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ABSTRACT:  

Gold nanorods have numerous applications in biomedical research, including diagnostics, 

bioimaging and photothermal therapy. Even though surfactant removal and surface conjugation 

with anti-fouling molecules such as polyethylene glycol (PEG) are required to minimize non-

specific protein binding and cell uptake, the reliable characterization of these processes remains 

challenging. We propose here the use of laser desorption/ionization mass spectrometry (LDI-

MS) to study the efficiency of ligand exchange of cetyltrimethylammonium bromide (CTAB)-

coated nanorods with different PEG grafting densities and to characterize nanorod internalization 

in cells. Application of LDI-MS analysis shows that residual CTAB consistently remains 

adsorbed on PEG-capped Au nanorods. Interestingly, such residual CTAB can be exploited as a 

mass barcode to discern the presence of nanorods in complex fluids and in vitro cellular systems, 

even at very low concentrations. 
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Gold nanorods (AuNRs) have been widely adopted for biological applications due to their 

unique plasmonic properties. As light interacts with AuNRs, localized surface plasmon 

resonances (LSPR) are excited, leading to strong absorption and scattering of light in the visible-

near IR (NIR) range1 and in turn rendering AuNRs promising candidates for bioimaging and 

biosensing.2,3 Such biological applications require detailed understanding of how the 

nanoparticle surface chemistry can influence interactions with proteins and cells. The most 

convenient and widespread synthesis method to prepare AuNRs is known as seed-mediated 

growth.4This chemical method has been largely optimized to yield quasi-monodisperse AuNRs 

with narrow LSPR resonances in the visible and NIR. The synthesis typically involves the use of 

the surfactant cetyltrimethylammonium bromide (CTAB) as a morphology directing agent, but 

also as a stabilizer, through the formation of bilayers on the AuNR surface.55 Unfortunately 

CTAB-capped AuNRs display poor stability in biological media as well as significant surfactant-

driven cytotoxicity.6,7,8,9 Several surface coatings have been proposed,10,11,12 polyethyleneglycol 

(PEG) being the most usual one, to enhance biocompatibility, colloidal stability of AuNRs in 

physiological conditions and enable long circulation of the particles in blood due to its biofouling 

activity. Functionalization strategies for CTAB-coated AuNRs comprise ligand exchange of the 

native surfactant13 or deposition of a passivating surfactant layer,14,15 and usually assume that 

CTAB molecules cannot be easily replaced by other biomolecules/ligands from the surface of 

gold nanorods, but remaining molecules have been reported not to be toxic.16 Whereas surface 

functionalization plays a crucial role on the properties and biological activity of nanoparticles,17 

analytical methods are not sufficiently advanced to characterize the interactions of particles with 

proteins or to identify adsorbed molecules that are present at a low grafting density on 

nanoparticlesurfaces. Gold nanoparticles offer however a unique platform for use as a matrix in 



 5 

laser desorption/ionization mass spectrometry (LDI-MS), since they enable sensitive detection of 

biomolecules18,19 and can serve as affinity probes for the enrichment of analytes prior to LDI-

MS.20,21 AuNRs in particular efficiently allow desorption and ionization of attached ligands from 

their surface, mainly due to the strong absorption of the laser energy, thereby leading to high 

sensitivity.22 

The focus of this letter is a mass spectrometry analysis of AuNRs that demonstrates the presence 

of CTAB after ligand exchange with thiolated PEG (SH-PEG), as well as how such residual 

surfactant can be used as an intrinsic marker to identify the presence of nanorods, both in simple 

and in complex fluids, including in vitro cell cultures. We aimed at studying the replacement of 

CTAB from AuNRs with SH-PEGin different extents, and identifying the grafting densities that 

minimize non-specific adsorption of proteins (protein corona formation) in biological 

environments, by means of agarose gel electrophoresis (AGE) assays.23,24 It has been described 

that the protein corona can block targeting ligands at nanoparticle surfaces,25,26 so engineered 

surfaces that avoid this phenomenon have become indispensable. Quaternary ammonium ions 

have a strong capacity to be ionized and are well known mass spectrometry suppressors.27 In 

addition, the desorption/ionization process of CTAB ligands on gold surfaces produces an 

enhancement in signals from CTA+ ions with lower energy (little or no fragmentation) and the 

absence of Aun
+ gold cluster ions due to the direct contact of CTAB ligands with the gold 

surface. We use these properties to evaluate and characterize residual CTAB molecules on the 

surface of AuNRs by LDI-MS as a rapid, sensitive and low sample volume technique. In 

addition, we also aim at monitoring the cellular uptake of AuNRs by evaluating the residual 

CTAB by LDI-MS. Whereas other techniques such as transmission electron microscopy (TEM), 

dark field optical microscopy (DFM) or surface-enhanced Raman scattering (SERS), allow 
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visualization of AuNPs in the cellular environment by taking advantage of the properties of the 

Au cores,28,29,30 LDI-MS provides a quantitative method to determine intracellular AuNPs via the 

detection of adsorbed CTAB molecules. A related bulk technique that has been widely used for 

the evaluation of nanomaterial concentration inside cells is inductively coupled plasma mass 

spectrometry (ICP-MS), but digestion of the cellular matrix and NPs is required, thereby 

introducing variability into the measurements. LDI-MS has also been previously employed to 

study the stability of quantum dots in cells31 and to assess cellular uptake of gold nanoparticles.32 

Rotello and co-workers demonstrated that the cellular uptake of small spherical Au NPs (2 nm 

diameter) entirely functionalized with cationic alkanethiol ligands can be monitored by MS. The 

authors showed that different mass barcodes were required to detect differently tagged Nps with 

distinct ionizable surface functionalities and the LDI mass spectra showed peaks for the 

molecular ions together with Au cluster fragmentations. We propose here application of this 

methodology to nanorods, but using residual CTAB only as a universal mass barcode signaling 

the presence of nanorods inside complex biological media and/or cells. It should be noted that 

these techniques are often complementary to fluorescence microscopy, which can also be used to 

determine nanoparticle uptake in living cells, but dye conjugation to the targeted nanoparticles is 

required and quenching effects by gold cores may occur and should be minimized.33 We thus 

demonstrate here that residual CTAB molecules associated with PEG-functionalized AuNRs can 

be accurately detected by LDI-MS and that this can be exploited for indirect identification of the 

presence of AuNRs in cellular systems where complex proteins are also present, as schematically 

shown in Figure 1.  
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Figure 1. A) Partial replacement of CTAB from AuNRs upon ligand exchange with thiolated 
PEG (PEG-SH). B) Schematic representation illustrating the use of residual CTAB on 
PEGylated AuNRs to characterize cellular uptake by means of LDI-MS. Macrophages incubated 
with AuNRs@PEG are lysed, spotted onto a mass plate and AuNRs are analyzed by LDI-MS. 

 

We prepared AuNRs with identical core sizes (38 nm x 11 nm, Figure S1, Supporting 

Information) and two different densities of PEG-SH (PEG:AuNR ratios) and residual CTAB, 

which we refer to as AuNRs@PEGLow and AuNRs@PEGHigh, for low and high PEG content, 

respectively. Recent studies revealed that surface ligand density can strongly affect the properties 

of nanoparticles, including resistance to protein adsorption, toxicity and cellular uptake.34 

PEGylation is highly sensitive to grafting density35 and remaining CTAB molecules might 

critically influence protein binding.36 PEG-coated spherical AuNPs with an average diameter of 

14 nm (Au14@PEG) were also prepared as a control for CTAB-free particles. 
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Figure 2. Results of agarose gel electrophoresis forAu14@PEG, AuNRs@PEGLow and 
AuNRs@PEGHigh before (lines A, C, E) and after (lines B, D, F)incubation with 10%FBS, 
showing a shift in electrophoretic mobility for FBS incubated AuNRs@PEGLow but no change 
for AuNRs@PEGHigh (Line F). The band in line D is positive to Bradford staining (Figure S2). 

 

To evaluate protein adsorption and PEG/CTAB grafting density, we used agarose gel 

electrophoresis (AGE) as a non-destructive, highly sensitive and minimal sample consuming 

analytical technique (Figure 2). AuNRs@PEGLow and AuNRs@PEGHigh were thus incubated in 

FBS medium (10%) and the level of protein adsorption was estimated by AGE. Before and after 

protein incubation, equal concentrations of Au14@PEG, AuNRs@PEGLow and AuNRs@PEGHigh 

were loaded into an agarose gel anda voltage of 80 V was applied for 4 hours, which should 

allow the detection of changes in both the size and surface charge of the particles. 

AuNRs@PEGLow and control spherical Au14@PEG samples both showed a similar band prior to 

protein treatment, which is indicative of similar particle size and charge (Figure 2, columns A, 

C). Upon FBS treatment, a shift was observed in the electrophoretic mobility assay for 

AuNRs@PEGLow (Figure 2, column D), indicating that protein adsorption induced changes in 
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the size and the charge of the particles. Interestingly, protein induced mobility changes did not 

occur for either AuNRs@PEGHigh (Figure 2, column F)or Au14NPs (Figure 2, column B), 

suggesting that CTAB favors protein adsorption. The main protein component in the medium 

was bovine serum albumin, which has an isoelectric point of 4.6, meaning that at pH 8 it has a 

negative surface charge (zeta potential ca. -20 mV).37 To confirm the presence of a protein 

corona around AuNRs@PEGLow, Bradford staining was applied to these samples (Figure S2, 

SI). A clear mobility shift and blue staining was seen for AuNRs@PEGLow when incubated FBS 

(either at 1% or 10%). The gel-assay results were complemented by zeta potential measurements 

(Table S1, Supporting Information). It should be stressed that all PEGylated nanoparticles 

(Au14@PEG, AuNRs@PEGLow and AuNRs@PEGHigh) were found to diffuse toward the negative 

electrode prior to protein treatment, even though they display slightly negative zeta potential 

values. AuNRs@PEGLow and AuNRs@PEGHigh (before FBS incubation) present a significantly 

different mobility in the gel (Figure 2, column D, F), while similar zeta potential values were 

obtained (Table S1). Our results are in agreement with previous work38 reporting that the 

electrophoretic mobility of PEGylated AuNPs in agarose gels is a balance between frictional 

and electrophoretic forces. Increase of the PEG:AuNRs ratio is expected to lead to a transition 

from a loosely organized PEG brush to a more rigid one, thereby decreasing frictional and steric 

interactions with agarose, and increasing the mobility of AuNRs@PEGHigh as compared to 

AuNRs@PEGLow (Figure 2, column D vs. F).We additionally note that AuNRs@PEGLow showed 

a large drop in zeta potential value upon exposure to FBS (from -5.5 to -20.9 mV), whilst such a 

strong change was not observed for Au14@PEG and AuNRs@PEGHigh (Table S1). Based on 

these results we conclude that AuNRs@PEGLow adsorb much higher levels of FBS proteins than 

their AuNRs@PEGHigh counterparts.  
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Whereas the above data indirectly reveal different degrees of ligand exchange between CTAB 

and PEG, they do not provide conclusive data regarding ligand composition (only effects of 

ligand composition are seen). Therefore, additional characterization of the surface chemistry was 

carried out by 1H NMR spectroscopy and representative data are shown in Figure 3A. The 1H-

NMR spectra of both PEGylated AuNR samples display a peak at 3.62 ppm that can be clearly 

assigned to the PEG ligand. We tentatively assigned other peaks with significantly lower 

intensities to the presence of residual CTAB molecules, which undergo a chemical shift upon 

interaction with the gold surface. Unfortunately, the low signals of the protons from grafted 

CTAB as compared to the high signal of protons from PEG (most likely a saturated signal) only 

allow an imprecise integration which therefore cannot be used to estimate the relative grafting 

density between both AuNR samples. Therefore, additional characterization was performed by 

means of LDI-MS analysis. For both AuNRs@PEGLow and AuNRs@PEGHigh, molecular peak 

patterns for CTA+ ions (Figures 3B, S3 and S4) and also for PEG (Figure S5) were observed at 

m/z 284 and 4898/4940,respectively. These are the only molecular ions that can be identified in 

the mass spectra, m/z 284 being the most intense peak, which shows the higher ability of CTAB 

molecules to be ionized. By using LDI-MS, we are able to detect an ion signal (m/z 284) for 

AuNRs@PEGLow particles that is one order of magnitude higher than that for AuNRs@PEGHigh 

(Figure 3B), thereby confirming the large difference in the extent of CTAB removal during PEG 

grafting. We thus propose that LDI-MS is an accurate technique to directly assess the identity of 

ligands that are present at a very low density. This technique has the added benefit over NMR 

spectroscopy that a lower sample volume is required. The LDI-MS results support the findings 

obtained by AGE, zeta potential and LC-MS/MS analysis and strongly suggest that 

AuNRs@PEGHigh and AuNRs@PEGLow comprise low and high levels of CTAB respectively. 



 11 

 

Figure 3. A) 1H NMR spectra of AuNRs@PEGHigh, AuNRs@PEGLow and the corresponding free 
ligands (PEG-SH and CTAB). Blue arrows indicate typical CTAB signals in AuNR samples and 
the red arrow pointsatthe intense peak (3.6 ppm singlet) assigned to PEG. B,C) LDI mass spectra 
of AuNRs@PEGLow (B) and AuNRs@PEGHigh (C). The m/z ratio at 284 corresponds to CTA+ 
ions. 

 

An important finding from the LDI-MS characterization of AuNRs is that even when a large 

excess of PEG-SH was used to replace CTAB (AuNRs@PEGHigh), a small fraction of CTAB still 

remains present on the particles, which may be of relevance regarding cytotoxicity and 

consequently cellular uptake mechanisms. As it was apparent that complete CTAB removal 

would be difficult, we investigated the possibility of using residual CTAB as a mass barcode to 

analyze the uptake efficiency of AuNRs@PEGHigh by cells. Previous studies showed that a high 

density of PEG molecules on gold nanoparticles minimizes the adsorption of serum proteins and 
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in turn their internalization by macrophages,39,40 which is of interest in practical applications so 

that in vivo targeting can be achieved.41 We thus cultured macrophage-like J774 cells together 

with AuNRs@PEGHigh (low CTAB levels) at two different concentrations (2.5×105 and 6.25×104 

particles/mL). After 4hand 24h, the supernatants containing non-phagocytized material were 

removed and the adherent cells lysed for identification of the CTA+ signal (m/z 284) in the MS 

spectra. We confirmed that AuNRs@PEGHigh (2.5×105 Au NRs/mL) are non-toxic to J774 cells 

and even after 24h of incubation no cell morphology changes were observed, with excellent cell 

survival data for all tested concentrations (Figure S6). The relative CTA+ ion signal intensity of 

AuNRs@PEGHigh detected in cell lysates showed a clear dependence on both concentration and 

time (Figure 4A). As expected, high concentrations (2.25×105 particles/mL) and longer 

incubation times (24 hours) resulted in higher levels of AuNR uptake by macrophages. At the 

shorter time point of 4h we were able to detect the presence of AuNRs@PEGHigh with a signal to 

noise ratio of >1000, thus rendering this technique more sensitive than previously described 

work for imaging of high-density PEGylated AuNPs using dark field microscopy of incubated 

macrophage cells at short time (4 hours) and similar concentration.41 A key issue in the use of 

LDI-MS is that the measurements were carried out without any MALDI matrix, which 

guarantees that the signal arises exclusively from CTAB molecules attached to gold particles 

andnot from free ligands. This was confirmed by the absence of CTAB signal in matrix-free 

LDI-MS analysis of the solution resulting from complete AuNR etching with cyanide (Figure 

S7). The use of LDI-MS to evaluate nanoparticle uptake in cells therefore offers an interesting 

alternative to the use of fluorescent or radioactively tagged nanoparticles, both of which suffer 

from complications in the chemical conjugation and ensuring that tags remain with the 

nanoparticles. Our results additionally indicate that CTAB molecules remain adsorbed to the 
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AuNRs surface, even after long incubation times, as the CTA+ signal would not be detected if 

CTAB were free in solution. For small molecules as CTAB the desorption/ionization mass analysis 

usually requires using an agent that provides efficient ionization with minimal or controlled 

fragmentations, e.g. MALDI matrices or other alternative materials. The use of LDI-MS thus 

provides a highly sensitive and selective assay for AuNR detection by ionizing adsorbed CTAB 

ligands. In order to determine the limit of detection (LOD) of AuNR@PEG in cells using LDI-

MS, we incubated J774 cells with a range of AuNR@PEG concentrations and analyzed both 

the non-phagocytized (supernatant) and phagocytized (cellular) fractions (Figure 4B). As 

expected, a clear concentration effect was noted in the cellular lysates with an LOD as low as 

1.6×103 particles/mL being detected. Importantly, no detectable CTA+ ion signal was obtained 

from the supernatants, suggesting that the ability of J774 cells to phagocytize AuNR@PEG 

particles was higher than initially assumed and that the cells phagocytized all of the added 

NRs.   

 

Figure 4.A) Comparison of relative CTA+ ion signal intensity from AuNRs@PEGHigh particles 
after incubation with J774 cells and analyzed by LDI-MS. J774 macrophage cell line was 
incubated for 4 or 24 hours at 37 ºC with two different concentrations (2.5×105 and 6.25×104  
particles/mL). After removal of the supernatant and extensive washing to remove free particles, 
the cells were lysed and spotted onto a MALDI plate for LDI-MS analysis. The LDI mass 
spectra of J774 cell lysates after AuNR uptake show a peak at m/z 284 corresponding to CTA+. 
B) CTA+ ion signal intensities in cell lysates after J774 cells were incubated for 24 hours with 
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different concentrations of AuNRs@PEGHigh. The cellular lysates and supernatants were then 
analyzed by LDI-MS. Whereas supernatants did not show any detectable CTA+ ion signal, a 
strong concentration effect was noted for the lysed cell samples. 

 

 

In summary, we employed LDI-MS analysis to study changes in CTAB content on PEG-ylated 

AuNRs. CTA+ ions are profusely generated by LDI when adsorbed on AuNRs (but not when in 

solution), thereby providing a straightforward means to detect the presence ofAuNRs, even at 

low concentrations. Agarose gel electrophoresis was additionally used as a reliable and sensitive 

analytical method to provide information about the influence of changes in ligand grafting 

density on protein binding. Finally, the selective ionization by LDI–MS of residual CTAB 

immobilized on gold surfaces was applied to evaluate the uptake of AuNRs@PEG by 

macrophages. Our study indicates that this technique and specifically the use of the CTAB as a 

label, has a great potential for probing the in vitro interactions of AuNRs with complex fluids 

and cellular systems. 
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