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Background: Clinical data show shed endothelial glycocalyx (GCX) components in blood 

samples of atherosclerotic patients, linking atherosclerotic development to endothelial GCX 

integrity. Healthy GCX has pores no .7 nm, and shed GCX has even larger pores. Therefore, 

we suggest targeting and treating atherosclerosis-prone blood vessels by using nanoscale vehicles 

to deliver drugs via the nanoscale GCX as it becomes dysfunctional.

Materials and methods: To test our idea, we investigated permeability of nanoparticles in 

endothelium, as related to a GCX expression. The present work involves nanorods, which are 

expected to interact with larger portions of endothelial cell (EC) membranes, due to surface area 

of the nanorod long axis. Conventional nanorod diameters are orders of magnitude larger than 

the GCX pore size, so we adapted conventional synthesis methods to fabricate ultrasmall gold 

nanorods (GNRs). Our ultrasmall GNRs have an aspect ratio of 3.4, with a length of 27.9±3.1 

nm and a diameter of 8.2±1.4 nm. In addition, we produced GNRs that are biocompatible and 

fluorescently visible, by coating the surface with functionalized polyethylene glycol and Alexa 

Fluor 647. To study GNR–GCX interactions, we used human ECs, for species relevance.

Results: Under life-like flow conditions, the human ECs are densely covered with a 1.3 µm thick 

layer of GCX, which coincides with minimal GNR permeability. When the GCX is weakened 

from lack of flow (static culture) or the presence of GCX degradation enzyme in the flow stream, 

the GCX shows 40% and 60% decreased thickness, respectively. GCX weakness due to lack 

of flow only slightly increases cellular permeability to GNRs, while GCX weakness due to the 

presence of enzyme in the flow leads to substantial increase in GNR permeability.

Conclusion: These results clarify that the GCX structure is an avenue through which 

drug-carrying nanoparticles can be delivered for targeting affected blood vessels to treat 

atherosclerosis.

Keywords: human endothelial cells, gold nanoparticles, nanorods, glycocalyx, heparan sulfate

Introduction
Atherosclerosis is a disease characterized by blood vessel wall thickening and hardening 

due to growth of plaques filled with infiltrated lipids and other unwanted substances.1 

The disease affects millions of adults in the USA2 and more worldwide. Precursors 

to atherosclerosis include dysfunction of the vasculoprotective endothelial cell (EC) 

lining of the inner blood vessel wall3 and loss of the EC surface-attached glycocalyx 

(GCX)3–6 that is involved in regulating vascular permeability.7

The endothelial GCX is a sugar-based nanoscale structure.7 A healthy GCX has a 

pore size of 7 nm.8,9 In diseased or dysfunctional conditions, the pore sizes increase, 

allowing for enhanced permeability through to the ECs and other parts of the blood 
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vessel wall.8,9 Just as GCX dysfunction coincides with athero-

sclerosis plaque initiation and growth, the increase in GCX 

permeability may present a potential avenue for enhanced 

delivery of anti-atherosclerotic treatments. Therefore, we sug-

gest targeting and treating atherosclerosis-prone blood vessels 

by using nanoscale vehicles to deliver drugs via the nanoscale 

GCX pores as they grow due to conditions of dysfunction.

Nanotechnology has soared within the past two decades, 

with countless applications in a wide range of fields, from 

semiconductors10–12 to food science13 to medicine.14 Nano-

particle development, in particular, has grown with respect to 

new approaches for characterization and formulations, with an 

increase in a variety of available nanoparticle types.15–20 Further-

more, for medical applications and improved intravascular drug 

delivery, it is now possible to fine-tune and control the drug-

carrying nanoparticle physical parameters, including shape, in 

accordance with local structures in the regions of interest.

Rod-shaped nanoparticles have the advantage of long 

axes that have large surface areas for enhanced interaction 

with the ECs on blood vessel walls (Figure 1).21 At present, 

the cetyltrimethylammonium bromide (CTAB)-based GNR 

synthesis protocols22–36 produce GNRs with diameters that 

are too big for GCX-mediated permeability across the vessel 

wall. One common approach to GNR synthesis is the CTAB-

mediated seed growth method used by Nikoobakht’s and 

other research groups.22–36 This method utilizes CTAB solu-

tion and chloroauric acid (HAuCl
4
). Combining these chemi-

cals creates an Au(III)–CTAB complex, due to formation of 

an ion pair between the negatively charged AuCl
4
 and the 

positive head groups of the CTAB micelles. The complex 

is reduced by ascorbic acid (HAuO
2
),37 resulting in the for-

mation of rod-shape directing CTAB aggregates that act as 

a cage in which the nanoparticle seeds grow. In the present 

work, we aimed to develop gold nanorods (GNRs) that are 

ultrasmall, scaled in size for compatibility with the porosity 

of the GCX, while offering relatively a large surface area. 

We hypothesize that making these nanorods of a smaller 

size would enable them to better penetrate GCX nanospaces. 

To test our hypothesis, we observed and characterized the 

nature of our GNR interactions with ECs. We found that 

ultrasmall GNRs selectively penetrate human ECs that 

express severely dysfunctional GCX. Our finding suggests 

that a smaller nanoparticle size, combined with a rod shape 

and a high surface area, would increase GNR potential as 

drug delivery vehicles for intravascular applications.

Materials and methods
selected materials
Chloroauric acid (HAuCl

4
), l-ascorbic acid (C

6
H

8
O

6
), silver 

nitrate (AgNO
3
), CTAB, sodium borohydride (NaBH

4
), 

sodium carbonate (Na
2
CO

3
), sodium bicarbonate (NaHCO

3
), 

glutaraldehyde, and goat serum were all obtained com-

mercially from Sigma. Heterofunctional thiol polyethylene 

glycol (PEG) terminating in amine and methoxy groups 

(PEG-NH
2
 and PEG-CH

3
) was purchased from Lysan Bio. 

Dialysis tubes with molecular weight cutoff of 12–14 kDa 

Figure 1 The motivation of this study: previously, we studied gcX-dependent ec interactions with nanospheres, which could be used for targeted delivery of cardiovascular 
drug treatment to the ecs. The present work is a study of gcX-dependent ec interactions with nanorods, which when compared to nanospheres are expected to deliver 
cardiovascular drugs to a larger area of the ecs.
Abbreviations: ec, endothelial cell; gcX, glycocalyx.
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were supplied by EMD Millipore, and Alexa Fluor 647 

(AF-647) N-Hydroxysuccinimide (NHS) ester was provided 

by Molecular Probes. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)–2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) assay was purchased from Promega. Cell culture 

materials including human umbilical vein endothelial cells 

(HUVECs), EC growth media (EGM-2), and EGM-2 supple-

ments were purchased from Lonza. Heparinase III (Hep III) 

enzyme was purchased from IBEX Pharmaceutical, while 

paraformaldehyde for fixation was purchased from ACROS 

Organics. 10E4 epitope heparan sulfate (HS) mouse mono-

clonal IgM antibody was purchased from Ambsbio and the 

Alexa Fluor 488 (AF-488) goat anti-mouse IgG, IgM fraction, 

a secondary antibody, was purchased from Thermo Fisher 

Scientific. Vectashield mounting medium containing DAPI 

was purchased from Vector Laboratories. All experiments 

used ultrapure water with resistivity of 18.2 MΩ cm and 

containing no particulates .0.22 µm, which was obtained 

from a Milli-Q water purification system.

gNr synthesis
Three 50 mL conical tubes, each containing 765.3 mg of 

CTAB and 21 mL of water, were left in a 37°C water bath 

overnight to make a stock solution of 0.1 M CTAB, which 

forms the cage of the GNRs to be synthesized (Figure 2A). 

The next day, GNR seed and growth solutions were prepared 

from the 0.1 M CTAB. For the seed solution, after adding 

10 µL of 25 mM HAuCl
4
 to 990 µL of warm 0.1 M CTAB in 

a 2 mL microcentrifuge tube, the seed HAuCl
4
–CTAB mix-

ture was vortexed briefly (Figure 3). Six hundred microliters 

of ice-cold NaBH
4
 were added to the seed HAuCl

4
–CTAB 

mixture and vortexed again (Figure 3). The resulting light 

brown solution (Figure 3) was kept at room temperature. 

For the growth solution, after the addition 200 µL of 25 mM 

HAuCl
4
 to 10 mL of 0.1 M CTAB (Figure 3) in each of six 

15 mL centrifuge tubes, the growth HAuCl
4
–CTAB mixture 

was vortexed until the color of the solution turned clear 

orange (Figure 3). Addition of 300 µL of 4 mM AgNO
3
 

followed by 150 µL of 80 mM ascorbic acid to the growth 

HAuCl
4
–CTAB mixture turned the solution colorless 

(Figure 3) after gentle mixing. Once both the seed and growth 

solutions were prepared, 12 µL of the seed solution was added 

to each tube of growth solution (Figure 3) and kept at 33°C. 

Within 15 minutes, the color of the solution mixture changed 

from clear to dark brown, indicating nanorod formation 

(Figure 3).35 The solution mixture was left in the water bath 

for an additional hour, to finalize the formation of the rods. 

Afterwards, the six vials of mixed seed and growth solutions 

were centrifuged in the 15 mL centrifuge tubes, at 8,000 revo-

lutions per minute (rpm) for 20 minutes. Once centrifugation 

was complete, the supernatant was carefully removed leaving 

behind pellets of nanorods. The pellets were resuspended 

in 1 mL of water, and centrifuged again at 7,000 rpm for 

15 minutes, following Jessl et al’s protocol.27 This time, the 

pellets containing larger material, including large impurities 

and nanorods, were discarded. The supernatant was retained 

as it contained the desired ultrasmall GNRs.

The GNR was further modified by the addition of a PEG 

coat (Figure 2B), which enables downstream customization 

in future iterations of the GNRs. One milliliter of water 

was used to dissolve 7.5 mg of 3.4 kDa SH-PEG-NH
2
 and 

15 mg of 2 kDa SH-PEG-m in 6 mL of GNR solution. The 

PEG-GNR solution was stirred overnight, and then dialyzed 

against water for 2 days using 12–14 kDa molecular weight 

cutoff dialysis tubes, to remove unreacted PEG, CTAB, and 

other chemical reactants.

The amine functional group on the PEG coating was lever-

aged to conjugate a fluorophore onto the GNR (Figure 2C), 

Figure 2 schematics of synthesized gNrs.
Notes: (A) cTaB-coated gNrs, before Peg replacement. (B) Pegylated gNrs with two types of Peg terminations, including -Nh2 and -Och3. (C) aF-647 conjugated 
nanoparticles for fluorescence imaging. Red stars show the AF-647 conjugated to NH2 functional groups.
Abbreviations: cTaB, cetyltrimethylammonium bromide; gNrs, gold nanorods; Peg, polyethylene glycol.
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making visualization with fluorescence microscopy possible. 

To accomplish this, the dialyzed PEG-GNR solution was 

mixed with 300 µL of 0.1 M sodium carbonate and 0.8 µL 

of 10 mg/mL AF-647 conjugated NHS ester dissolved in 

dimethyl sulfoxide. The mixture was covered with foil and 

allowed to stir at room temperature overnight. The resulting 

solution was dialyzed for 2 days to remove excess fluoro-

phore, lyophilized, and kept in a -20°C freezer until use. 

For cell culture experiments, the GNRs were reconstituted and 

were passed through a 0.22 µm syringe filter for sterility.

GNR size and fluorescence 
characterization
The size and fluorescence of the PEGylated GNRs were char-

acterized using 1 mg/mL of dried fluorescent GNRs dissolved 

in water. GNR sizes were assessed pre- and post-centrifugation, 

Figure 3 Our modified GNR synthesis protocol, which is intended to produce ultrasmall GNRs, is summarized here.
Notes: The table shows the core ingredients along with stock solution concentrations and the amounts to add to the gNr seed solution and the gNr growth solution. 
A flow diagram further clarifies the protocol for the synthesis of GNRs. The CTAB-coated GNR art was reprinted by permission from Springer Nature: Light: Science & 
Applications. he J, Zheng W, ligmajer F, et al. Plasmonic enhancement and polarization dependence of nonlinear upconversion emissions from single gold nanorod@siO2@
caF2:Yb3+,er3+ hybrid core–shell–satellite nanostructures. copyright 2017.63

Abbreviations: cTaB, cetyltrimethylammonium bromide; gNr, gold nanorod.
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using transmission electron microscopy (TEM). Fifteen micro-

liters of 1 mg/mL GNR solution were dropped onto a carbon-

coated, copper TEM grid and allowed to sit for 5 minutes 

before excess liquid was wicked off using filter paper. The 

TEM grids were subsequently loaded into a JEOL JEM-1000 

microscope for TEM imaging at 80 kV and 120,000× mag-

nification to observe and record GNR, for later quantification 

of GNR size. A NanoDrop Microvolume Spectrophotometer 

was used for aspect ratio measurements, using three separate 

batches of GNR. Using of 2 µL samples, absorbances from 

220 to 750 nm were plotted and averaged. To confirm PEG-

GNR fluorescence activity, 1 mL of 1 mg/mL GNR solution 

was examined using a Jobin Yvon Fluoromax 4 fluorometer, 

to measure and plot the profile of GNR fluorescence emission 

wavelengths in response to excitations up to 650 nm.

gold nanosphere synthesis
Gold nanospheres were also synthesized for comparison to 

GNRs in a subset of experiments. Gold nanosphere synthesis 

methods were previously published.7

cell culture
For optimized cell growth, HUVEC cultures were fed 

supplemented EGM-2 according to the manufacturer’s 

(Lonza) instructions, and grown in a humidified, 37°C, 5% 

CO
2
 environment. For cell passaging, ~100,000 cells were 

seeded into each new T25 flask containing 6 mL of media.

MTS assays were conducted to show biocompatibility of 

the GNRs to HUVECs. Cells were seeded into 18 wells in a 

96-well plates at a density of 5,000 cells/cm2 and grown until 

confluency for each time point. Three hundred microliters 

of GNRs in EGM-2 were prepared in various concentra-

tions (0, 100, 250, 500, 750, and 1,000 µg/mL) and 100 µL 

was added into each well for triplicate measurements. After 

continued incubation for 2, 4, 8, 16, and 24 hours at 37°C, 

the media were replaced with 100 µL of fresh, EGM-2 and 

20 µL of MTS reagent and allowed to incubate for 2 more 

hours at 37°C. Ninety-six-well plates were then imaged at 

492 nm absorbance using a SpectraMax M3 plate reader. The 

absorbance values, which correlated to cellular metabolic 

activity, were normalized to the value obtained for a confluent 

HUVEC culture exposed to 0 µg/mL of GNR and plotted.

MTS assays showing biocompatibility of gold nano-

spheres to cultured ECs were reported in a previous 

publication.7

For experiments, 1 mg/mL of sterile fibronectin was used to 

coat 22×40 mm glass and promote adhesion, and HUVEC was 

seeded at 15,000 cells/cm2 density on the fibronectin-coated 

glass. Confluent HUVEC layers were achieved in 3 days.

Flow and gcX conditions
To assess flow-conditioned HUVEC permeability to GNRs, 

confluent monolayers were placed into parallel plate flow 

chambers and exposed to constant fluid shear stress of 

12 dynes/cm2 for 16 hours. The fluid used was supplemented 

EGM-2 with added 0.5% BSA, such that HUVEC GCX could 

be stabilized. To assess HUVEC permeability to GNRs when 

GCX is deficient, we added to the circulating media degra-

dation enzyme 1.25×10-6 IU/mL Hep III. We also assessed 

HUVEC permeability to GNRs in the absence of flow (static 

conditions), which is expected to render GCX deficiency.

Naoparticle permeability assay
After confluent HUVECs were exposed to flow conditions, 

flow and HepIII conditions, or static conditions for 16 hours, 

they were cultured with 500 µg/mL of GNRs for another 

4 hours in the absence of flow to observe the extent of GNR 

infiltration. We previously performed permeability assays 

for 16 hours, so a pilot study was also performed to confirm 

that a 4-hour permeability experiment would be sufficient. In 

the pilot study, confluent static-conditioned HUVECs were 

treated with 500 µg/mL of GNRs for 2, 4, 8, or 16 hours. 

This pilot study confirmed that GNR infiltration in HUVEC 

is statistically similar when the 2-, 4-, 8-, and 16-hour time 

points are compared (Tables 1 and 2). Therefore, 4-hour 

permeability assays are sufficient. Longer permeability 

experiments are not ideal and expected to suffer from loss of 

the flow effect. This pilot study also compared GNR perme-

ability to gold nanosphere permeability.

Immunocytochemistry
After the 4-hour HUVEC treatment with GNRs, the media 

containing excess nanoparticles not taken up by the HUVEC 

was drained and the coverslips were washed quickly with 

Table 1 Time-dependent ec uptake of gc gNrs

Time of EC exposure to GNRs 
(hours)

Normalized uptake  
(mean ± SEM)

2 0.66±0.28
4 0.73±0.16
8 0.82±0.18
16 1.00±0.31

Notes: Nanoparticle uptake studies usually require at least 16 hours of cell-
nanoparticle co-incubation. In this study, flow-conditioned cells are expected to 
lose the flow effect by 16 hours, so shorter term cell-nanoparticle co-incubation is 
required. To confirm assess HUVEC uptake of GNRs after short-term incubation, 
HUVEC cultures were incubated with 500 µg/ml gNr for 2, 4, 8, and 16 hours. 
GNR uptake was quantified by measuring GNR-derived red fluorescence (the 
AF-647, which is conjugated to the GNRs) in the HUVEC cells. All results are 
normalized by 16-hour conditions. N=5.
Abbreviations: EC, endothelial cell; GNRs, gold nanorods; HUVEC, human 
umbilical vein endothelial cell; seM, standard error of the mean. 
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warm 1% BSA in PBS. Cells were fixed for 30 minutes 

with a solution of 2% paraformaldehyde and 0.1% glutaral-

dehyde in PBS, at room temperature. This was followed by 

three 5-minute PBS washes to remove excess aldehydes. HS 

was stained using 1:100 10E4 epitope anti-HS and 1:1,000 

AF-488 conjugated goat anti-mouse IgG, IgM secondary 

antibody. The cells were then covered with glass microscope 

slides using Vectashield mounting medium containing DAPI, 

to label HUVEC nuclei.

Microscopy
Similar to our previous study7 the blue, green, and far red 

confocal microscope channels were used to visualize the 

DAPI for nuclei, AF-488 for HS, and AF-647 for the GNRs, 

respectively. Z-stacks of the sample at intervals of 0.2 µm 

were used to create a z-projection in ImageJ. The thick-

ness and coverage of the HS component of the GCX were 

measured using cross-sectional views and en face images, 

respectively, using previously mentioned methods.7 Briefly, 

the perpendicular distance from HUVEC nucleus to the edge 

of green fluorescence were measured at random points in the 

cross-sectional views, while area fraction of green above 

the background noise was measured in en face view for 

the coverage. Total red signal in the en face images was used 

to quantify the nanoparticle uptake for the field of view.

statistics
GNR measurements from TEM, ultraviolet-visible range 

(UV-vis), fluorometer, and MTS were measured in triplicate 

and repeated for every batch for a total of four measurements 

to ensure consistency. For GNR uptake, three experiments 

were conducted per condition. In each experiment, there were 

two samples of HUVEC layers, for duplicates. Measurements 

were taken from five fields of view per HUVEC layer, where 

each field of view yielded three values for GCX thickness, 

one value for GCX coverage, and one value for nanopar-

ticle uptake. Data are shown as mean ± standard error of 

the mean. Data were analyzed for statistical significance 

by using ANOVA with an alpha value of 0.05, followed by 

Tukey’s multiple comparison test, using GraphPad Prism 

software. Further details are described in Figures 4–7 and 

Table 2 captions.

Results and discussion
The newly synthesized gNrs are smaller 
in size than conventional gNrs
In this study, to seed ultrasmall GNRs we maintained a CTAB 

(0.1 M) to auric acid ratio that is 10 times smaller than that 

in the protocols of other contributors like Nikoobakht,30 

Ahmed,38 Beji,24 Park,31 and Sharma.39 While the forma-

tion of CTAB capped GNRs is the necessary first step in 

the GNR fabrication protocol, CTAB-based GNR batches 

often contain nonuniformly sized particles, which is a major 

concern for researchers across the field.40–42 As expected, 

our CTAB-GNR synthesis protocol initially produced wide 

variability in nanorod sizes (Figure 4A). In addition, we 

utilized double centrifugation steps to produce pure GNR 

batch. In our implementation of the second centrifugation 

step, the rpm were set to separate particles that do not pellet 

at 8,000 rpm from those that do pellet at 7,000 rpm.27 After 

the second centrifugation step, we collected and retained the 

supernatant, which contained GNR batches of consistent size 

(Figure 4B). Future studies are required to better understand 

the mechanism of the CTAB cage and subsequent GNR 

formation, for improved control of GNR synthesis and to 

better achieve pre-specified dimensions on a consistent basis.

We report that GNRs synthesized using our method 

yielded GNRs measuring 27.9±3.1 nm by 8.2±1.4 nm 

(Figure 4B and D). This is much smaller than the size of 

conventional GNRs. In comparison with our GNRs, the 

larger GNRs synthesized with the original Nikoobakht 

protocol30 were shown to be significantly longer and wider, 

at ~40.2±4.1 nm by 15.9±1.8 nm, as shown in Figure 4C 

and D. The dimension of the short axis of our GNRs will 

enable endothelial targeting at the onset of GCX damage that 

is associated with endothelial dysfunction, when the GCX 

pore sizes increase beyond 7 nm. The dimension of the long 

axis of our GNRs, on the other hand, will prevent the particles 

from being readily taken up at the initial onset of GCX dys-

function. The positive trade-off, however, is that the surface 

Table 2 statistical analysis results of data reported in Table 1, 
for relative HUVEC uptake of GNRs after 2, 4, 8, and 16 hours of 
HUVEC-GNR co-incubation

Comparative GNR 
uptake, due to time 
(hours)

Significance 
(yes/no)

Summary 
(ns)

P-value

2 vs 16 No ns 0.1573
4 vs 16 No ns 0.3223
8 vs 16 No ns 0.6472
2 vs 8 No ns 0.7238
4 vs 8 No ns 0.9336
2 vs 4 No ns 0.9669

Note: ANOVA and Tukey’s post hoc test were performed, indicating ns in GNR 
uptake when various gNr exposure times were compared.
Abbreviations: GNR, gold nanorod; HUVEC, human umbilical vein endothelial cell; 
ns, no statistical significance.
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area for interaction with ECs will be greater once the pore 

size threshold has been met. Anticipating that these GNRs 

are intended for clinical development in the future, we also 

considered the possibility of renal and hepatic clearance 

from the body.43,44 Therefore, it is important to note that the 

size of GNRs falls within the range of 10–100 nm to avoid 

primary clearance.44 Furthermore, in the body there are many 

serum proteins that will bind to the particles, increasing the 

effective particle size.45

We confirmed GNR aspect ratio by using the UV-vis 

feature of our NanoDrop Microvolume Spectrophotometer, 

which reports an absorption spectrum (Figure 4E). As prior 

literature indicates that gold nanospheres exhibit just one 

absorption peak, in this study GNRs absorption spectrum 

showed two peaks, which can be assigned to the longitudinal 

and transverse surface plasmon absorption peaks correspond-

ing to the GNR long and short axes, respectively. Knowing 

that the absorption spectrum varies directly with the aspect 

ratio of the rods,46 we identified a peak at around 550 nm 

(Figure 4E), which corresponds to the short axis, and peak at 

740 nm (Figure 4E), which corresponds to the long axis. From 

the maximum absorption peak wavelength (λ
max

), we derived 

a GNR aspect ratio (R) of 3.37 using the approximation 

R = (λ
max

 - 495.14)/(53.71 × ε
m
) + 0.79,46 where ε

m
 is the 

dielectric constant (for water ε
m
 =1.77).47 This aspect ratio 

could be confirmed by R = (long axis dimension)/(short axis 

dimension) =27.9 nm/8.4 nm =3.4, using the TEM measure-

ments. In addition, our absorption spectrum and aspect ratio 

results agree with the maximum absorption peak wavelengths 

and aspect ratios reported by Nikoobakht and Feng, who 

obtained, for example, 700 nm for GNRs of 2.7 aspect ratio, 

728 nm for GNRs of 3.4 aspect ratio, and 760 nm for GNRs 

of 3.9 aspect ratio.30,48

Pegylation mitigates gNr toxicity
At present, CTAB-based GNRs22–36 are well known to 

be toxic. To address this issue, a few modifications have 

been incorporated into published CTAB-GNR synthesis 

protocols. However, the number of cell culture biocompat-

ibility studies that have been conducted to assess toxicity 

of unmodified and modified CTAB-GNRs is limited. These 

studies have primarily been performed in non-ECs, includ-

ing fibroblasts from mouse embryos or human skin, kidney 

cells from human embryos, hepatocytes from human fetuses, 

and cells derived from human tumors such as bone mar-

row neuroblastoma, breast cancer, colorectal cancer, and 

hepatocellular cancer.22,32,36 Studies of CTAB-GNR inter-

actions with ECs, relevant to intravascular drug delivery, 

are rare.24,26,32,34 Further studies of GNR interactions with 

ECs are essential, to build knowledge that can translate to 

Figure 4 With our modified GNR synthesis protocol, we successfully achieved reduction in the length and width of GNRs, compared to previous protocols such as the one 
published by Nikoobakht et al.30

Notes: (A) TEM image of Nikoobakht’s GNRs, scale bar 50 nm. (B) TeM image of impurities removed our gNr batch, found in the pellet after the secondary centrifuge 
at 7,000 rpm, scale bar 50 nm. (C) TeM image of our pure ultrasmall gNrs, found in the supernatant after the secondary centrifuge at 7,000 rpm, scale bar 50 nm. 
reprinted with permission from Nikoobakht B, el-sayed Ma. Preparation and growth mechanism of gold nanorods (Nrs) using seed-mediated growth method. Chem Mater. 
2003;15(10):1957–1962. copyright (2003) american chemical society.30 (D) The quantification shows that Nikoobakht’s GNRs were 40.2±4.1 nm long by 15.9±1.8 nm wide, 
while our ultrasmall gNrs measured 27.9±3.1 nm long by 8.2±1.4 nm wide. ****P,0.0001 between Nikoobakht’s GNRs and our ultrasmall GNRs. N=3. (E) UV-vis of the 
ultrasmall gNrs. N=3, and the adsorption spectrum shown is a representative plot. The aspect ratio of 3.4 measured by TeM corresponds to what was calculated from the 
maximum absorption peak wavelength at about 740 nm.
Abbreviations: GNRs, gold nanorods; rpm, revolutions per minute; TEM, transmission electron microscopy; UV-vis, ultraviolet-visible range.
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the development of improved GNRs for navigating the EC 

GCX, a physical barrier to GNR entry into ECs and the 

blood vessel wall.

So, we performed the necessary toxicity studies here. 

HUVEC in the absence of GNRs were compared to HUVEC 

with 500 µg/mL of CTAB-coated GNRs. Despite substan-

tial washing to remove CTAB, after 2 hours of exposure 

to CTAB-coated GNRs there was a significant decrease in 

cellular viability, to 54%±10% of the untreated condition 

(Figure 5A). By 4, 8, 16, and 24 hours, the remaining viable 

cells reduced to 20%±8.1%, 12%±6.7%, 3%±5.0%, and 

2%±3.1%, respectively (Figure 5A). Our toxicity concern 

has been described in studies previously reported by other 

research groups, and the mechanism of cellular toxicity of 

CTAB is currently under investigation.49,50 In the meantime, 

CTAB replacement with biocompatible polymers is a widely 

used solution.51–53 For our study, we applied this solution by 

utilizing a heterobifunctional PEG as replacement of CTAB, 

to eliminate toxicity and promote biocompatibility as in one 

of our previous studies.7 PEG replacement of CTAB suc-

cessfully mitigated toxicity, as indicated by the improved 

biocompatibility shown in Figure 5A. Successful removal of 

CTAB and addition of the functional PEG coating was con-

firmed by reduced toxicity. There was sustained cell viability 

for up to 24 hours and up to a 1 mg/mL GNR concentration, 

as seen in Figure 5A, which indicates that our PEG-GNRs 

are cyto-compatible.

human ec gcX expression depends on 
flow and enzyme conditions
Prior to studying how the PEGylated GNRs would interact 

with the ECs as a function of the GCX, the human ECs were 

prepared in one of three ways. One way was to treat the ECs 

with physiological flow, a condition in which we expected 

human ECs express their most abundant GCX. Another 

way was to expose the ECs to enzyme in the flow stream, to 

trigger GCX degradation. A third way was to incubate the 

ECs in static flow conditions, which was expected would 

also trigger GCX degradation. The thickness and coverage of 

HUVEC GCX under these three conditions were quantified 

by focusing on HS because it is a major component of the 

GCX. It is important to note, however, that the GCX consists 

of numerous components that could be explored, limiting the 

scope of our study.

Figure 6D–F shows fluorescent images of HS on HUVEC 

in all three conditions. The HS stain shows a healthy HUVEC 

GCX in flow (Figure 6D) conditions and limited GCX expres-

sion in the static (Figure 6E) or flow with enzyme (Figure 6F) 

conditions. Compared to flow conditions, HS coverage of 

HUVEC showed a 31.2%±14.8% decrease in static culture 

and a 75.4%±9.8% decrease in flow conditions with HepIII 

treatment (Figure 6J). HS thickness dropped from 1.3±0.2 µm 

for HUVEC in flow conditions to 0.8±0.3 µm for HUVEC 

in static culture and to 0.6±0.3 µm for HUVEC in flow con-

ditions with HepIII treatment (Figure 6K). This indicated a 

Figure 5 Characterization of PEG-GNR cytotoxicity and fluorescence.
Notes: (A) MTs assays were used to examine consistency or changes in metabolic activity of the cells incubated in the absence of gNrs or in the presence of cTaB-gNr 
or PEG-GNR. MTS indicates that CTAB-GNR, shown in Figure 4A, is toxic for HUVEC. CTAB-GNR treated cells exhibit statistically significantly lower viability, compared 
to untreated (no GNR) cells, at 2, 4, 8, 16, and 24 hours (significance, denoted by †, was determined by paired t-test). The loss in viability of cTaB-gNr treated cells begins 
as early as 2 hours in treatment, with viability dropping more significantly by 24 hours (significance, denoted as **P,0.01, ***P,0.001, and ****P,0.0001, was determined by 
ANOVA and Tukey’s multiple comparison test). On the other hand, PEG-GNR, as depicted in Figure 4B, was found by MTS to show excellent compatibility with HUVEC for 
up to 24 hours and at up to 1 mg/ml concentration. N=3. (B) The AF-647 conjugated PEG-GNR, shown in Figure 4B, has a fluorescence intensity that peaks at 660–670 nm, 
which coincides with the emission for AF-647 fluorophores.
Abbreviations: CTAB, cetyltrimethylammonium bromide; GNRs, gold nanorods; HUVEC, human umbilical vein endothelial cell; PEG, polyethylene glycol; SEM, standard 
error of the mean.
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significant difference in GCX composition when the three 

conditions were compared to each other, suggesting that there 

would be differences in GNR permeability.

HUVEC permeability to GNRs is 
correlated to gcX conditions
Conjugation of AF-647 to the PEG on our GNRs was con-

firmed by fluorescence measurements which showed an 

emission peak at 660-670 nm matching AF-647 emission 

wavelength (Figure 5B). This AF-647 conjugation facilitates 

confocal fluorescence visualization of GNR infiltration into 

cultured HUVEC that are incubated with 500 mg/mL GNRs 

for 4 hours. The 4-hour co-incubation of HUVEC and GNRs 

occurs after 16 hours of no flow, or flow at 12 dynes/cm2 shear 

stress with or without 1.25×10-6 IU/mL HepIII. 

As an outcome of HUVEC and GNR co-incubation, GNRs 

are taken up by the ECs in all conditions (Figure 6A–C).  

The lowest level of GNR permeability was observed in flow 

conditions (Figure 6A), which corresponds to healthy GCX 

(Figure 6D). The levels of permeability increase in static or 

HepIII conditions (Figure 6B, C) with decrease in stabiliza-

tion of the GCX (Figure 6E, F). GNR uptake by ECs causes 

no visible morphological changes to the cells (Figure 6G–I). 

Quantification of these observations revealed that, compared 

to flow-conditioned HUVEC, cells in static conditions where 

GCX exhibited approximately 31% and ~40% degradation in 

Figure 6 GCX expression and GNR uptake in HUVECs under different enzyme and flow conditions.
Notes: (A–I) Images of HUVEC cultures conditioned by 16 hours of 12 dynes/cm2 shear stress flow, absence of flow, or flow combined with GCX damaged by 1.25×10-6 IU/ml 
hepIII enzyme to degrade hs. (A–C) These conditions were followed by 4 hours of incubation with GNRs. The nanoparticles are shown in red and HUVEC nuclei are shown 
in blue. scale bar =20 µm. (D–F) Confocal images of HUVEC cultures stained for the HS component of GCX, for all three conditions. Scale bar =50 µm. (G–I) Phase contrast 
images show healthy HUVEC morphology, indicating HUVEC compatibility with GNR treatments. Scale bar =50 µm. (J–L) gcX measurements of gcX coverage (J), gcX 
thickness (K), and corresponding gNr uptake (L). Data shown are mean ± seM. *P,0.05, **P,0.01, ****P,0.0001, and 3,N,5.
Abbreviations: GCX, glycocalyx; GNRs, gold nanorods; HUVEC, human umbilical vein endothelial cell.
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coverage (Figure 6J) and thickness (Figure 6K), were found 

to be 1.4-fold more permeable to the GNRs (Figure 6L). 

Cells in conditions of flow with 1.25×10-6 IU/mL HepIII, 

where GCX coverage dropped by 75% (Figure 6J) and GCX 

thickness dropped by ~45% (Figure 6K), were found to be 

the most permeable to GNRs, showing a 4.1-fold increase 

compared to conditions of only flow (Figure 6L).

These permeability results confirm that GNR uptake by 

ECs is inversely correlated to the state of the GCX on the 

ECs (Figure 6J–L). However, onset of GCX deficiency condi-

tions (with the absence of flow) was not enough to substan-

tially increase EC permeability to these GNRs (Figure 6L). 

This can be seen as an unexpected limitation of our GNRs, 

because the atherosclerosis-prone blood vessel regions that 

we want to target coincide with disruptions in streamlined 

flow which include stagnation.54 The high surface area of 

the GNR long axis may be blocking passive GNR uptake by 

static-conditioned ECs, because while the GCX is degraded 

in static conditions, the porosity is still smaller than the long 

axes of the GNRs.55 In addition, our synthesized GNRs omit 

targeting moieties which would facilitate particle delivery 

into the ECs.56 We found that advanced GCX deficiency 

conditions (with flow combined with HepIII treatment) 

were required for marked elevation in EC permeability to 

GNRs (Figure 6L).

HUVEC permeability to GNRs is more 
efficient than permeability to gold 
nanospheres
We previously showed that 10 nm PEG-coated gold spheri-

cal nanoparticles have significantly high rates of infiltration 

into vascular ECs with compromised GCX.7 Therefore, the 

present GNR permeability results appear to be similar to our 

previously reported finding.7 However, in preliminary-level 

studies we found a statistical difference between GCX-

mediated human endothelial uptake of GNRs and GCX-

mediated EC uptake of gold nanospheres. We performed this 

preliminary-level experiment using cells that were deficient 

in GCX due to static culture conditions. The cells were co-

incubated with 500 μg/mL of nanoparticles for 2, 4, 8, and 

16 hours (Figure 7). We found that the GNRs, in comparison 

with the previously investigated gold nanospheres,7 exhib-

ited a faster uptake into GCX-deficient human ECs. After 

2 hours of incubating nanoparticles of both morphologies 

with the ECs, GNR infiltration in ECs was 2.4-fold higher 

than gold nanospheres infiltration (Figure 7A, E, I, M, 

and Q). At a 4-hour time point, a lesser difference between  

endothelial permeability to nanoparticles of the two mor-

phologies was observed, with 1.4-fold higher permeability 

of rods versus spheres (Figure 7B, F, N, and Q). At 8 and 

16 hours, we observed that EC permeability to GNRs was 

higher than permeability to gold nanospheres by 21.1% 

and 11.8%, respectively (Figure 7C, D, G, H, K, L, O, Q). 

These results strongly demonstrate the advantage of GNRs 

over gold nanospheres. More interestingly, it was at the 

earlier time points when GNRs strongly demonstrated their 

advantage over gold nanospheres. At a 4-hour time point, 

a larger difference between endothelial permeability to 

nanoparticles of the two morphologies was observed, with 

1.4-fold higher permeability of rods vs spheres (Figure 7B, 

F, J, N and Q). After 2 hours of incubating nanoparticles of 

both morphologies with the ECs, GNR infiltration in ECs was 

2.4-fold higher than gold nanospheres infiltration (Figure 7A, 

E, I, M and Q).

Similar comparative studies were performed by other 

groups,57,58 although the role of the GCX was not examined in 

these other studies. Agarwal and team observed that nanorods 

were taken up with higher efficiency than nanospheres.57 

Kolhar and Mitragotri found no statistical difference in 

endothelial permeability to nanoneedles vs nanospheres, 

but reported higher efficiency of siRNA delivery from the 

nanoneedles compared to the nanospheres.58 As we stated 

earlier, the results reported here by us and in the reports 

by Agarwal et al57 and by Kolhar and Mitragotri58 can be 

explained by the fact that rod (or needle) shaped nanoparticles 

have larger surface areas for interactions with cell mem-

branes.21,59,60 In other words, while gold nanosphere contact 

with the EC membrane is minimal, there is a wider extent 

of contact between the GNRs and EC membrane.57 Based 

on this understanding, we speculate that in the absence of 

the GCX barrier, the adhesion forces that engage GNRs and 

the EC membrane will be higher than the forces that engage 

gold nanospheres with the EC membrane.57 Agarwal’s team 

proposed an additional explanation: the GNRs are slightly 

larger than the gold nanospheres, giving the GNRs more 

weight and, as a result, encouraging them to settle more of 

the EC membrane.57 High adhesion forces combined with 

high rate of settling on the cell membrane fully explains 

why GNR permeability into ECs can be greater than gold 

nanosphere permeability.

One might assume that the surface charges of the 

nanoparticles could serve as an additional explanation for 

why GNR particle permeability is more efficient than its 

gold nanosphere counterpart. However, in our study, both 
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Figure 7 Confocal images of static HUVEC cultures incubated with 500 µg/ml gNr (A–D) or gold nanospheres (I–L) for 2, 4, 8, and 16 hours are shown; scale bar =50 µm. 
The nanoparticles are shown in red and HUVEC nuclei are shown in blue. Phase contrast images of healthy HUVEC morphology, indicating HUVEC compatibility with GNR 
(E–H) or gold nanosphere (M–P) treatments are also shown; scale bar =20 µm. The bar plot (Q) shows comparative uptake of the nanoparticles over time in static cultured 
HUVEC. GNRs infiltrate HUVEC faster than gold nanospheres. Both particle shapes plateau at 8–16 hours, but GNR show significant uptake over gold nanosphere at 2 
and 4 hours. The data are normalized to fluorescence of gold nanospheres at 2 hours, and presented as mean ± SEM. Statistical significance is indicated by *P,0.05. N=5.
Abbreviations: GNRs, gold nanorods; HUVEC, human umbilical vein endothelial cell; SEM, standard error of the mean.
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particles were intentionally synthesized with the same PEG 

coating, which is slightly negative in charge, as we previously 

reported.7 Given that the GCX is also negatively charged, 

repulsion forces will block interaction between the intact 

GCX and negatively charges nanoparticles61,62 of either rod 

or sphere morphologies. GNRs and gold nanospheres will 

both show uptake as the GCX begins to degrade, which will 

lead to the EC membrane becoming less negatively charged, 

making it possible for us to evaluate nanoparticle perme-

ability differences independent of surface charge differences 

and purely due to the physical characteristic differences 

between the nanoparticles.

Figure 8 (Continued)
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Conclusion
This work aimed to develop a nanoscale vehicle that would 

pass through the nanoporous endothelial GCX as it degrades 

and as its porosity increases. Towards this aim, we describe 

a new method to develop GNRs that, compared to previ-

ously published versions,22–36 are ultrasmall and better suited 

for GCX penetration. Further unlike many developers of 

nanoparticle drug delivery vehicles who have not carefully 

considered the GCX, we investigated GCX-mediated 

endothelial permeability to these GNRs. Our results confirm 

that ultrasmall GNR permeability is inversely correlated to 

the state of the GCX as depicted in the conceptual model 

(Figure 8A–C). When considering that our long-term goal 

is to target and treat atherosclerosis-prone blood vessels, 

which have degraded GCX, we expect that these GNRs will 

be advantageous for increased delivery of any drugs being 

carried to diseased blood vessel regions.

Although this work lays the foundation for future trans-

lational to the clinic, there are limitations. One limitation is 

that our focus on the GCX is limited to only HS, which is 

just one of numerous GCX components. A second limitation 

is that our nanoparticles are only functionalized to block 

toxicity and for fluorescent visualization, not including 

functionalization for active targeting and drug delivery 

which are also important. A third limitation is that the scope 

of this study is limited to in vitro studies and the results are 

not verified in vivo, leaving the translational potential of 

this work unknown. In future studies, it will be critical for 

us to study this passive GCX-mediated GNR infiltration into 

ECs in vivo, to identify the threshold of GCX degradation at 

which GNRs can penetrate ECs, and to explore the role of 

multiple GCX components. Furthermore, it will be important 

to functionalize our GNRs to deliver anti-atherosclerosis 

drugs in a timely, targeted, and effective fashion.
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Figure 8 Conceptual model of how HUVECs interact with GNRs.
Notes: (A) Flow-conditioned HUVECs exhibit robust GCX that blocks most of the cellular interaction with GNRs. (B) If HUVECs are taken out of the flow environment, 
the GCX is destabilized, for a limited increased in GNR uptake by HUVECs. (C) Adding to the flow stream GCX degradation enzyme (eg, HepIII to degrade HS) leads to 
more destabilization of the gcX and opens more avenues for gNrs to penetrate the cells, leading to greater uptake. (The gNrs and ecs are not drawn to scale.)
Abbreviations: EC, endothelial cell; GNRs, gold nanorods; GCX, glycocalyx; HUVEC, human umbilical vein endothelial cell.
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