE-

LRSH:HT and AuNR-SOA-PC:PE-RGD:PE-LRSH:DOTAP-HT shows a similar amount of red 

fluorescence in NP cells (Figure 8, B and C) suggesting that a similar amount of AuNRs are taken 

up into the NP cell. Furthermore, when AuNR-SOA-PC:PE-RGD:PE-LRSH:HT and AuNR-SOA-

PC:PE-RGD:PE-LRSH:DOTAP-HT (5 x 1010 AuNRs/mL) are compared to AuNR-SOA-PC:PE-

LRSH:DOTAP-HT (4.1 x 1010 AuNRs/mL), which has a 6:1:3 ratio of PC:PE-LRSH:DOTAP, a 

similar amount of red fluorescence is observed (Figure 8A). Similar levels of cellular 

internalization are observed AuNR-SOA-PC:PE-RGD:PE-LRSH:HT and AuNR-SOA-PC:PE-

RGD:PE-LRSH:DOTAP-HT in BHK cells (Figure S4). The zeta potential of all these hybrid 

lipid-coated AuNRs is similar (-7.8 to -4.4 mV). Therefore, similar uptake of these types of AuNRs 

is expected, and an increase in RGD peptide content of cationic ligands in the liposome formulation 

is expected to enhance the internalization of the AuNRs. Despite the variance in coating and except 

for the AuNR platform with CTAB, the addition of RGD or DOTAP in varying composition into 

the liposome formulation did have any significant visually observable adverse effects on BHK, 

RPE, and NP cell health with hybrid lipid-coated AuNRs and suggests that these nanoparticles are 

biocompatible. Furthermore, these observations are consistent with that previous studies where 



similar hybrid lipid-coated spherical AuNPs (10-20 nm) and triangular plate-shaped AgNPs (32 

nm) of various size and shapes with a similar hybrid lipid-coating are found to be non-toxic and 

biocompatible in vivo using embryonic zebrafish model.106, 110, 112  

 

Quantitative Cellular Uptake Studies (ICP-MS) and TEM 

 To confirm that the AuNR platforms are taken into the cytoplasm and not just adhering to 

the surface of the cell, inductively coupled plasma mass spectrometry (ICP-MS) was used to 

quantify the number of AuNRs taken up per cell for both subtypes.  Approximately 5 x 1010 

AuNRs/mL of AuNR-SOA-PC:PE-LRSH:DOTAP, AuNR-SOA-PC:PE-RGD:PE-LRSH, or 

 
Figure 8. Confocal laser scanning microscopy images of NP cells incubated with 5 x 1010 

AuNRs/mL of A) AuNR-SOA-PC:PE-LRSH:DOTAP-HT B) AuNR-SOA-PC:PE-LRSH:PE-

RGD-HT and C) AuNR-SOA-PC:PE-LRSH:PE-RGD-DOTAP-HT in DMEM for 24 h. Blue 

fluorescence is the DAPI stained nuclei and red are PE-LRSH-labeled AuNRs. The top panel is at 

40x magnification, and the bottom panel is at 40x magnification with a 4x digital zoom. The scale 

bars indicate 50 µm. 
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AuNRs-mSiO2-polymer-LRSH with a + 35 mV zeta potential were applied and incubated with 1 

x 106 BHK cells/mL in DMEM media at 37 ℃ for 24 h. The cells were harvested by centrifugation 

and washed with copious amounts of 10 mM PBS buffer pH 7.4 to remove surface-bound AuNRs. 

The cells were digested using standard protocols for ICP-MS analysis to detect the Au content left 

in the washed samples.  The Au content and the dimensions of the AuNRs were used to estimate 

the number of AuNRs internalized per cell (Supporting Information). After 24 h approximately 

5400 AuNRs-mSiO2-polymer-LRSH with a + 35 mV zeta potential were detected in the BHK 

cells. In contrast, about 3067 and 3126 of AuNR-SOA-PC:PE-RGD:PE-LRSH and AuNR-SOA-

PC:PE-LRSH:DOTAP-HT, were found to be internalized into the BHK cells. The similar amount 

of cellular uptake of the hybrid lipid-coated AuNRs is consistent with comparable levels of 

fluorescence observed in the confocal fluorescence microscopy images (Figure 6 A and B). While 

the ICP-MS analysis shows the AuNRs-mSiO2-polymer-LRSH with a + 35 mV zeta potential had 

~2300 more AuNRs more than the hybrid lipid-coated AuNRs, the fluorescence is not as bright 

because of the self-quenching from aggregation. Similar differences in uptake are observed with 

AuNRs-mSiO2-polymer-LRSH with a + 50 mV zeta potential, AuNR-SOA-PC:PE-RGD:PE-

LRSH, and AuNR-SOA-PC:PE-LRSH:DOTAP-HT in phagocytotic RPE cells (Figure S6). 

Interestingly, AuNRs-mSiO2-polymer-LRSH with a + 50 mV nanoparticles show minimal or no 

fluorescence even with less aggregation (Figure 6A), and higher nanoparticle cellular uptake 

(Figure S6) than the hybrid lipid-coated AuNRs. The amount aggregation and uptake observed 

for the  AuNRs-mSiO2-polymer-LRSH nanoparticles are consistent with visual cellular assessment 

by bright field-microscopy in both cell lines. Since cell membranes are predominantly negatively 

charged, the probability of cationic AuNRs interacting with the surface of the negatively charged 

cells and proteins in the media is greater. It is also possible that because of the “stickiness” of the 

AuNRs-mSiO2-polymer-LRSH nanoparticles that not all the surface-bound AuNRs were removed 



by washing and could also explain the higher intracellular uptake observed for the AuNRs-mSiO2-

polymer-LRSH nanoparticles (Figure 9). 

 

Transmission electron microscopy (TEM) was also used to visually confirm the 

intracellular localization of the AuNRs. The AuNR-SOA-PC:PE-RGD:PE-LRSH was incubated 

with BHK cells for 24 h followed by TEM imaging with and without an objective aperture (Figure 

10). The TEM images black granules inside of the BHK cell cytosol, further confirming that the 

lipid-coated AuNR hybrids are taken up into the cells.  The 69 x 12 nm AuNRs can be seen 

localized into lysosomal compartments in small clusters or as single nanoparticles (Figure 10A). 

Not surprisingly, the AuNRs-mSiO2-polymer-LRSH nanoparticles with +50 mV appeared 

glomerated inside of the cell and are consistent with the confocal and bright field microscopy 

imaging. 

 
Figure 9: Quantification of AuNR uptake in BHK cells by ICP-MS. 5x10 AuNRs/mL of A) 

AuNRs-mSiO2-polymer-LRSH at + 35 mV, B) AuNR-SOA-PC:PE-LRSH:DOTAP, C) AuNR-

SOA-PC:PE-RGD:PE-LRSH was incubated with 106 BHK cells/mL for 24 h in DMEM at 37℃. 

Data reported as average number of AuNRs/cell from triplicate trials. 



 

Evaluating the effect of cell culture medium on nanoparticle stability 

The stability of nanomaterials is influenced by chemical and physical transformations upon 

contact with biological environments such as saliva, blood, and media. For example, when 

nanoparticles are exposed to the bloodstream they interact with opsonin proteins that attach to the 

surface of the nanoparticles forming a protein corona.101-104, 52, 57-59  Protein-nanoparticle interaction 

then triggers the mononuclear phagocytic system that recognizes the protein-nanoparticle 

complexes for clearance and accumulates in the liver and spleen. Concomitantly, this results in 

low targeting efficiency, poor delivery of drug and imaging agents, and toxicity. The surface 

 
 

Figure 10: Transmission electron microscopy imaging of BHK cells after 24 h incubated with 

AuNR-PC:PE-RGD:PE-LRSH (8:1:1) (#9 Table 1) stained with 1% Osmium tetroxide (A) with 

objective aperture and (B) without objective aperture. TEM images reveal accumulation of AuNRs 

as black granules in cytosol (red arrows), and C) AuNRs-mSiO2-polymer-LRSH nanoparticles #5 

unstained. The scale bars indicate 500 nm (2 left columns) and 1 µM (far right column and bottom). 

 



chemistry of the nanoparticles can also trigger aggregation resulting in nanoparticle-nanoparticle 

interactions from components of the media such as proteins.78, 142-144 While aggregated 

nanoparticles in the cell can lead to longer intracellular retention of AuNRs and is a desirable 

property for cell-labeling and imaging,145 in most cases nanoparticle aggregation in the media is 

not desired. Large aggregates formed outside of the cell are not expected to be taken up easily as 

seen with transferrin-coated AuNPs135-136 and can significantly affect uptake efficiency and 

cytotoxicity. Stability studies in cell culture media are important to examine the effect of the 

nanoparticle coating on nanoparticle stability resulting in aggregation from nanoparticle-

nanoparticle interactions and nanoparticle-cell interactions, which affect cellular uptake efficiency 

and cytotoxicity.146 Therefore, to understand the impact of the media on the stability of the AuNRs, 

hybrid lipid-coated AuNRs and AuNRs-mSiO2-polymer-LRSH were incubated in water, 10 mM 

PBS buffer pH 7.4, NP media, and DMEM (Figure 11). AuNRs-mSiO2-polymer-LRSH 

nanoparticles with zeta potentials at + 50 mV and + 35 mV show various levels of aggregation in 

all four media used in the study (Figure 11 A and B). AuNRs-mSiO2-polymer-LRSH 

nanoparticles with a + 50 mV zeta potential show significant aggregation NP media followed by 

10 mM PBS buffer pH 7.4 (Figure 11A), while AuNRs-mSiO2-polymer-LRSH nanoparticles with 

a + 35 mV zeta potential show a significant amount of aggregation in water > NP media > DEMEM 

> 10 mM PBS buffer (Figure 11B). Interestingly, the AuNRs-mSiO2-polymer-LRSH 

nanoparticles with a + 35 mV zeta potential is less aggregated in 10 mM PBS pH 7.4 < DMEM < 

NP media suggesting the pH and the components play a role in the stabilization of the AuNRs by 

minimizing nanoparticle-nanoparticle interactions. The hybrid lipid-coated AuNRs, the AuNR-

SOA-PC:PE-RGD:PE-LRSH:HT with a -4.8 mV and AuNR-SOA-PC:PE-RGD:PE-

LRSH:DOTAP-HT with -6.6 mV zeta potentials were mostly stable in all media except NP media 

(Figure 11C and D). The AuNR-SOA-PC:PE-RGD:PE-LRSH:DOTAP-HT shows significant 



aggregation in NP media and slight aggregation in 10 mM PBS buffer pH 7.4 (Figure 11D) while 

AuNR-SOA-PC:PE-RGD:PE-LRSH:HT with the more negative zeta potential showed significant 

aggregation in NP media (Figure 11C). All subtypes of AuNRs show significant aggregation in 

NP media, which suggests that specific protein(s) or small molecules in this media type interacts 

with the AuNR surface to drive nanoparticle-nanoparticle interactions. The AuNR-SOA-PC:PE-

RGD:PE-LRSH:DOTAP-HT has a slightly more negative charge than AuNR-SOA-PC:PE-

RGD:PE-LRSH:HT nanoparticles allowing for more nanoparticle interactions with small 

molecules or proteins in the media. Similarly, the AuNRs-mSiO2-polymer-LRSH nanoparticles 

with a + 50 mV zeta potential (Figure 11A) show more aggregation in the NP media than the 

subtype with a + 35 zeta potential (Figure 11B). The aggregation observed in the media explains 

why so many AuNRs-mSiO2-polymer-LRSH are surrounding the cell. Both BHK and RPE cells 

in DMEM were used for the quantification of cellular uptake by ICP-MS, where less aggregation 

was observed for AuNRs-mSiO2-polymer-LRSH, AuNR-SOA-PC:PE-LRSH:DOTAP, and 

AuNR-SOA-PC:PE-RGD:PE-LRSH. Although less aggregation is observed for the hybrid lipid-

coated AuNRs compared to AuNRs-mSiO2-polymer-LRSH, higher uptake is observed with the 

positively charged nanoparticles according to the ICP-MS studies. Although the hybrid lipid-

coated AuNRs have a slight overall negative charge that would hinder uptake into negatively 

charged cells about 3000 AuNRs are taken up in each cell. These observations suggest that a 

unique protein corona is formed around positively and negatively charged AuNRs to produce 

surface chemistry with different functional groups that allow for different cellular uptake 

efficiencies via receptor-mediated endocytosis.147-152 In studies with serum proteins, over 70 

different proteins can be adsorbed with different grafting densities on the nanoparticle surfaces.142 

It is likely that the same type and number of proteins in the DMEM are presented on the AuNRs-



mSiO2-polymer-LRSH, AuNR-SOA-PC:PE-LRSH:DOTAP, and AuNR-SOA-PC:PE-RGD:PE-

LRSH nanoparticles that result in similar uptake in BHK and RPE cells observed by ICP-MS. 

 

 

 

 

 

 

 
Figure 11: Representative white light microcopy images at 10x magnification after incubation of 

5 x 1010 nps/mL A) AuNRs-mSiO2-polymer-LRSH at + 50 mV, B) AuNRs-mSiO2-polymer-LRSH 

at + 35 mV, C) AuNR-SOA-PC:PE-RGD:PE-LRSH-HT at -4.8 mV and D) AuNR-SOA-PC:PE-

RGD:PE-LRSH:DOTAP-HT at -6.6 mV in water, 10 mM PBS pH 7.4, NP serum free media and 

BHK DMEM media for 24 h. AuNRs show up as accumulations of small black granules. 

 



Cytotoxicity Studies 

Despite the great potential of AuNRs for diagnostic, drug delivery, imaging, and therapeutic 

applications their possible toxicity has become a concern that must be addressed if we are to 

advance them for in vivo applications.  That is, their safety and biocompatibility are of paramount 

importance if they are to be used for stem cell labeling or imaging agents in ophthalmology 

applications. Therefore, we carried out a comparative study of the effect of the surface coatings on 

the cytotoxicity of the two subtypes of AuNRs. Briefly, 10,000 BHK cells were exposed to varying 

concentrations 5.0 x 108 to 5.0 x 1010 AuNRs/mL for 24 h. The AuNRs-mSiO2-polymer-Cy3 (#1), 

AuNRs-mSiO2-polymer-LRSH (#3), AuNR-SOA-PC:PE-LRSH:DOTAP-HT (#8), and AuNR-

SOA-PC:PE-RGD-PE:LRSH:DOTAP-HT (#10) decreased the cell viability to 80 ± 8 % with 

increasing concentrations of AuNRs indicating mild toxicity. In contrast, the AuNR-SOA-PC:PE-

RGD:PE-LRSH-HT (#9) showed very minimal cell death (92 ± 7 %) indicating this platform with 

the least negative charge is the most biocompatible with increasing concentrations. Although the 

surface chemistry of the hybrid lipid-coated AuNRs is different and the shape of the nanomaterials 

is rod-shaped, the results are consistent with previous in vivo zebrafish embryonic studies that 

show when spherical gold or triangular-plate silver nanomaterials coated with a membrane-

anchored by a long-chained hydrophobic thiol the nanomaterials are biocompatible.110, 112 These 

studies also suggest that nanoparticles with neutral or slightly negative charge might be more 

appropriate for long-term cell viability of stem cell-derived therapeutic cells.  

 

 

 



 

Conclusion 

Here we have evaluated the stability, cellular uptake, localization, and toxicity of two different 

types of AuNRs with different coatings, a mSiO2 with a polymer layer and hybrid lipid membrane 

coating, with three different cell types. Two of these cell lines are stem cell-derived therapeutic 

cells that are used in stem cell replacement strategies in clinical trials. Confocal and TEM 

microscopy showed that both subtypes of AuNRs readily internalized into the cytoplasm of BHK, 

RPE, and NP cell lines. Based on fluorescence studies a greater uptake of hybrid lipid-coated 

AuNRs is observed with cationic ligands such as DOTAP or cell-penetrating ligands such as RGD 

is incorporated into the membrane platform. In contrast, while a greater amount of positively 

charged AuNRs-mSiO2-polymer-LRSH type nanoparticles are taken up in BHK and RPE cell lines 

compared to hybrid lipid-coated AuNRs and are found to exist as aggregates in the cytoplasm of 

the cells. Stability studies in cell media containing a variety of proteins and small molecules show 

 
Figure 12: Viability of 10,000 BHK cells exposed to AuNRs with different coatings and surface 

charge. The cells were exposed to varying concentrations of AuNRs from 5.0 x 108 to 5.0 x 1010 

of coated AuNRs listed in Table 1 (#1, #3, #8, and #10) for 24 h. The cell viability was measured 

by MTS assay. The results were calculated as percentages relative to the control of untreated cells. 

The experiment was repeated 3 times for each of the coated AuNR sample.  

 



that the surface charge plays a significant role in nanoparticle stability. All the positively charged 

AuNRs-mSiO2-polymer-LRSH nanoparticles show significant nanoparticle-nanoparticle 

interaction in water and 10 mM PBS buffer at pH 7.4, which is mostly due to the “sticky” nature 

of the polymer layer and this interaction is enhanced greatly in the presence of media with small 

molecules and proteins. The slightly negatively charged hybrid lipid-coated AuNRs show greater 

stability in cell media and minimal nanoparticle-nanoparticle interactions indicating they are less 

susceptible to protein-nanoparticle interaction, with the only exception being the NP media where 

some aggregation is observed. This is not surprising since other positively charged nanoparticles 

are known to interact with proteins compared to negative or neutral nanoparticles. In the presence 

of most of the AuNR subtypes, the cell viability was 80%, except for the least negatively charged 

hybrid lipid-coated AuNR, AuNR-SOA-PC:PE-RGD:PE-LRSH-HT (#9), which had a cell 

viability of 92%. While it was a bit surprising that the AuNRs-mSiO2-polymer-LRSH 

nanoparticles that even with the significant level of aggregation observed that a greater number of 

these nanoparticles are internalized, and that significant toxicity are not observed. This study also 

confirms that the formation of a protein corona can mask the nanomaterials to minimize toxicity. 

It is therefore likely that the uptake mechanism for both subtypes of AuNRs is different and that 

the protein corona formed on positively and slightly negative AuNRs is different for both 

platforms. Overall, our studies show that both AuNRs-mSiO2-polymer-LRSH and hybrid lipid 

membrane-coated AuNRs are good platforms for enhancing cellular uptake of AuNRs into stem 

cell-derived therapeutic cells without significantly disrupting cell health. However, the design 

features of the hybrid lipid membrane platform are versatile for easily producing libraries of 

AuNRs with varying membrane compositions that allow for controlling the charge, concentration 

of targeting, or drugs that can be cleaved from the nanoparticle surface. The flexible approach to 

tuning the surface chemistry of the AuNRs with the hybrid lipid membrane strategy provides 



opportunities for us to explore targeting specific cells in the eye or permanently label the cells to 

prevent nanoparticle migration out of the desired cell that we want to track visually with various 

imaging modalities. We expect that future investigations will demonstrate that these nanomaterials 

will be safe nanoparticle stem cell labels that will allow us to track therapeutic stem cells in vivo 

to investigate their safety and efficacy. 
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