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(a) Red shift of a single nanorod's plasmon as gold is slowly etched away in a cyanide solution. (b) kinetics of 
the red shift for 9 different rods (average in green) with schematic explanation of the increasing aspect ratio 

upon etching. 
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1. Scientific results 2015 
General summary 
In the past year, we have focused on the imaging, tracking and spectroscopy of gold nanorods. 
Having implemented a microinjection system, delivery of GNRs directly into the cytoplasm or 
nucleus made it possible to characterize the mobility of single GNRs in both compartments in the 
cell, though with lower throughput than generic transfection methods that were initially antici-
pated. We synthesized and injected PEG-coated GNRs for minimizing non-specific interactions 
and GNR aggregation. We developed track analysis algorithms to characterize the mobility. Sub-
sequent functionalization of GNRs with nuclear localization signal (NLS) peptides showed that 
these GNRs are transported to the nuclear membrane, but do not end up in the nucleus. In terms of 
spectroscopy, we combined 2 photon excitation spectra with polarization measurements on single 
GNRs and investigated several aspects of the photoluminescence and heating mechanisms of 
GNRs.  
 
Most experiments were done in close collaboration between the researchers in the programme, as 
there is a strong dependence on each other in terms of materials, cells, instrumentation and experi-
mentation. In particular, the main goal of the programme, i.e. using GNRs as stable, versatile and 
ultraprecise labels for single protein tracking, required a highly synchronized effort. 
 
In a first series of joint experiments, custom-made GNRs were injected into Hela cells, and cells 
were imaged using the home-built 2-photon microscope immediately after injection. GNRs could 
be imaged, localized and tracked over time. Subsequently, their mobility pattern was analyzed. 
GNRs were injected in the nucleus and the cytoplasm of the cells, yielding remarkably similar 
mobility of the GNRs. Thus, the cellular environment does not differ much between the nucleus 
and the cytoplasm in terms of diffusion of the GNRs. The experiment will be repeated with differ-
ent sizes of GNRs in order to further probe possible differences between the nucleus and cyto-
plasm. 
 
In a second series of experiments, the GNRs were functionalized with a Nuclear Localization Sig-
nal (NLS) peptide, to target the GNRs to the nucleus. The function of the NLS was tested in a sepa-
rate experiment in which the NLS was attached to the fluorescent dye carboxyfluorescein, showing 
a clear nuclear localization of the dye after a few hours. NLS-GNRs were microinjected and their 
localization inside the cell was monitored over time. NLS-GNRs did not translocate to the nucleus, 
but after overnight incubation they appeared to accumulate at the nuclear membrane, suggesting 
that they are targeted to the nucleus, but cannot go through the nuclear pore complex, most likely 
because of their size. In future experiments, it will be studied whether smaller GNRs tagged with 
an NLS can be translocated to the nucleus. 
 
In the final year of the programme we will push the application of GNRs functionalized with Glu-
cocortiocoid Receptor (GR)protein, which will resolve the detailed mechanism of cytoplasmic 
transport, as well as binding mechanisms in the nucleus. Additionally, with Locked Nucleic Acids 
(LNA) we will target telomers and single transcriptionally active loci. We will wrap up ongoing 
efforts on 2 photon spectroscopy of single GNRs, and single GNR mobility.  
 
Contributions per group 
Postdoc: Aimee Boyle, PI: Alexander Kros 
A protocol has been established for the synthesis of small GNRs (approx. 20 x 6 nm). However, it is 
not clear yet whether these small GNRs yield enough intensity for high accuracy tracking in the 
cell. Moreover, initial attempts at injecting them into cells were unsuccessful as these smaller 
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GNRs clogged the needle used for microinjection, despite passivation with Poly-ethyleneglycol 
(PEG) coating.  
To test programmed translocation into the nucleus, an NLS-(5-(6)-carboxyfluorescein) dye mole-
cule has been synthesized, which predominantly localized in the nucleus 30 min after administra-
tion to the cell. The same NLS-dye conjugate was then attached to GNRs injected and visualized 
inside cells with both fluorescence and two photon microscopy. In both modalities there was a 
concentration of NLS-Dye-GNRs near the nuclear membrane. Correlated imaging using nuclear 
staining will be used to support this interpretation. 
 
Oio: Veer Keizer, PI: Marcel Schaaf 
To pick up microinjection skills, oio Veer Keizer spent two weeks in the laboratory of 
Dr. Maxime Dahan (Institut Curie, Paris) to be successfully trained in this technology. Subse-
quently, equipment for microinjection of cells was set up in our lab and the microinjection 
technique was optimized for GNR delivery  
Next we aim to functionalize GNRs with a protein of interest. As a proof-of-concept we have 
cloned and expressed a Halo-tagged glucocorticoid receptor (GR), and visualized it in live cells 
using fluorescent dye (rhodamine) attached to the Halo-ligand. In future experiments, GNRs func-
tionalized with Halo ligand will be injected into the cytoplasm of cells expressing Halo-tagged GR. 
Subsequently, the GRs will be activated with a ligand (dexamethasone). 
 
Oio: Sara Carozza, Postdoc: Jeremie Capoulade, PI: John van Noort 
We investigated the segmentation of 3D time traces of single GNRs and established, based on 
simulations, the accuracy of these parameters and the uncertainty boundaries with which we can 
distinguish changes in mobility, as anticipated for protein binding. To compare with the mobility 
of GNRs in cells and to validate the imaging and tracking methods, GNRs of various sizes were 
tracked water/glycerol mixtures.  
Two photon absorption spectra of single immobilized GNRs, showed a wide variety of absorption 
peaks. We investigated the possibility of artefacts caused by our multiplexed scanning method by 
comparison with wide field 2 photon excitation using either Total Internal Reflection or scanning 
micro-lens arrays and 1 photon scattering, and ruled out such effects. Closer examination sug-
gested that in many cases the complex absorption spectrum can be explained by clustering of two 
or more GNRs. Polarization dependent absorption confirmed this interpretation. Several sample 
preparation methods were tested to minimize GNR aggregation. 
 
Oio: Aquiles Carattino, PI: Michel Orrit 
Plasmonic heating of the rod by pump and probe lasers is a serious concern and the temperature 
dependences of scattering and photoluminescence spectra of gold nanorods upon photothermal 
heating was measured. This will allow us to calibrate the temperature elevations in real experi-
ments, in particular with live cells. 
To learn more about their optical properties, the oxidative etching of single GNRs by a cyanide 
was investigated. Etching of surfactant-coated rods leads to a preferential attack of the gold tips, 
where the surfactant bilayer is less dense, leading to a blue shift of the plasmon. On a glass surface, 
cyanide attack is more isotropic, causing a red shift of the plasmon. The kinetics of the reaction 
was measured and modelled. 
Photothermal detection of an optically trapped rod, using a heating beam to modulate the rod's 
temperature and detecting the transmitted trap light as the probe, was used to directly measure 
absorption of the rod or the thermal conduction in its environment. In addition, the fluorescence 
enhancement of poor dyes by a gold nanorod held in the optical tweezers was studied.  
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2. Added value of the programme 
The research in this programme is critically dependent on the combination of chemistry, biology 
and physics. Without such a consortium it would not have been possible to benefit from the 
unique optical properties of GNRs for cell imaging. This mutual dependence ensures coherence 
between the projects, though it is also the cause of some delays. 
The limited shelf life of functionalized GNRs, the laborious efforts to grow the cells, the low-
through put injection of the cells, and the continuing development of instrumentation and analysis 
put large demands on the synchronisation between the researchers. We have organized monthly 
progress meetings, as well as multiple ad hoc meetings, to do this in an efficient and pleasant 
manner. 
 
Part of the VICI programmes awarded to Kros and Van Noort build on the works of this pro-
gramme. The VENI programme of Boyle continues with protein delivery methods. A synergy 
project in the NWO zwaartekracht programme Nanofront was granted to Orrit for GNR-based 
sensing. 
 
3. Personnel 
This year postdocs Capoulade and Boyle have left the programme. Boyle has received a VENI 
grant in 2014 and continues to work in the group of Kros. In this way her expertise in the produc-
tion of (functionalized) GNRs will remain available for the programme. Capoulade started a new 
job in Delft a few months before the end of his term. 
The three OIOs reach the end of their contracts in the coming year. Work on their theses is ongoing 
and we expect all three to finish, though relocation of the 2 photon setup (twice), mutual depen-
dencies and unanticipated problems of GNR delivery have led to some delay and a limited exten-
sion may be required. 
 
4. Publications 
Published manuscripts: 
- R. Harkes, V.I.P. Keizer., M.J.M. Schaaf, T. Schmidt, Depth-of-Focus Correction in Single-

Molecule Data Allows Analysis of 3D Diffusion of the Glucocorticoid Receptor in the Nucleus. 
PLoS ONE 10(11): e0141080, 2015.  

- T. Zheng, M. Bulacu, G. Daudey, F. Versluis, J. Voskuhl, G. Martelli, J. Raap, G.J.A. Sevink, 
A. Kros, and A.L. Boyle. A non-zipper-like tetrameric coiled coil promotes membrane fusion. 
RSC Advances 2016, accepted.  

Submitted manuscripts: 
- Silica Nanoparticles with Large Pores for the Encapsulation and Release of Proteins. J Tu, 

A.L. Boyle, P.H.H. Bomans, J. Bussmann, N.A.J.M. Sommerdijk, W. Jiskoot, A. Kros. 2016.  
- In situ tuning of gold nanorod plasmon through oxidative cyanide etching, A. Carattino, 

S. Khatua, M. Orrit.  
Manuscripts in preparation: 
- Parallel 2 photon spectroscopy of single gold nanorods, S. Carozza, J. Capoulade and 

J. van Noort.  
- DNA-binding determines dynamics of the glucocorticoid receptor in living cells. V.I.P. Keizer, 

M. van Royen, S. Coppola, B. Geverts, A.B. Houtsmuller, T. Schmidt, M.J.M. Schaaf.  
 
5. Valorisation and outreach 
Our efforts have attracted the attention of environmental toxicologists (Martine Vijver, Leiden 
University) who are interested in tracking various nanometalic particles in small organisms like 
zebra fish embryos.  
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The ability to resolve the position of multiple nanoparticles with nanometric accuracy, comple-
mented by spectral and orientation measurements was also noticed by Eike Kiltz and Ulrich 
Rührmair (Horst Görtz Institut, Bochum, Germany) who have an interest in using nanoparticles as 
unique and impossible to counterfeit labels for security applications. A project proposal has been 
submitted. 
 
6. Vacancies 
There are no openings in this programme. 
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Fact sheet as of 1 January 2016 

 FOM - 12.0254/4 
 datum: 01-01-2016 
 
 
APPROVED FOM PROGRAMME 
 
 
Number 135. 
  
Title (code) Single gold nanorods in live cells (SGC) 
  
Executive organisational unit BUW 
  
Programme management Dr.ir. S.J.T. van Noort 
  
Duration 2012-2017  
  
Cost estimate M€ 1.4 
  
Concise programme description 
a. Objectives 
The aim of this programme is to develop the methodology to probe the function and mechanics of 
a wide range of biomolecules in a living cell. We will use a single gold nanorod as a probe for 
tracking and force/torque transduction on single molecules. Kros will synthesize gold nanorods 
with a surface chemistry that allows us to incorporate a specific functionality onto the probe and to 
control conjugation with selected proteins inside the cell, that are genetically tagged by Schaaf. 
Tagged proteins will be followed in three dimensions for arbitrarily long times using the two-
photon microscope and tracking algorithms developed by Van Noort. Orrit will further develop 
the optical trapping and manipulation of a single gold nanorod in vitro. 
We will use this new technology to study and develop delivery strategies for nanorods into the 
cell, to optimize detection and manipulation techniques for chromatin biophysics in vitro, to reveal 
the mechanisms of glucocorticoid receptor (GR) based regulation in vivo and to probe chromatin 
organization in vivo. 
 
b. Background, relevance and implementation 
Single-molecule fluorescence and force spectroscopy provide novel insight into the dynamics and 
interactions of biomolecules. Yet, current in vitro experiments are not always relevant to complex 
and variable cell conditions. Tracking and manipulating single molecules inside a cell is still not 
possible because (1) current fluorescent labels exhibit poor optical stability and (2) the bulky 
microbeads employed in optical or magnetic tweezers easily interfere with cell function. 
We will employ gold nanorods as a solution to both these issues. Recently we have developed 
methods to track and trap single gold nanorods in vitro, and in this programme we will advance 
these methods further to probe specific biomolecules inside a cell. Because gold nanorods don't 
blink or bleach we can follow a labeled biomolecule for arbitrary long times. Moreover, their small 
volume (comparable to a big protein complex) warrants a significantly reduced invasiveness 
compared to microbeads generally used for force spectroscopy. Being small, they are also less 
prone to undesired non-specific interactions with cell components. 
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Our consortium will use the physical knowledge on microscopy and force spectroscopy, chemical 
knowledge on the synthesis and functionalization of gold nanoparticles, as well as specific 
biological knowledge to address the glucocorticoid signaling pathway. All participants are located 
in one building, ensuring a close and efficient collaboration. By joining the expertise from such 
diverse disciplines we will be able to address one of the most pertinent challenges in biophysics 
and cell biology i.e. tracking and manipulating the journey of individual molecules through the 
cell.  
 
 
Funding 
salarispeil cao per 01-01-2016 
 
Via BUW 

bedragen in k€ ≤  2016 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie 1.066 259 46 - - - - 1.371 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.066 259 46 - - - - 1.371 
 
 
Source documents and progress control 
a) Original programme proposal: FOM-11.1199 
b) Ex ante evaluation: FOM-11.1412 
c) Decision Executive Board: FOM-12.0253 
 
 
Remarks 
The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen for 2017. 
 
 
 
 
 
 
 
 
 
 
 
 
 SK par. HOZB 
 
 
Subgebied: 100% FL 
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Historical overview of input and output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2012 - - 1.1 - 208 

2013 - 1.3 3.0 - 663 

2014 - 2.0 3.0 - 331 

2015 - 1.6 3.0 - 341 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2013 - - 2 - 

2014 - 3 11 - 

2015 - 2 8 - 

* After closing the financial year. 
 
 
PhD defences 
2013 
None. 

2014 
None. 

2015 
None. 

 

 
 
Patents (new/changes) 
2013 
None. 

2014 
None. 

2015 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-L-21 

Leader Prof.dr. M.A.G.J. Orrit 
Organisation Leiden University 
Project (title + number) GNRs for single molecule detaction andmanipulation 11SGC02 
 
FOM employees on this project 
Name  Position Start date End date 
A.J. Carattino PhD 1 October 2012 30 September 2016 
 
 
Workgroup FOM-L-36 

Leader Dr.ir. S.J.T. van Noort 
Organisation Leiden University 
Project (title + number) Two-photon tracking of functional GNRs in livecells 11SGC01 
 
FOM employees on this project 
Name  Position Start date End date 
J. Capoulade postdoc 1 September 2013 31 August 2015 
S. Carozza PhD 1 July 2012 30 June 2016 
 
 
Workgroup FOM-L-37 

Leader Dr. M.J.M. Schaaf 
Organisation Leiden University 
Project (title + number) GR signaling exposed with GNRs 11SGC03 
 
FOM employees on this project 
Name  Position Start date End date 
V.I.P. Keizer PhD 1 September 2012 31 August 2016 
 
 
Workgroup FOM-L-38 

Leader Dr. A. Kros 
Organisation Leiden University 
Project (title + number) Synthesis and dilivery of functional GNRs 11SGC04 
 
FOM employees on this project 
Name  Position Start date End date 
A.L. Boyle postdoc 1 January 2013 31 December 2015 
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