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ABSTRACT 

Gold nanorods (GNR) with a peak absorption wavelength of 760 nm were prepared using a seed-mediated method. A 
novel protocol has been developed to replace hexadecyltrimethylammonium bromide (CTAB) on the surface of GNR 
with 16-mercaptohexadecanoic acid (MHDA) and metoxy-poly(ethylene glycol)-thiol (PEG), and the monoclonal 
antibodies: HER2 or CD33. The physical chemistry property of the conjugates was monitored through optical and zeta-
potential measurements to confirm surface chemistry. The plasmon resonance is kept in the near infrared area, and 
changes from strong positive charge for GNR-CTAB to slightly negative for GNR-PEG-mAb conjugates are observed. 
The conjugates were investigated for different cells lines: breast cancer cells and human leukemia lines in vivo 
applications. These results demonstrate successful tumor accumulation of our modified PEG-MHDA conjugates of GNR 
for HER2/neu in both overexpressed breast tumors in nude mice, and for thermolysis of human leukemia cells in vitro. 
The conjugates are non-toxic and can be used in pre-clinical applications, as well as molecular and optoacoustic imaging, 
and quantitative sensing of biological substrates.   
 
 
Key words:  gold nanorods conjugation, optoacoustic imaging, cell particle targeting, mice, nanothermolysis and 
nanosensing  

INTRODUCTION 

Gold nanoparticles (NPs) have attracted significant interest as a novel platform for nanobiotechnology and biomedicine 
because of convenient surface bioconjugation with molecular probes and remarkable optical properties related with the 
localized plasmon resonance1-3. Gold nanoparticles of various shapes have promising biomedical applications in the 
fields of drug delivery, biomedical imaging, and chemical sensing4-6. One type of gold nanoparticle with a strong tunable 
plasmon resonance in the near-infrared spectral range is the gold nanorod (GNR)2,7. After administration into the animal, 
GNRs get distributed inside the body according to their modified affinity resulting in the enhancement of optical contrast 
of the targeted tissues8. GNRs were also used as optoacoustic (OA) contrast agents for quantitative flow analysis in 
biological tissues9 and to investigate the kinetics of drug delivery compounds8,10. GNR stabilized with CTAB show 
strong cytotoxicity and usually require PEG-modification by adding PEG-SH in the CTAB solution11. Reasons for 
PEGylation (i.e. the covalent attachment of PEG) of surfaces nanoparticles are numerous and include shielding of 
antigenic and immunogenic epitopes, shielding receptor-mediated uptake by the reticuloendothelial system, and 
preventing recognition and degradation by proteolytic enzymes for biopolymers10,12-14. GNR have high optoacoustic 
contrast, and can be conjugated with specific ligands, such as antibodies, to produce the targeted contrast agents2. 
Recently, we demonstrated that gold nanorods constituted a new nanoparticulate optoacoustic contrast agent15-17. GNR 
can absorb light about one thousand times more strongly than an equivalent volume of an organic dye2,15. 
Demonstrations of photothermal cancer therapy using gold nanorods as a photothermal converter have also been reported 
by several groups. Targeting gold nanorods to a specific site is both a critical aspect of bioimaging using gold nanorods 
as a contrast agent, and for achieving efficient photothermal therapy without side effects especially after intravenous 
injection13,16,18. The standard for conjugating gold nanoparticles to antibodies using covalent bonding was published by 
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several research groups4,6,19-21. However, the conjugation processes are in need of improvement. Most protocols are hard 
to adapt to large-scale manufacturing of highly concentrated conjugates with strong affinity toward factors such as 
biochemical and physiological conditions of the cells and organs of the body22. In these studies, we adopted a published 
methodology of GNR fabrication7,23,24 to get high yields of narrow band GNR with an optical absorption centered at 760 
nm. The manufactured nanorods were pegylated and conjugated with monoclonal antibody (mAb) to become non-toxic 
in animals as biocompatible OA contrast agents.  We characterized the conjugation efficiency of the GNRs mAb by 
comparing the efficiency of antibody binding of the GNRs before and after pegylation. We demonstrated new order of 
PEG-coated gold nanorods monoclonal antibody conjugates in preclinical research with optoacoustic tomography, 
photothermal therapy and sensing 

MATERIALS AND METHODS 

Fabrication of GNR conjugates 
Presented below are the details of our GNR fabrication protocol adapted from previously reported methodology7,17,25. 
The base procedure is tailored to the needs of the specific experiments presented in this paper. It allows high-yield 
fabrication of a narrow size distribution of rods with a 760 nm plasmon resonance. In a typical procedure, 0.250 mL of 
an aqueous 0.01 M solution of HAuCl4·3H2O was added to 7.5 mL of a 0.1 M CTAB solution in a test tube (15 ml glass 
tube). Then, 0.600 mL of an aqueous 0.01 M ice-cold NaBH4 solution was added all at once. This seed solution was used 
2-4 hours after its preparation. In the next step of the fabrication, exact proportions of 4.75 mL of 0.10 M CTAB, 0.200 
mL of 0.01 M HAuCl4·3H2O, and 0.030 mL of 0.01 M AgNO3 solutions were added one at a time in the preceding order, 
then gently mixed by inversion. The solution at this stage appeared bright brown-yellow in color. Then 0.032 mL of 0.10 
M ascorbic acid was added. The solution became colorless upon addition and mixing of ascorbic acid. Ten minutes were 
allowed for the reaction to fully proceed before adding the required quantity of seed solution. The reaction mixture was 
gently mixed for 10 seconds and left undisturbed for 1-3 hours. After that the solution was left under thermostatic 
conditions for 24 hours at the temperature of 30o C. 
Before covalent binding with polyethylene glycol (PEG), or conjugation with monoclonal antibody, the GNR were 
centrifuged at low speed (4000 rpm or 1000 g, 10 min) for separation of other aggregates (platelets, stars). The pellet was 
removed and for the next steps, only the supernatant fraction was used.  For pegylation11,24,25 the GNR solution was 
centrifuged at 14000 g for 10 minutes. Following the standard method, 0.1 ml of 2 mM potassium carbonate (K2CO3) 
was added to 1 ml of aqueous GNR solution and 0.1 ml of 0.1 mM mPEG-Thiol-5000 (Laysan Bio Inc., Arab, AL). The 
resulting mixture was kept on a rocking platform at room temperature overnight. Excess mPEG thiol was removed from 
solution by two rounds of centrifugation, and final resuspension occurred in PBS (pH 7.4). 
An improved protocol for conjugation of GNR has been developed at TomoWave Laboratories. Early developments of 
this protocol were described before21,25.  It involves surface modification of the gold nanorods with Nanothink-16 (or 16-
Mercaptohexadecanoic acid, MHDA, Sigma), zero-size linkers, monoclonal antibody and finally pegylation. Detailed 
steps for the activation of the GNR surface, followed by conjugation, are described next. One mL of raw GNR solution 
(in CTAB) was centrifuged twice in a 1.5 mL Eppendorf tube at 14000 RPM for 10 min and resuspended in one mL of 
Milli-Q water (MQW) to a concentration of 1 nM. Then, 10 µL of 5 mM MHDA (in ethanol) was added to the GNR 
solution, and sonicated for 30 minutes at 50°C to prevent aggregation. The solution was centrifuged at 12000 RPM for 
10 minutes, the supernatant was removed and the pellet was resuspended in MQW. 10 µL EDC (1-ethyl-3-[3-
imethylaminopropyl] carbodiimide hydrochloride (Pierce) and sulfo-NHS (Pierce) were added from stock solution in 
MES (2-(4-Morpholino) ethane sulfonic acid) buffer at 10 mM and 0.4 mM, respectively. The mixture was sonicated for 
30 minutes at room temperature to produce activated GNR (GNR that are capable of binding to the amine side chain of 
proteins). Commercial mAb CD33 or HER2 (BD Pharmingen) was added in concentration of 25 μg/mL to 1 mL of 1 nM 
activated GNR (Liopo  2011). The mixture was sonicated at room temperature (RT) for 1 hour and then left on a rocking 
platform overnight, or kept an additional hour at RT. Following the removal of excess mAb by centrifugation, 10 μL of 
PEG-Thiol (1 mM) was added to 1 mL of GNR-CD33 conjugates and the mixture was incubated at room temperature for 
12 h. The solution of GNR CD33 PEG conjugate was centrifuged at 12000 g for 10 minutes, the supernatant was 
removed and the pellet was resuspended in PBS pH 7.4 to a concentration of 1 nM (or optical density around 4.0 as 
measured by Beckman 530 and Thermo Scientific Evolution 201 Spectrophotometer). We compare three different 
methods of activation and conjugation of GNR (see Figure 1). The first method is described above and presented as 
scheme A. 
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was performed through measurement of absorbance at or near 562 nm. It is important to note that the ratio of 
absorbances at 562 nm   (proteins relative to BSA) has a coefficient of variation of only around 10%17. The zeta-potential 
of GNR before and after conjugation was measured with a high performance particle sizer (Malvern Instruments Ltd., 
Southborough, MA, USA) at 25oC: ten 20-second runs were performed for each sample. Zeta-potential is a measure of 
both particle stability and adhesion. More negative or positive values of zeta-potential are associated with more stable 
particle solution, because repulsion between the particles reduces aggregation26. 

Cell Culture, Viability and Tissue Histology 
The human cell lines BT 474 (human breast adenocarcinoma with HER2 receptor overexpression) and human leukemia 
cells K-562 (chronic leukemia)  and HL-60 (acute leukemia), both with CD33 receptor overexpression,  were obtained 
from American Type Culture Collection (ATCC) and were cultured in essential media with 10 % fetal bovine serum17,25. 
Cell viability was determined using a kit for the detection of lactate dehydrogenase activity in medium (LDH, Roche) 
which was described in our previous works27. For assessing viability after nanothermolysis experiments, the cells were 
slowly centrifuged (500 RPM) and gently resuspended in medium. The toxic effects of GNR were quantified through use 
of Trypan blue staining. For laser thermotherapy, leukemia cells were pretreated for 45 min with GNR conjugates in 
concentration of 250 pM (OD 1.0). After centrifugation and removal of supernatant, the cells were resuspended in a 
small volume of PBS (pH 7.4) and put in a cuvette (25 µl), ready for irradiation. After this, the cells were resuspended, 
and a fraction was stained with Trypan blue in order to count the number of dead and living cells. The remainder was 
used for LDH determination.  
Nude mice were sacrificed 48 h after IV injections of GNRs conjugates. Organs (tumor, spleen and liver) extractions 
were produced as paraffin-imbedded slices for hematoxylin and eosin (HE) and silver (SS) staining24. Tissue sections (5 
µm) were deparaffinized and rehydrated through xylene (3 changes, 5 min each) and graded ethanol solutions from 100 
to 50 % (1 min each). After this, samples were rinsed in dH2O and placed in a water bath for 10 min with tris-buffered 
saline with Tween 20 (TBST, Dako, Denmark). Retrieval with Target Retrieval Solution pH 6.1 (TRS, Dako, Denmark) 
was then performed in a preheated container at 96-99oC for 30-40 min. The slides of liver sections were stained for PEG-
GNR optical visualization with a SS Kit (BBI International, UK) according to manufacturer instruction, and HE stained 
for analysis of possible pathological consequences in liver after PEG-GNR administration. 

Animal studies of optoacoustic imaging 
We used  Athymic Nude-Foxn1nu mice (Harlan), 7-9 weeks old, weighing about 25 g. Animal handling, isoflurane 
anesthesia, and euthanasia were described in detail in our publications24,28 and each mouse-related procedures were in 
compliance with our Institutional Animal Care and Use Committee (IACUC) protocol. For optoacoustic imaging, we 
used mice with tumors that overexpressed HER2/neu receptor in animal models. This model was made through BT474 
cells injection (2 × 106), subcutaneously in the flank area of nude mice25. The tumors had a diameter of 4-6 mm after 
three-four weeks. The injected solution of GNR conjugates contained from 4 to 7×1012 GNR/ml.  
In these studies we used a commercial prototype of a three-dimensional optoacoustic tomography system developed for 
preclinical research at TomoWave Laboratories and introduced in our earlier publications 24,28,29. The OA mouse imaging 
system consists of four main components: fiber-optic light delivery, mouse holder with translation and rotation, detector 
array of 64 transducers, and data acquisition and imaging electronics. 

NanoLISA prototype.  
We have previously reported on the development of an optoacoustic biosensor intended for the detection of bloodborne 
microorganisms using immunoaffinity reactions of antibody-coupled gold nanorods as contrast agents specifically 
targeted to the antigen of interest30-32. The sensitivity of Nano-LISA is at least OD=10-6 which allows reliable detection 
of 1 pg/ml (depending on the commercial antibodies that are used). Adequate detection sensitivity, as well as lack of 
non-specific cross-reaction between antigens favors NanoLISA as a viable technology for biosensor development. 
Optoacoustic responses generated by the samples are detected using a wide band ultrasonic transducer. 
The current transducer design features a 52 μm thick polyvinylidene fluoride (PVDF) element attached to an acrylic 
backing to minimize reflected sound waves and allow efficient damping.  On the opposite side, the second electrode is 
formed by a Mylar sheet that contains a thin metallized layer. This reflective surface completes the circuit and 
additionally reflects more than 90% of incident light, thus preventing strong pyroelectric response in PVDF film. Based 
on this design, a prototype sensor was built to measure signals from GNRs adsorbed on a surface of a standard 96-well 
plate. Samples consisted of 100 µl of pegylated GNR solution: each sample is left in the well overnight, as we have 
observed pegylated nanorods have a tendency to bind strongly to acrylic-type materials. The well is then emptied, and 
rinsed twice with deionized (DI) water to ensure all loose GNRs are removed from the system, and only a minute layer 
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