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Self-Assembled Monolayers  
Protecting Metal Nanoparticles 

  
3-D SAMs 



2 

!   Introduction to nanoparticles 
 
!   Monolayer-Protectected Metal nanoparticles 
         synthesis, characterizations 
         properties and packing of the monolayer 
 
!   Functional Nanoparticles 
         Methods of synthesis. Mixed-monolayers 
         Monovalent- and divalent metal nanoparicles 
 
!   Nanoparticles of different size and shape 
 
!   Applications of nanoparticles in different fields  

Outline 
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NANOPARTICLES 

publications on nanoparticles 
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!   gold nanoparticles are known since ancient time, 5º - 4º millenium B.C. 
   (China, Egypt). We believe that ancient Egyptian  known how to prepare  
    "soluble" gold and they were used these solutions as "elisir". 

!   colloidal gold sols are used to obtain red glass  

A brief historical background 

!   around 1600 Paracelso (1493-1541)  described the preparation of  
   "aurum potable, oleum auri: quinta essentia auri" by reduction of  
    acid tetrachloroauric using  an alcoholic extract of plants. 
    At that time medical doctors believed that "drinkable gold" 

exert curative properties for several diseases. 
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The roman industry of  IV century A.D., developed a sophisticated use of metal NPs,  
they were able to produce colored glass with particular optical properties. 
For example the addition of Ag and Au compounds, enable to produce glass  
which appear to be   green under reflected light and red under trasmitted light.  
The famous "Licurgus cup" has been realized with this technique.  

day light (reflected light) trasmitted light 

40 ppm of Au and 300 ppm of Ag 

TEM image 

A brief historical background 
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!   around the half of 19th century the italian physician  Enrico Selmi write 
    a description of  "colloids“, not very different from the actual definition.  

!   in 1857 Michael Faraday reported the first scientific studies on preparations 
    of colloidal gold solutions, M. Faraday, Phil.Trans.Roy. Soc. 1857, 147, 145. 
 

!   in 1861 the term "colloid" (from the greek kolla) was conied by the  
    Scottish chemist Thomas Graham    

Nanoparticles - hystorical background 

AuCl4 
reduction 
on CS2 

white 
phosphorous 

diameter of 3 ÷ 30 nm 

solution of  
colloids 

two phase system 
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Milan - Duomo Florence - Santa Croce 

Nanoscale materials have different properties when compared to their bulk 
counterparts! 

Nanoscale Materials 
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Nanoparticles - quantum dots 

nanorods 

0 dimensional nanomaterials: 
unique properties due to 

quantum confinement 
and very high surface/volume ratio 

1 dimensional nanomaterials: 
extremely efficient 
classical properties 

nanowires 

These ultra-long devices exhibit tremendous photothermal  
properties, converting up to 90% of incident light 
energy to heat.  

Nanoscale Materials 
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Properties of Metal Nanoparticles 

Optical Properties  

Electronic Properties 

Nanoscale Materials Have Different Properties when 
compared to their bulk counterparts! 
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Nanoscale Materials 
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Synthesis of metal nanoparticles 

PVD (physical vapor deposition) 
formation of clusters in the gas phase - Au metal as strating material  
for example, the nanoparticles are formed from bulk metal  by irradiating it with a laser beam.  
At low laser flux, the material is heated by the absorbed laser energy and evaporates   
or sublimates and deposited over a solid support, under UHV condition. 
 
es. cathodic arc deposition, sputter deposition, electron beam physical vapor deposition, laser ablation 

CVD (chemical vapor deposition)   
organometallic compounds as starting material  
In a typical CVD process, the wafer (substrate) is exposed to one or more volatile precursors,  
which react and/or decompose on the substrate surface to produce the desired deposit.  
Frequently, volatile by-products are also produced, which are removed by gas flow through  
the reaction chamber.  

problem: control of the NP size 
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!   control of size, shape and composition with synthetic methodologies that 
    allows to produce significative quantities of NPs. 
 

!   molecular approach to colloidal metals: use of molecular precursors 

!   many of the known methods are applicabile to different metallic elements  
    of the periodic table, for exemple the reduction with hydrides.  

!   colloidal NPs are unstable and aggragate if not stibilized   

Synthesis of metal nanoparticles 
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Two methods against aggregation: 

!   electrostatic stabilization 

!   steric stabilization  

!   12-64 nm 

Reduction with sodium citrate developped by Frens in 1973:  
this is the most used method for the preparation of gold colloids. 

NPs size may increases using more diluted solutions.  

J. Turkevitch, P. C. Stevenson, J. Hillier, Disc. Farady Soc. 1951, 11, 55. 

COO  Na

COO  Na

OH

COO  Na

[AuCl4]
COOH

COOH

O +  CO2   +   Au(0)

Synthesis of metal nanoparticles 

it is easy 
•it requires only water 
•it requires skills 
•has reproducibility issues 
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i 

the energetic maximum can be easily overtake increasing for example the ionic strength 
or by increasing the thermal movement of the NPs. 

Electrostatic stabilization: the electrical double layer 

Synthesis of metal nanoparticles 
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!   12 nm 

!   12-64 nm 

O

HO OH

O
H OH

CH2OH

ascorbic acid

ox. O

O O

O
H OH

CH2OH

H2O
CH2OH

HO H
H OH

C O
C O
COOH

reduction of HAuCl4 with different reducing agents 

CH2
HO COO

CH2
COO

COO Na

Na

Na

sodium citrate

!   3-4 nm         sodium borohydride (NaBH4) 

Synthesis of metal nanoparticles 



17 

!   the strength of the reducing agent determine the NP size 
 
!   the reaction conditions are also very important in determining 
    the average diameter  

!   the size may be reduced by: increasing reductant 
                                              decreasing volume 
                                              increasing stirring 
                                              increasing temperature 

Synthesis of metal nanoparticles 
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Steric stabilization 

polymers, surfactants, and legands may be used to form a protective monolayer  

polymers: they should present specific groups that bound to the NPs surface  

Gold Number: quntity of polymer that stabilize 1 g of a solution of  
50 mg/L of colloidal gold against aggregation in the presence of  NaCl 1% 
 
PVP [poly(vinylpyrrolidone)] and PVA, poly(vinyl alcohol) o 
CTAB (cetyltrimethilammonium bromide) 
  
These polymers have been used also to stabilize Pt and Ag NPs 

Synthesis of metal nanoparticles 
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reduction of transition metals salts 

!   by using solvents that may easily be oxidized  as alcohols that are  
   oxidized to aldehydes or ketones 

!   Hirai and Toshima, “alcohol reduction process” and polymers for the 
   stabilization 

RhCl3 + 3/2 R1R2CHOH            Rh(0) + 3/2 R1R2C=O +  3 HCl  

Ascorbic acid, hydrogen, formaldehyde, hydrazine 

Other reducing agents: 

Synthesis of metal nanoparticles 
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TEM (transmission electron microscopy): give information about structure  
Dimension, dispersion, shape, and composition of the metal core  

Characterization of NPs 

HRTEM si ottengono informazioni sulle distanzi interplanari, TEM in alta risoluzione. 

XRD  
SAXS small-angle X-ray scattering (down to 1 nm) 
anomalous SAXS (synchrotron radiatio) 
WAXS wide-angle X-ray scattering 
 
EXAFS extended X-ray absorption fine structure 

X-ray diffraction 

XPS X-ray photoelectron spectroscopy  
 Mössbauer spectroscopy 

XANES X-ray absorption near-edge structure  

STS scanning-tunneling spectroscopy  

H HAADF-STEM high-angle annular dark-field imaging in the scanning electron microscope 
                            è una tomografia elettronica adatta ad analizzare nanomateriali cristallini  
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NANOPARTICELLE - SINTESI 

full-shell clusters: clusters are like onions, each atom like to complete his 
coordination 

for metals the coordination number is 12 

the first full-shell cluster is composed of 1+12 = 13 atoms 

the shell nth includes 10n2 + 2 atoms 

n shell 1 2 3 4 5 6 7 8 9 10 

n. atoms 
last shell 

12 42 92 162 252 362 492 642 812 1002 

n. total 
atoms 

13 55 147 309 561 923 1415 2057 2869 3871 

92.3 76.4 62.6 52.4 44.9 39.2 34.8 31.2 28.3 25.8 

average d (nm) 1.4 1.9 2.0 2.8 3.0 4.4 4.6 

Au, Pd, Pt, 

% surface 
atoms 
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HAuCl4 + 2PPh3 + H2O                  Ph3PAuCl + Ph3PO + 3HCl 
EtOH 

or THF 

Ph3PAuCl + NaBH4                     Au11(PPh3)7Cl3 
EtOH 

or THF 

Step 1. 

Step 2. 

Step 3. 

Step 4. 

Au11(PPh3)7Cl3 + ~30CH3(CH2)11SH                  Au11-13(PPh3)x(SC12)yClz 
THF 

Column chromatography to remove PPh3O, Ph3PAuCl, [CH3(CH2)11S]2 

UNDECAGOLD 

"undecagold" derivatives have been widely used as markers of biological 
compounds and for histochemical analysis 

P. A. Bartlett, B. Bauer, S. J. Singer, J. Am. Chem. Soc. 1978, 100, 5085. 
F. Cariati, L. Naldini, Inorg. Chim. Acta, 1971, 5, 172. 
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to bound thiols 

it reacts with amines 

H. Yang, P. A. Frey, Biochemistry, 1984, 23, 3849, 3857, 3863. 

!   conjugates of peptide, ATP, nucleic acids, lipids, phospholipidis, carbohydrates, 
    antibodies, etc. have been prepared. 

UNDECAGOLD 
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Au55 

Au55(PPh3)12Cl6  is the most studied full-shell cluster since it represent a  
transition between molecular and colloidal behaviour 

the syntheic method enable one to obtain a monodispersed cluster and  
because of this it could be used in the formation of  fcc 3D crystals . 

Molecular 

Metal/Colloid - 
continuum 

Au38 

Au55 
Au13 

Au140 

G. Schmid, P. Pfeil, R. Boese, F. Bandermann, S. Meyer, G. H. M. Calis, J. W. A. van der Velden, 
Chem. Ber. 1981, 114, 3634. 
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Chromatographic Isolation of “Missing” Au55 Clusters Protected by 
Alkanethiolates 
Hironori Tsunoyama,† Yuichi Negishi,† and Tatsuya Tsukuda*,†,‡ 
J. Am. Chem. Soc. 2006, 128, 6036. 

Au55 
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Monolayer protected clusters MPCs 

water Toluene

H+ AuCl4-

Au
S

Ott4N+  Br-

Ott4N+  AuCl4-

R
n Aup(SR)q

H+ Br-

RSH NaBH4

      MPCs OF DIFFERENT SIZE MAY BE OBTAINED USING DIFFEREN REACTION CONDITIONS: 

g  RATIO RSH/Au  g REDUCTION RATE   g TEMPERATURE 
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Nanoparticles – Au140 

Au140 

the core 

Whetten, R. L. et al. Acc. Chem. Res. 1999, 32, 397 



30 

Nanoparticles – the core 



31 W. D. Luedtke, U. Landman J. Phys. Chem. 1996, 100, 13323; J. Phys. Chem. B 1998, 102, 6566 

Au140(C12H25S)62 
350 K 200 K 

Nanoparticles - the monolayer 
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Science 2007, 318, 430. 

Fig. 1. X-ray crystal structure determination of the Au102(p-MBA)44 nanoparticle. (A) Electron density 
map(redmesh)andatomic structure (gold atoms depicted as yellow spheres, and p-MBA shown as 
framework and with small spheres [sulfur in cyan, carbon in gray, and oxygen in red]).  

Au-NPs  
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Science 2007, 318, 430. 

Fig. 1. X-ray crystal structure determination of the Au102(p-MBA)44 nanoparticle. (A) Electron density 
map(redmesh)andatomic structure (gold atoms depicted as yellow spheres, and p-MBA shown as 
framework and with small spheres [sulfur in cyan, carbon in gray, and oxygen in red]).  

Au-NPs  

Gold nanoparticles
Nanobiotecnologie
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A metallic nanocrystal surrounded by a monolayer of organic molecules
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution 

MD (m,n,p) 

Fig.A: Packing of gold 
atoms in the nanoparticle. (A) MD (2,1,2) 
in yellow, two 20-atom“caps” at the 
poles in green, and the 13-atom 
equatorial band in blue. 
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution 

Example of two p-MBAs interacting 
with three gold atoms in a bridge 
conformation, here termed a staple 
motif. Gold atoms are yellow, sulfur 
atoms are cyan, oxygen atoms are 
red, and carbon atoms are gray. 

Distribution of staple motifs in the 
surface of the nanoparticle. Staple 
motifs are depicted symbolically, with 
gold in yellow and sulfur in cyan. 
Only the gold atoms on the axis of 
the MD are shown (in red). 
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution 

View of the crystal structure showing interparticle interaction mediated 
throughhydrogen bonding between carboxylic acids. 
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution 

View of the crystal structure showing interparticle interactions 
mediated between stacked phenyl rings. 



38 M. W. Heaven, A. Dass, P. S. White, K. M. Holt, R. W. Murray J. AM. CHEM. SOC. 2008, 130, 3754-3755 

Crystal Structure of the Gold Nanoparticle [N(C8H17)4][Au25(SCH2CH2Ph)18] 
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 An ordered raft comprising Au nanoparticles of two distinct sizes with 
RB/RA < 0:58. Shown are electron micrographs at low (a) and higher  
(b) magnification. c, The low-angle superlattice electron diffraction pattern obtained from 
this bimodal raft structure. 

Nanoparticles - spontaneous ordering 

C. J. Kiely, J. Fink,M. Brust, D. Bethell,  D. J. Schiffrin, Nature, 1998, 396, 444. 

when  monodispersed.... 
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3D alkanethiolate monolayers 

A. Badia, L. Cuccia, L. Demers, F. Morin, B. R. Lennox, J. Am. Chem. Soc., 1997, 119, 2682. 
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Figure 11. (a) (Left) TEM image of a face-centered, cubicpacked, array of silver nanoparticles, passivated 
with a dodecanethiolate monolayer, with a truncated octahedral morphology (see inset). (Right) 
Representation of the proposed packing of the particles via interdigitation of the bundled alkyl chains on each 
face. (b) (Left) TEM image of a monolayer of self-assembled silver tetrahedra passivated with 
dodecanethiolates. The bracketed area most closely matches the proposed model.  

3D alkanethiolate monolayers 
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Nanoparticles - caracterization 

TEM 
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NANOPARTICELLE - characterization 
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NMR 

NANOPARTICELLE - characterization 
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UV-Vis 

NANOPARTICELLE - characterization 
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MPC-C12    -   TGA Analysis Au116(SR)50 (MW= )  

MPC-C12  
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tiopronin 

glutathione 

coenzyme A 

Water soluble nanoparticles 
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Water soluble nanoparticles 
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Homogeneous phase synthesis 

HAuCl4 + Polyether-MPC 
NaBH4 HS 

MeOH/H2O 

HS

O

H
N

O
O

O

The hydrocarbon chain ensures 
 the formation of a compact and  
tidy monolayer near the surface  
of the nanoparticle metal core 

The polyether chain, even  
of  short length, ensures 

 MPCs  solubility in water and 
 polar solvents 

HS 

Quantitative conversion of HAuCl4 

Diameter of the gold core 1.5 - 4.2 nm 

Pengo, P; Polizzi, S.; Battagliarin, M.; Pasquato, L.; Scrimin, P. J. Mater. Chem. 2003, 13, 2471-2478. 

Strong influence of the reduction rate 

Water soluble nanoparticles 
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TEM image of MPCs obtained with a 1/3 
gold/thiol molar ratio, NaBH4 added in 10 sec.  

TEM image of MPCs obtained with a 3/1 gold/thiol 
molar ratio, adding NaBH4 in 30 minutes    
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MPC-C8-TEG Characterization 
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Thiolate Ligands for Synthesis of Water-Soluble Gold Clusters 
C. J. Ackerson, P. D. Jadzinsky, R. D. Kornberg J. AM. CHEM. SOC. 2005, 127, 6550-6551 
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Nanoparticles - functionalization 

Au Au 

Functionalized MPCs 

!   Ligand exchange 

Functionalized thiol 

Hostetler, M. J.; Green, S. J.; Murray, R. W. J. Am. Chem. Soc., 1996, 118, 4212 - 4213.  

!   synthesis using a mixture of thiols 

thiols should survive under the reaction conditions 
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Synthesis of the monolayer with a blend of thiols 

Au 

Au 
N

N N

N

N

+ 

+ + 

+ 

+ 

Au 

Au 

Nanoparticles - functionalization 
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Au Au Au 

Covalent Modification  

Templeton, A. C.; Hostetler, M. J.; Warmoth, E. K.; Chen, S.; Hartshorn, C. M.; Krishnamurthy, V. M.; Forbes, M. D. E.; 
Murray, R. W. J. Am. Chem. Soc. 1998, 120, 4845-4849. 

Nanoparticles - functionalization 
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Mixed Self-Assembled Monolayers 
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Ordered Domains on NPs 

Jackson, A. M et al Nat. Mat., 2004, 3, 330; Jackson, A. M. et al J. Am. Chem. Soc., 2006, 128, 11135;  

different molecules (i.e., molecules with a driving force for
demixing as discussed in ref 31) undergo spontaneous phase
segregation into domains of varying size and shape.32−34

Stellacci and co-workers reported that similar SAMs of different
molecules assembled on ∼5-nm-diameter Au NPs cores, exhibit
a spatial modulation of the STM topography.29,35 The existence
of such spatially modulated architecture, termed stripe-like
domains, was recently supported by high-resolution STM
images that show the molecules that compose these single
domains36 as well as high-resolution atomic force microscopy
images.30 The presence of these stripe-like domains has been
supported by neutron diffraction,37 infrared spectroscopy,22

nuclear magnetic resonance,15 and predicted by various types of
simulations.31,38,39 Glotzer and co-workers explained the
phenomenon as being due to the balance between the enthalpy
of phase segregation and the interfacial conformational entropy
that is established when long molecules form a domain
boundary with shorter ones.31

STM images remain as key evidence for the existence of
stripe-like domains on Au NPs coated with binary mixtures of
ligand molecules. Through the years, many images have been
acquired and analyzed in a series of papers.29,35,40 Striations
whose width varies in a relatively narrow range centered around
1 nm were observed on mixed-ligand NPs. In a separate
publication,36 it has been shown that high-resolution images
can be acquired, where the single molecules that compose the
stripe-like domains are imaged. The possibility to acquire
images with features similar to the striations present on the
nanoparticle due, instead, to feedback loop artifacts was pointed
out in 200429 and then extensively discussed in follow-up
papers.35,40 It was established that whereas the width of the
artifact features scales linearly with tip speed and is independent
of the chemical composition of the imaged sample, features on
NPs are conserved across imaging parameters, varying only
when the chemical nature of the imaged particles changes.
However, these conclusions were reached through manual
measurements of peak distances across line scans.25 Because of
the method and the complexity of these specific samples (that
present features on various length scales, all with a sizable
distribution in length), confidence in the reliability of the
manual measurements requires the construction of a large
statistical set by independent operators to guarantee the
absence of a bias.35,40 A robust operator-independent analysis
of the STM images of these NPs has not been reported to date.
Here, we propose power spectral density (PSD) analysis as

an effective operator-independent method of extracting
information from STM images of nanoparticles. PSD is the
norm squared of the Fourier transform of the STM topography
and represents the contributions of the different spatial length
scales to the topography fluctuations. Its definition is given in
the Experimental and Methods Section. Given a topographical
image with N points along each line scan whose length is L, the
spatial frequencies f (with f being the inverse of a length scale)
sampled in the STM image range from the inverse scan length
1/L up to the Nyquist frequency N/2L.

41−43 PSD exploits the
whole information content present in the image, as opposed to
the analysis of manually drawn line profiles in real space. It has
been shown that the PSD from scanning probe microscopy
images provides valuable information on samples whose
complex morphology is not straightforward to analyze in real
space because of superposition, entanglement, or coalescence of
features. Successful applications of PSD analyses include the
identification of morphological transitions in organic and

polymeric thin films,44 the extraction of morphological
parameters from images of porous networks of entangled
biomolecules,45 correlations of morphological parameters with
device properties,46 and a comparison of forensic samples.47

PSD analysis is also useful for comparing information from
different techniques probing different ranges of spatial lengths
scales.42,48−50

In this article, we show that PSD readily displays the
multiscale features present in the STM images: NP size,
interparticle distance, and the characteristic length scale on the
particles. PSD analysis allowed us to show that STM images
recorded in four different laboratories with different micro-
scopes and different imaging parameters are essentially
equivalent over a broad range of spatial frequencies. We also
show that the information contained in high- and low-
resolution images arises from the same features on the
nanoparticles. Our interpretation of the PSD features is
validated by the comparison with those obtained from
artificially generated images.

■ RESULTS
Figure 1a is an STM image acquired in 2004 at MIT of 2:1 1-
octanethiol (OT)/mercaptopropionic acid (MPA) nanopar-
ticles. In Figure 1b−f, we report representative STM images
that were recorded in different laboratories on the same sample

Figure 1. STM topographical images of mixed-ligand-protected NPs
acquired at different locations and times: (a) OT/MPA 2:1 sample,
MIT, scan length L = 49.0 nm, image size IS = 30.1 nm, bias voltage Vb
= 1100 mV, set-point tunneling current It = 0.63 nA, scan rate ν = 5.1
Hz, year 2003. Images of C11ol/C4ol 1:1 NPs in the same sample
acquired at (b) EPFL L = 30.0 nm, IS = 30.0 nm, Vb = 700 mV, It =
0.1 nA, ν = 20.3 Hz, year 2012. (c) UG L = 50.0 nm, IS = 30.1 nm, Vb
= −200 mV,It = 2 nA, ν = 1.9 Hz, year 2013. (d) UdS L = 80.0 nm, IS
= 30.1 nm, Vb = 200 mV, It = 0.02 nA, ν = 7.6 Hz, year 2013. (e) KUL
using a Bruker, L = 71.4 nm, IS = 30.0 nm, Vb = 700 mV, It = 0.05 nA,
ν = 6.1 Hz, year 2013. (f) KUL using an Agilent, L = 50.0 nm, IS =
30.0 nm, Vb = −500 mV, It = 0.03 nA, ν = 4.8 Hz, year 2013. All
images were acquired at 512 pixels × 512 pixels with the exception of
the EPFL that was acquired at 256 pixels × 256 pixels. The color scale
is oversaturated to highlight the features on the NPs.
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ABSTRACT: Ligand-protected gold nanoparticles exhibit large local curvatures, features
rapidly varying over small scales, and chemical heterogeneity. Their imaging by scanning
tunneling microscopy (STM) can, in principle, provide direct information on the
architecture of their ligand shell, yet STM images require laborious analysis and are
challenging to interpret. Here, we report a straightforward, robust, and rigorous method for
the quantitative analysis of the multiscale features contained in STM images of samples
consisting of functionalized Au nanoparticles deposited onto Au/mica. The method relies
on the analysis of the topographical power spectral density (PSD) and allows us to extract
the characteristic length scales of the features exhibited by nanoparticles in STM images.
For the mixed-ligand-protected Au nanoparticles analyzed here, the characteristic length
scale is 1.2 ± 0.1 nm, whereas for the homoligand Au NPs this scale is 0.75 ± 0.05 nm.
These length scales represent spatial correlations independent of scanning parameters, and
hence the features in the PSD can be ascribed to a fingerprint of the STM contrast of
ligand-protected nanoparticles. PSD spectra from images recorded at different laboratories using different microscopes and
operators can be overlapped across most of the frequency range, proving that the features in the STM images of nanoparticles
can be compared and reproduced.

Noble metal nanomaterials, and specifically gold nano-
particles (NPs), have attracted considerable attention

because of their potential applications in technological fields
ranging from electronics to optics to catalysis to medicine.1−7

Among the most investigated forms of gold nanoparticles, those
with monolayer coatings are particularly attractive. The self-
assembled monolayer (SAM) that protects the particles
(hereafter called ligand shell) is used to impart some of the
key NP properties needed. For instance, in nanomedicine, the
ligand shell contains the key components needed for drug
delivery or target recognition.8 Various techniques can be
applied to characterize the ligand shell including electron spin
resonance,9−14 nuclear magnetic resonance,15−20 infrared
spectroscopy,21,22 differential scanning calorimetry,23,24 thermal
gravimetric analysis,21 transmission electron microscopy,25−27

and scanning probe microscopy.28−30 However, a full character-
ization of the ligand shell in terms of composition, composi-
tional variation, density, structure, and morphology remains a
major challenge because there is no single technique that is able
to provide information on all of these properties at the same
time.
In these NPs, the gold core is protected by a SAM of

thiolated molecules whose properties can be related to those of
SAMs on flat surfaces. Weiss and co-workers showed by
scanning tunneling microscopy (STM) imaging that on flat
Au(111) surfaces SAMs composed of binary mixtures of
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ABSTRACT: Ligand-protected gold nanoparticles exhibit large local curvatures, features
rapidly varying over small scales, and chemical heterogeneity. Their imaging by scanning
tunneling microscopy (STM) can, in principle, provide direct information on the
architecture of their ligand shell, yet STM images require laborious analysis and are
challenging to interpret. Here, we report a straightforward, robust, and rigorous method for
the quantitative analysis of the multiscale features contained in STM images of samples
consisting of functionalized Au nanoparticles deposited onto Au/mica. The method relies
on the analysis of the topographical power spectral density (PSD) and allows us to extract
the characteristic length scales of the features exhibited by nanoparticles in STM images.
For the mixed-ligand-protected Au nanoparticles analyzed here, the characteristic length
scale is 1.2 ± 0.1 nm, whereas for the homoligand Au NPs this scale is 0.75 ± 0.05 nm.
These length scales represent spatial correlations independent of scanning parameters, and
hence the features in the PSD can be ascribed to a fingerprint of the STM contrast of
ligand-protected nanoparticles. PSD spectra from images recorded at different laboratories using different microscopes and
operators can be overlapped across most of the frequency range, proving that the features in the STM images of nanoparticles
can be compared and reproduced.

Noble metal nanomaterials, and specifically gold nano-
particles (NPs), have attracted considerable attention

because of their potential applications in technological fields
ranging from electronics to optics to catalysis to medicine.1−7

Among the most investigated forms of gold nanoparticles, those
with monolayer coatings are particularly attractive. The self-
assembled monolayer (SAM) that protects the particles
(hereafter called ligand shell) is used to impart some of the
key NP properties needed. For instance, in nanomedicine, the
ligand shell contains the key components needed for drug
delivery or target recognition.8 Various techniques can be
applied to characterize the ligand shell including electron spin
resonance,9−14 nuclear magnetic resonance,15−20 infrared
spectroscopy,21,22 differential scanning calorimetry,23,24 thermal
gravimetric analysis,21 transmission electron microscopy,25−27

and scanning probe microscopy.28−30 However, a full character-
ization of the ligand shell in terms of composition, composi-
tional variation, density, structure, and morphology remains a
major challenge because there is no single technique that is able
to provide information on all of these properties at the same
time.
In these NPs, the gold core is protected by a SAM of

thiolated molecules whose properties can be related to those of
SAMs on flat surfaces. Weiss and co-workers showed by
scanning tunneling microscopy (STM) imaging that on flat
Au(111) surfaces SAMs composed of binary mixtures of
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Gold nanoparticles, composed of a metallic core and a self-
assembled monolayer (SAM) of thiolated molecules (the 
ligand shell), have multiple potential applications, for exam-

ple, sensing, catalysis, drug delivery and molecular recognition1–6. 
The chemical functionality of ligand molecules determines most of 
the nanoparticles’ interface-related properties7. Mixtures of ligand 
molecules are often used to coat the nanoparticles8,9. Typically, this 
is done so that each of the ligand shell components provides a differ-
ent property to the nanoparticles. Recently, it has become apparent 
that the organization of the molecules in the ligand shell can also 
affect the particles’ overall behaviour. Particles coated with a mix-
ture of the molecules in a random arrangement (random mixture) 
will tend to show properties that are averages of the properties of 
each ligand molecule. Janus particles preserve the ligand proper-
ties but show unique collective behaviours, for example, assembling  
in unique structures10. There are many predictions for unique 
properties of patchy particles that are particles with multiple small 
domains in their ligand shell11. Our group has found that binary 
mixtures of dislike ligands differing in length self-assemble into 
stripe-like domains of alternating composition on the particles’  
ligand shell12–14. This morphology is key in determining the  
particles interaction with cell membranes15–17, provides unique 
solubility and interfacial properties18,19 and helps with the particles’ 
properties in catalysis and molecular recognition20,21.

Despite the importance of the ligand shell structure, current 
methods for determining the pattern of ligand phase separation on 
nanoparticles are challenging and time consuming. It is possible to 
determine whether the ligand shell of nanoparticle is randomly mixed 
or phase separated using infrared spectroscopy22, electron spin reso-
nance23, mass spectroscopy24, transmission electron microscopy 
(TEM)25 or fluorescence26. All of these methods require accurate 
data interpretation, and work only for a subset of particles. None can 
determine the pattern of surface morphology of the ligand shell in 
the case of phase separation. When the occurrence of Janus particles 
is suspected, it is possible to use mass spectroscopy24, contact angle 
measurements27 or two-dimensional (2D) NMR to test the hypoth-
esis28. The occurrence and structure of patchy particles are hard to 
characterize. To the best of our knowledge, the only method capable  
to determine the morphology of the ligand shell of particles is scan-
ning tunnelling microscopy (STM). Unfortunately, it is based on 
extensive comparative analysis of multiple images obtained at differ-
ent tip speeds and on different samples12. Sample preparation itself, 
with its requirement of cleanness, nanoparticles purity, and good 
distribution and coverage over the entire sample surface, is a major 
challenge15,29. Importantly, although STM can identify a sample that 
has stripe-like29 or Janus30 (see also: Reguera, Pons, Glotzer, Stellacci 
unpublished results) domains, in the cases where STM images fail to 
show any structure, little can be stated on the ligand shell structure.

Here, we present a comprehensive but simple method to deter-
mine nanoparticles’ ligand shell structure based on the most com-
mon characterization technique for organic chemists: NMR. Our 
method is based on analysing 1D and 2D 1H NMR spectra of  
particles coated with a binary mixture of aliphatic and aromatic 
ligand molecules of varying composition and can be applied in all 
those cases where some of the peaks of the molecules used are well 
separated, with environment caused shifts large enough.

Results
Key assumptions. As illustrated in Fig. 2, when plotting the peak 
position for a generic proton NMR as a function of composition, 
different trends are theoretically possible depending on the ligand 
shell structures31. In the case of random mixtures, the average 
composition of the first nearest neighbors’ shell (FNN) for any 
molecule coincides with the overall composition of the ligand shell. 
As a consequence, a linear trend with composition will be observed 
(Fig. 2a), because the chemical shift for the proton is sensitive to 

the surroundings. If we call B the shift of a generic NMR peak for 
molecules in ‘bulk’ phase that is surrounded by similar molecules, 
and I the shift for molecules at an interface with different molecules, 
it is trivial to show that in this case the shift F of a nanoparticles of 
composition xA is:

F Bx I xA A( )1

This coincidence between local and global compositions is  
removed in the case of phase separation. For Janus particles only the 
ligands at the two-component interface have a mixed composition 
in FNN whereas all of the others have the same FNN composition 
of homoligand nanoparticles. Assuming that the ‘interfacial’  
region in such particles is a stripe of constant thickness t then one 
can rigorously derive (see Methods) the following dependence of  
F on xA:

F B
I B t

rxA

( )

2

with r being the particles core radius. Equation (2) shows a 1/xA 
trend for the chemical shift (Fig. 2b). For patchy particles, the 
relationship is more complex (given that the shape of the patches 
does change with composition) and it leads to a sigmoidal trend 
whose analytical shape will strictly depend on the shape evolution 
of the domains.

F f B I xA( , , )

Similar considerations should hold for any form of spectroscopy 
with modes sensitive to the surroundings. Our group tested part 
of this theory31 with Fourier transform infrared spectroscopy 
finding a linear dependence of the CH stretching modes on 
composition for randomly mixed ligand shells and a sigmoidal one 
for striped particles22. NMR offers valuable insights beyond what 
linear spectroscopy can provide. 2D NMR, nuclear Överhauser 
enhancement spectroscopy (NOESY) allows for the determination 
of average proximity between nuclei. NOESY is a 2D NMR 
technique that exhibits cross-peaks arising from dipole–dipole 
interaction (that is, through-space coupling) between nuclear 
spins that are close enough in proximity (typically  < 0.4 nm). The 
intensity of a NOESY cross-peak depends inversely on the sixth 
power of the distance of protons, so this technique can be exploited 
for an estimation of internuclear distance. For nanoparticle 
samples, the presence of cross-peaks can be used as a proof that 
the distance between two ligands is  < 0.4 nm. In Fig. 2, we illustrate 
what happens to cross-peaks between protons of the two different 
ligand molecules in the case of the various morphologies possible 
on nanoparticles. For random mixtures, strong cross-peaks are 

(1)(1)

(2)(2)

(3)(3)

HS
HS

HS

Diphenyl thiol (DPT) 3,7-Dimethyloctanethiol (DMOT)

Dodecanethiol (DDT)

Figure 1 | The ligand molecules adopted for this study. DPT, DMOT  
and DDT.
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expected as each kind molecule is in the FNN shell of the other 
type of molecules. In the case of Janus particles, this occurs only 
for the few interfacial molecules hence basically cross-peaks are not 
expected. For patchy particles, (specifically in the case of patches 
with at least one characteristic dimension being small) strong cross-
peaks are expected. Here, we postulate and show that a combination 
of 1D and 2D NMR is a fingerprint to distinguish randomly mixed, 
Janus and patchy particles.

NMR on nanoparticles. NMR has been routinely used to determine 
the structure of organic materials, including ligand molecules on 
nanoparticles, because NMR shifts change on the perturbation of 
the magnetic field at the nucleus that is sensitive to the surrounding 
electrons. Previous research of NMR on nanoparticle samples dis-
cussed the nature of line broadening32–34, the effect of particle size 
on NMR frequency (F)35,36 and the dependency of line width and 
F to the nuclei distance from nanoparticle surface37. As SAMs of 
thiol ligands at the surface of gold nanoparticles are tightly packed, 
their NMR F is not only determined by the chemical structure of 
themselves but also affected by neighbouring ligands. The subtle 
change in chemical shift reflects the surrounding environment of 
ligands. Malicki et al.38 have observed an upfield shift (towards 
smaller chemical shift) of aromatic ligands in 1H NMR when 
they self-assemble on nanoparticles, and that the shift is depend-
ent on the packing density and the neighbouring environment 
of ligands. The upfield shift of aryl protons is caused by the ring  
currents from proximal arene rings. Therefore, we chose a solely 
aromatic ligand diphenyl thiol (DPT), 1, together with aliphatic  
ligand dodecanethiol (DDT), 2, or 3,7-dimethyloctanethiol 
(DMOT), 3, as a model to study the morphology of mixed SAMs on 
gold nanoparticles. In addition, the fact that their 1H NMR peaks 
are well separated provides the ease and cleanness for data analysis.  
The structures of DPT, DDT and DMOT molecules are shown in  
Fig. 1. Gold nanoparticles were synthesized through the Stucky 
method using thiol mixtures of varying stoichiometric ratios39. 
We stress that the actual ligand composition on nanoparticles was 
determined by 1H NMR after decomposing the gold core via cyanide  

etching40 using the ratio between the integration the aromatic peaks 
from DPT and that of methyl from DDT (see Supplementary Fig. S1 
for a representative NMR spectrum obtained after cyanide decompo-
sition). Particle size was analysed by TEM. To acquire accurate NMR 
signal of the ligand shell of nanoparticles, it is of great importance 
to thoroughly remove all free ligands that are physically adsorbed. 
Many methods including repeated ultrasonication/centrifugation, 
dialysis and filtration were used to completely clean the nanopar-
ticles. After cleaning, nanoparticles were dissolved in CD2Cl2 at 
5.0 mg ml − 1 and analysed by NMR. All spectra were processed by 
Topspin 2.1 and calibrated by the CD2Cl2 solvent peak. No peaks 
of free ligands could be seen, indicating the cleanness of nanoparti-
cles. In a few spectra there exists a relatively sharp and small peak at 
7.36 p.p.m. We believe this is not because of free ligands—this fea-
ture is discussed below. The centre of the broad peak was calculated 
by Gaussian–Lorentzian fitting of the spectra and statistically ana-
lysed by multiple measurements on multiple samples made on many 
different days. It is important to notice that in Fig. 3d–f, each data 
point is the average value of NMR chemical shifts calculated from 
at least three samples, and the error bars represent the largest stand-
ard deviation (s.d.), the compositional error bars are the s.d. of DPT 
percentage in the ligand shell, calculated on three different samples 
(see Table 1 for complete data entries used for the calculation).

Randomly mixed nanoparticles. Mixtures of DPT and DMOT 
are expected to form random mixtures when coating nanoparticles 
given that DMOT, due to its branched structure, should not have  
an ordered crystalline arrangement on nanoparticles and hence  
little enthalpy of phase separation relative to another ligand14.  
This finding is partly supported by the lack of any detectable  
structure in STM images of these particles (Fig. 3j)14,16. NMR 
result strongly confirms this type of structure. In fact, Fig. 3a 
shows the superimposed spectra of representative nanoparticles  
Au-DPT0.22DMOT0.78, Au-DPT0.60DMOT0.40 and Au-DPT0.82 
DMOT0.18 in the aromatic region (see Supplementary Fig. S5 for 
full spectra of all compositions). The broad peak gradually shifts 
upfield (towards small chemical shift) when the fraction of DMOT 
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Figure 2 | Idealized NMR plots for nanoparticles coated with binary mixtures of ligands. (a–c) Chemical shift of NMR as a function of ligand 
composition for randomly mixed, Janus and patchy (striped) nanoparticles, respectively. (d–f) NOESY of randomly mixed, Janus and patchy (striped) 
nanoparticles, respectively.
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It is accepted that the ligand shell morphology of nanoparticles coated with a monolayer of 
molecules can be partly responsible for important properties such as cell membrane penetration 
and wetting. When binary mixtures of molecules coat a nanoparticle, they can arrange 
randomly or separate into domains, for example, forming Janus, patchy or striped particles. 
To date, there is no straightforward method for the determination of such structures. Here 
we show that a combination of one-dimensional and two-dimensional NMR can be used to 
determine the ligand shell structure of a series of particles covered with aliphatic and aromatic 
ligands of varying composition. This approach is a powerful way to determine the ligand shell 
structure of patchy particles; it has the limitation of needing a whole series of compositions and 
ligands’ combinations with NMR peaks well separated and whose shifts due to the surrounding 
environment can be large enough. 
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increases from 22 to 60% and to 82% (Fig. 3a). As these particles 
are very similar in size and only differ in ligand composition, the 
NMR peak shift must be a result of how the two ligands arrange  
on nanoparticles. The shift of peak centre is linear as a function  
of ligand composition (Fig. 3d, linear fit, y = 7.47–0.00448x, 
R2 = 0.974), as expected from equation (1). In addition to the inves-
tigation on nanoparticles’ 1D 1H NMR, experiments of NOESY 
were carried out. Figure 3g shows the NOESY spectra of representa-
tive Au-DPT0.40DMOT0.60 particles (see Supplementary Fig. S6 for 
spectra of all compositions). These particles show clearly NOESY 

cross-peaks suggesting a close proximity of the two ligands. Overall, 
the agreement between the predicted (Fig. 2) and measured (Fig. 3) 
1D and 2D NMR spectra for random packing is remarkable.

Janus nanoparticles. Theory14 and experiments30 predict that 
very small particles coated with binary mixtures of dislike ligand  
molecules have a ligand morphology that is dictated by the enthalpy of  
phase separation. Hence, for two molecules known to form ordered 
arrangement on nanoparticles as DPT and DDT, one would expect 
that two macro domains would form, this arrangement (Janus)  
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Figure 3 | NMR and STM images of nanoparticles. (a) 1H NMR of randomly mixed nanoparticles Au-DPT0.22DMOT0.78 (black), Au-DPT0.60DMOT0.40 
(red) and Au-DPT0.82DMOT0.18 (blue). (b) 1H NMR of Janus nanoparticles Au-DPT0.19DDT0.81 (black), Au-DPT0.56DDT0.44 (red) and Au-DPT0.82 
DDT0.18 (blue). (c) 1H NMR of striped nanoparticles Au-DPT0.21DDT0.79 (black), Au-DPT0.58DDT0.42 (red) and Au-DPT0.78DDT0.22 (blue).  
(d–f) Chemical shift of 1H NMR as a function of alkanethiol percentage for randomly mixed, Janus and striped nanoparticles, respectively. Solid  
red lines in (d) and (e) are the fit to the data (see text). Error bars represent the s.d. of the mean of the chemical shift and of the DPT percentage  
calculated after cyanide decomposition. (g–i) NOESY spectra of randomly mixed nanoparticle Au-DPT0.40DMOT0.60, Janus nanoparticle Au-DPT0.56 
DDT0.44 and striped nanoparticle Au-DPT0.58DDT0.42, respectively. (j–l) STM image of randomly mixed nanoparticle Au-DPT0.40DMOT0.60, Janus 
nanoparticle Au-DPT0.56DDT0.44 and striped nanoparticle Au-DPT0.58DDT0.42, respectively. (j) and (l) are (17×17 nm) while (k) is (20x20 nm). White 
dotted ovals delimit each single Janus nanoparticle. Larger STM images can be found in Supplementary Material, Supplementary Figs S2 and 3.
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increases from 22 to 60% and to 82% (Fig. 3a). As these particles 
are very similar in size and only differ in ligand composition, the 
NMR peak shift must be a result of how the two ligands arrange  
on nanoparticles. The shift of peak centre is linear as a function  
of ligand composition (Fig. 3d, linear fit, y = 7.47–0.00448x, 
R2 = 0.974), as expected from equation (1). In addition to the inves-
tigation on nanoparticles’ 1D 1H NMR, experiments of NOESY 
were carried out. Figure 3g shows the NOESY spectra of representa-
tive Au-DPT0.40DMOT0.60 particles (see Supplementary Fig. S6 for 
spectra of all compositions). These particles show clearly NOESY 

cross-peaks suggesting a close proximity of the two ligands. Overall, 
the agreement between the predicted (Fig. 2) and measured (Fig. 3) 
1D and 2D NMR spectra for random packing is remarkable.

Janus nanoparticles. Theory14 and experiments30 predict that 
very small particles coated with binary mixtures of dislike ligand  
molecules have a ligand morphology that is dictated by the enthalpy of  
phase separation. Hence, for two molecules known to form ordered 
arrangement on nanoparticles as DPT and DDT, one would expect 
that two macro domains would form, this arrangement (Janus)  
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Figure 3 | NMR and STM images of nanoparticles. (a) 1H NMR of randomly mixed nanoparticles Au-DPT0.22DMOT0.78 (black), Au-DPT0.60DMOT0.40 
(red) and Au-DPT0.82DMOT0.18 (blue). (b) 1H NMR of Janus nanoparticles Au-DPT0.19DDT0.81 (black), Au-DPT0.56DDT0.44 (red) and Au-DPT0.82 
DDT0.18 (blue). (c) 1H NMR of striped nanoparticles Au-DPT0.21DDT0.79 (black), Au-DPT0.58DDT0.42 (red) and Au-DPT0.78DDT0.22 (blue).  
(d–f) Chemical shift of 1H NMR as a function of alkanethiol percentage for randomly mixed, Janus and striped nanoparticles, respectively. Solid  
red lines in (d) and (e) are the fit to the data (see text). Error bars represent the s.d. of the mean of the chemical shift and of the DPT percentage  
calculated after cyanide decomposition. (g–i) NOESY spectra of randomly mixed nanoparticle Au-DPT0.40DMOT0.60, Janus nanoparticle Au-DPT0.56 
DDT0.44 and striped nanoparticle Au-DPT0.58DDT0.42, respectively. (j–l) STM image of randomly mixed nanoparticle Au-DPT0.40DMOT0.60, Janus 
nanoparticle Au-DPT0.56DDT0.44 and striped nanoparticle Au-DPT0.58DDT0.42, respectively. (j) and (l) are (17×17 nm) while (k) is (20x20 nm). White 
dotted ovals delimit each single Janus nanoparticle. Larger STM images can be found in Supplementary Material, Supplementary Figs S2 and 3.
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When a binary mixture of ligand molecules is used to coat gold nanoparticles, stripe-like domains can

occur. These nanodomains confer nanoparticles unique structure-dependent properties. The domain

structure has been characterized primarily using scanning tunneling microscopy (STM) in air and in

vacuum. Here we show the first STM images of striped nanoparticles in a solvent, 1-phenyloctane. We

achieve stable imaging conditions on dodecanethiol–hexanethiol (C12 : C6) 2 : 1 protected gold

nanoparticles. These features are persistent across many images and retain their direction and overall

morphology when recorded at different scan angles. We also perform small angle neutron scattering

(SANS) on two hybrid C6 : C12 nanoparticle samples dissolved in chloroform. The hybrid nanoparticles

have the same composition and size distribution as samples imaged with STM, but one of the two

ligands (either C6 or C12) is deuterated. Low resolution models reconstructed ab initio by simultaneous

fitting of the SANS data reveal striped patterns of C6 and C12 on the gold surface. We use image analysis

to quantitatively compare STM and SANS data, achieving remarkable agreement. This is the first paper to

compare evidence of the existence of stripe-like domains for particles in solution using two independent

techniques, and we believe that a combination of STM and SANS could become a major approach to

characterize mixed ligand nanomaterials in solution.

Introduction
Self-assembled monolayers (SAMs) of thiolated ligand mole-
cules on gold substrates are ordered two-dimensional crystals
that spontaneously form upon immersion of a substrate in a
solution containing the molecules. These molecules assemble
through a dynamic process, and when a mixture of molecules is
used, as long as there is a sufficient enthalpic driving force to
lead to separation, domains spontaneously form.1–3 Gold
nanoparticles can be efficiently synthesized using SAMs as
stabilizing agents. These SAMs constitute the ligand shell of the
nanoparticles (NPs) and provide the NPs with a number of their
interfacial properties. Separation on a at Au surface and on the

surface of Au NPs happens spontaneously in the ligand shell
when SAMs are composed of a mixture of di-like ligand mole-
cules.4,5 Scanning tunneling microscopy (STM) studies in air
have shown that this separation leads to the formation of stripe-
like domains when binary mixtures of some ligands are used.4–6

These domains in the ligand shell provide interesting proper-
ties to the particles, ranging from a structural component to
interfacial energy, unique solubility behavior, cell membrane
penetration, enhanced catalytic activity, and selective molecular
recognition.7–10 All of these properties occur with particles in a
liquid.

The presence of stripe-like domains on the ligand shell of Au
NPs has been identied through STM studies in air and in
vacuum. These studies have established that the morphology
and the width of these features are independent of the imaging
parameters (mainly tip velocity).5,6 In response to recent
critiques of the interpretation of the STM images of striped
nanoparticles,11 studies have shown that these images can be
reproduced effectively across laboratories, microscopes, and
operators.12 High-resolution images have been achieved allow-
ing the characterization of the molecular arrangement within
these domains.13 Evidence of domains on NPs has also been
established through FTIR, NMR, AFM, mass spectroscopy, and
EPR studies.9,14–17 The formation of these stripe-like domains is
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cSINQ, Paul-Scherrer Institut, 5232 Villigen, Switzerland
dAdolphe Merkle Institute, University of Fribourg, 1723 Marly 1, Switzerland
eEuropean Molecular Biology Laboratory, Hamburg Unit, EMBL c/o DESY, Notkestraße
85, Hamburg 22603, Germany. E-mail: Svergun@EMBL-Hamburg.de

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c3sc52595c

‡ These authors contributed equally to the paper.

Cite this: Chem. Sci., 2014, 5, 1232

Received 16th September 2013
Accepted 13th November 2013

DOI: 10.1039/c3sc52595c

www.rsc.org/chemicalscience

1232 | Chem. Sci., 2014, 5, 1232–1240 This journal is © The Royal Society of Chemistry 2014

Chemical
Science

EDGE ARTICLE

Pu
bl

is
he

d 
on

 1
4 

N
ov

em
be

r 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 S

tu
di

 d
i T

rie
st

e 
on

 1
4/

10
/2

01
5 

16
:4

0:
36

. 

View Article Online
View Journal  | View Issue

change as the tip does not have a symmetrical shape. Hence the
specic and local conditions should not be expected to be
exactly the same for all imaging directions. To better highlight
the persistence of the stripes across images we undertook a
prole analysis. We dened a line prole (30 pixels thick) in the
direction we identied as roughly perpendicular to the stripes
present in Fig. 3a. Using soware features we maintained the
same length and direction of the line prole and transferred it
to the other four images shown in Fig. 3. We show in Fig. 3f the
resulting ve line proles offset in height for clarity. The line
proles were aligned so that the rst peak present would coin-
cide (as indicated in the gure by a dashed black vertical line).
The dashed orange lines are guides to the eye showing the
remarkable persistence of the peaks in the line proles. The
inter-peak spacing that we nd is 1.2 nm. We should point out
that the images we are using were not dri corrected, hence
each nanoparticle presents a distortion that obviously changes
depending on the scan angle (and scan direction). The results
shown in Fig. 3f have a remarkable consistency; we believe that

the alignment of the peak substantially mitigates the dri
effects. The exact line proles used are shown in Fig. S8.†

To better investigate the structure of the ligand shell we
complemented the STM studies with small angle neutron
scattering (SANS) on diluted solutions of these particles in
deuterated chloroform (see Experimental details in ESI†). Two
different particles were synthesized alternately replacing the C6
and C12 ligands with their perdeuterated analogues. The
synthetic methods were kept identical so as to obtain particles
with the same size, size distribution, and ligand shell compo-
sition. Table S1 in the ESI† compares the size distribution data
for the three particles used in this edge article (C6 : C12,
d-C6 : C12, C6 : d-C12). Given the very small effect of deutera-
tion on the assembly properties of molecules, one can safely
assume that the three particles have similar ligand shell orga-
nization. In the conditions of the two SANS experiments, the
deuterated ligand had positive contrast close to that of the gold,
whereas the protonated ligand had a strong negative contrast
(Table 1). The SANS data in Fig. 4a recorded for the two
specically deuterated particles displayed signicant differ-
ences indicating that neutron scattering is sensitive to the
deuteration of the ligands. The differences are even more
pronounced in the distance distribution functions of the
particles computed from the experimental data by Fourier
transformation using GNOM39 (Fig. 4b). Both hybrid particles
have the same maximum size (Dmax ¼ 75 " 5 Å, i.e. diameter of
the spherical search volume), and this observation agrees with
the TEM data indicating that the particle size does not change
upon specic deuteration (Table S1†). Note that the difference
in size between the Dmax and the TEM values has to be ascribed
to the fact that SANS measurements provide the size of the
whole particles, while TEM measures only the gold core size.
The distance distributions as calculated from SANS data are
drastically different for the two hybrid particles (Fig. 4b)
yielding also signicantly different radii of gyration (29.7 " 0.5
Å for C6 : d-C12 and 34.2" 0.5 Å for d-C6 : C12), This difference
reects the contrast ratios of the two major components, gold
and C12. For C6 : d-C12 particles, contrasts of gold and C12
moieties are positive and close to each other (Table 1) and the
p(r) function is bell shaped, which is typical for rather

Fig. 3 Digital rotations of the STM images shown in Fig. 2. (a) Rotation
angle (RA) ¼ 0#. (b) $30#. (c) $60#. (d) $90#. (e) 0#. (f) Line profile
analysis of the particle marked by red circles with legend numbers
indicating the scan angles. The large white and green arrows are the
same as shown in Fig. 2.

Table 1 Contrasts of the phases in the hybrid particles (in units 10$6

Å$2) (a) and discrepancy of the fits (b)

(a) Contrasts C6 : d-C12 d-C6 : C12

Phase 1 : gold 1.4 1.4
Phase 2 : C12 2.5 $3.4
Phase 3 : C6 $3.4 1.9

(b) Discrepancy
valuesa C6 : d-C12 d-C6 : C12

Striped particle 1.2 1.1
Janus particle 15.2 7.7
Randomly mixed
particles

1.8 4.2

a Chi squared.
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to depict the space occupied by the gold, C6 and C12 moie-
ties. In the model, 1128 beads represent the gold nano-
particle, whereas the C6 and C12 moieties contain
390 and 2801 beads, respectively. The volume fractions of
gold : C6 : C12 in the model are therefore 0.26 : 0.09 : 0.65, in
excellent agreement with the volume ratio of the three
components computed from the chemical composition
(0.24 : 0.09 : 0.67). The centers of mass of all moieties are
close (within 1 Å) from the origin. The gold moiety has
Rg ¼ 18.2 Å, those of C6 and C12 are 27.2 Å and 32.1 Å,
respectively, indicating that, on average, C6 molecules
occupy the space closer to the gold surface than the C12
molecules. The variation of the values of the overall param-
eters in different MONSA reconstructions was within 1–2%
and the models had an overall appearance very similar to that
in Fig. 5.31,32,39 It is immediately evident that the model
captures very well the facetted structure of the gold core, and
also that the C6 regions form elongated domains within the
bulk of the C12 phase, in excellent agreement with the model
of striped nanoparticles. The arrows in Fig. 5 indicate
domain boundaries (between C6 and C12) that the STM
would image, and these boundaries are spaced at roughly 1
nm. To further verify that the SANS data are highly sensitive
to the distribution of C6 and C12 in the shell, alternative
models of ligand shell morphologies were also tried, specif-
ically the Janus morphology as well as randomly mixed C6
and C12 molecules in the shell. The two models displayed in
Fig. S15 and S16† had the same volume ratio of the compo-
nents as the model in Fig. 5 and the same parameters of the
gold core. For the random model, the radii of gyration of C6
and C12 moieties were practically identical (Rg ¼ 31.8 and
32.2. Å) reecting their random distribution in the shell
surrounding the gold core. The Janus particle had a signi-
cant separation of 32 Å between the centers of mass of the C6
moiety (Rg ¼ 21.5 Å) and C12 moiety, (Rg ¼ 31.2. Å). For both
random and Janus particles the best ts showed rather poor
agreement with the experimental data (Fig. S15 and S16† and
Table 1). In particular, the Janus morphology with a clear

segregation between the C6 and C12 moieties, is not
compatible with the SANS data. The reason is that
pronounced maxima/minima in SANS patterns can only be
observed for overall symmetric and close to concentric
distributions. If one separates the phases asymmetrically,
like in the Janus particle, the maxima/minima are signi-
cantly smeared. This effect is obvious in Fig. S15† leading to a
dramatic worsening of the ts, as also evident from the
discrepancies in Table 1.

The model presented in Fig. 5 shows elongated domains
that have some degree of parallelism but has many C6
regions that run roughly perpendicular to these domains.
Also, while most domains are right on the gold region, some
seem to be far from it. One could be tempted to compare
directly the model with the STM images, assuming that
the STM will image mostly domain boundaries and miss in
the images domains perpendicular to the main direction.
The particle marked with an asterisk in Fig. 2 and 3 shows
this very type of arrangement. This comparison might not be
fully adequate, as the model derives from the t of a poly-
disperse sample, with polydispersity in size and ligand shell
morphology. To ensure a more reliable comparison we
decided to use the model to produce an image close to the
one we had in STM. We imported in a 3D rendering soware
the coordinate system from the model, used the C6 regions as
the markers for the domain boundaries that we image in
STM, replaced the gold region with spheres of equivalent
size, and generated a layer of these particles randomly
oriented (Fig. S17†). We then produced a grayscale image
with the same number of particles acquired in the image
shown in Fig. 1 and produced a PSD plot of this ‘simulated’
image in the same way used for STM images. As shown in
Fig. 6 the PSD of the STM image and the one derived from the
SANS data show the same features, indicating a quantitative
agreement between the results in the two techniques. We do
not believe that each feature in the PSD should be over-
interpreted as the stripe like domains are complex but the
agreement is certainly solid.

Fig. 5 Four different projections of a typical multiphase 3D low-resolution model of the C6 : C12 particles obtained from the fitting of the SANS
data. Yellow beads indicate the gold nanoparticle core regions, the magenta beads represent the C6moiety, and the cyan beads the C12moiety.
The beads in the model act as low-resolution place holders to depict the space occupied by the gold, C6 and C12moieties. The image (d) on the
right has the cyan beads in a lower transparency mode to highlight the C12 moieties. The C6 regions form elongated domains within the bulk of
the C12 phase in excellent agreement with the model of striped nanoparticles. Scale bar, 5 nm. The arrows indicate elongated C6 domains that
roughly align along a preferential direction. These features would provide aligned domain boundaries in the STM images (the arrows are spaced
by about 1 nm).
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CONSPECTUS: Gold nanoparticles owe a large number of their properties to their ligand
shell. Indeed, many researchers routinely use mixtures of ligand molecules for their
nanoparticles to impart complex property sets. It has been shown that the morphology of
ligand shells (e.g., Janus, random, stripelike) leads to specific properties. Examples include
wettability, solubility, protein nonspecific adsorption, cell penetration, catalysis, and cation-
capturing abilities. Yet, it remains a great challenge to evaluate such morphologies in even the
most fundamental terms such as dimension and shape. In this Account, we review recent
progress in characterization techniques applicable to gold nanoparticles with ligand shells
composed of mixed ligands. We divide the characterization into three major categories, namely,
microscopy, spectroscopy, and simulation. In microscopy, we review progresses in scanning
tunneling microscopy (STM), atomic force microscopy (AFM), and scanning/transmission
electron microscopy. In spectroscopy, we mainly highlight recent achievements in nuclear
magnetic resonance (NMR), mass spectrometry (MS), small angle neutron scattering (SANS), electron spin resonance (EPR),
and adsorption based spectroscopies. In simulation, we point out the latest results in understanding thermodynamic stability of
ligand shell morphology and emphasize the role of computer simulation for helping interpretation of experimental data. We
conclude with a perspective of future development.

1. INTRODUCTION
Within this Account, gold nanoparticles (NPs) are defined as a
metallic gold core covered by a monolayer of organic molecules
(typically thiolated compounds) that we call ligands. The gold
core has the diameter of several nanometers, and the ligand
molecules are attached to the gold surface via S−Au bonds.
This core−shell construct can be made by many facile and
robust synthetic techniques.1 They can be generally categorized
into two widely adopted methodologies: direct synthesis in the
presence of thiols, and postsynthesis functionalization by ligand
exchange. Both the NPs’ core and the ligand shell are important
in determining the NPs’ properties.2 Notably, diverse
functionalities of gold NPs can be achieved through tuning
ligand molecules, an advantage that allows the NPs to be tailor-
made for specific applications. Many applications of gold NPs
can be found in electronics, drug delivery, catalysis, and
sensing.2,3 Furthermore, the structure of the ligand shell and of
the core can also be synergistically designed and exploited,
which very often leads to the nonadditive nature of NP
properties and could be crucial for many applications.4

Both the ligand−shell composition and its structure have
been shown to contribute significantly to the chemical,
biological, and interfacial behaviors of gold NPs. Increasing
evidence in the literature has pointed to effects of the
morphology of the ligand shell on determining particles’
properties such as wettability,5 solubility,6 protein nonspecific
adsorption,7,8 cell penetration,9 catalysis,10 and cation capturing
abilities.11 As a consequence, the key step in nanoparticle
characterization has to be the determination of the ligand shell
morphology. Hereafter, we use the term morphology to refer to
the structure of molecular domains in the mixed ligand shell.

In this Account, we attempt to highlight recent development
in characterization techniques of the ligand shell of gold NPs,
specifically focusing on techniques that help elucidate the
structure of ligand shells composed of binary monolayers. The
techniques are grouped in three major categories: microscopy,
spectroscopy, and simulation. All the strengths and major
achievements of the techniques are discussed in their respective
sections. The key shortcomings are discussed in the
perspectives section and used as a point of departure to
suggest toward where the field should be moving in the future.

2. MICROSCOPY
Due to the size of the gold cores and the small dimensions of
ligand shell domains, not many microscopic tools are available
for direct visualization of ligand structures. So far, scanning
probe techniques such as scanning tunneling microscopy
(STM) and atomic force microscopy (AFM) have been the
main suitable microscopy techniques. STM uses as a feedback
the tunneling current between a sharp metallic tip and a
substrate. Imaging gold NPs greatly benefits from the
resolution this technique can provide. Once the particles are
clean from free ligands and are attached firmly to a conductive
flat surface such as Au(111) or HOPG, the ligand shell
morphology can be resolved based on the conductivity and
height difference of the molecular component of the ligand
shell. Here, we emphasize that any attempt to image gold NPs
by STM has to consider three important issues. The first is the
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many parameters of the stripelike domains including the
thickness.27

As successful example studies of NP systems combining 1D
and 2D NMR techniques, the works described above still have
certain limitations, such as the choice of ligands (to observe the
cross-peaks) and the requirement of the tenability of the ligand
shell composition. However, it demonstrates the possibility of
studying complex ligand shell structures by using a library of
NMR techniques. The limitations could be overcome by
measuring nuclei whose chemical shift is more sensitive and
with a broader range, such as 13C NMR. More detailed
structural and dynamic information on mixed ligand protected
gold NPs could be obtained by applying other advanced NMR
techniques and by combining them with various simulation
methods. It has been shown that using paramagnetic lanthanide
labels, it is possible to access detailed distribution of mixed
ligands and distances among those labels.29 There are also some
encouraging examples of the structural characterization of
model nanoparticle systems such gold nanoclusters using a
variety of 2D NMR techniques.30

3.2. FTIR

FTIR has been widely applied to study NPs.31 It allows one to
obtain molecular composition, and it is sensitive to molecular
conformation and local chemical environment, e.g., frequency
of CH2 stretching is influenced by intramolecular conformation
disorder. Using very similar arguments to the ones discussed for
NMR shift, we used FTIR shifts to determine phase separation
of mixed ligand shells on gold nanoparticle surfaces.32

3.3. SANS

Small angle neutron scattering (SANS) is also a powerful
technique to probe structural information on the ligand shell as
the scattering cross section of neutron does not depend on the
atomic number but vary with isotopes. In ref 12, SANS spectra
were recorded for two identical NPs differing only in the
deuteration of one of the molecules in the ligand shell. The first
particle was coated with perdeuterated dodecanethiol and
hexanethiol, and the other with dodecanethiol and perdeu-
terated hexanethiol. The spectra were then fitted simulta-
neously using the simulated annealing approach implemented
in MONSA program, which results in a reconstructed ligand-
shell−gold-core 3D model of the particle.
3.4. Mass Spectrometry

Mass spectrometry has been used to characterize NPs, for
example, to determine their molecular weight.33 As for mixed
ligand NPs, it has been demonstrated that the identity and
ligand ratio could be determined by the LDI-MS technique.34

An interesting work was reported by Harkness et al., in which
matrix assisted laser desorption/ionization (MALDI) was used
to examine the phase separation behavior of various mixed
ligand protected NPs.35 The authors make use of the fact that
Au4L4 was the most abundant ion species within fragments of
gold NPs. Such Au4L4 ions should be either desorbed directly
from the NPs’ surface or formed from the rearrangements of
the surface staple motifs. Therefore, the distribution of
Au4LxL′(4−x) of the binary ligand shells reflects the arrangement
of the two ligands on the NP surfaces. For example, for ligand

Figure 5. MALDI-MS investigation of molecular phase separation in mixed ligand coated NPs. Among the fragments of Au-thiol complexes caused
by the MALDI process, only the Au4L4 ion species are analyzed since they are the most abundant fragments. For a binary ligand coated gold NP, 5
combinations of Au4L4 will be found and they are labeled from 0 to 4 in the x-axis of the plots. In other words, if the ligand shell contains a binary
mixture of thiols A and B, the 5 species of the Au4L4 complexes analyzed are Au4A4−xBx (x = 0, 1, 2, 3, 4). Their corresponding abundances obtained
experimentally from 4 different types of mixed ligand coated gold NPs are illustrated by open circles. The binomial distribution, which corresponds
to random morphology, is presented by filled black dots. The deviations from the binomial distribution, represented by an arrow for each species,
indicate the presence of molecular phase separation in the ligand shell that ranges from completely mixed, to patchy domains, and to the Janus
structure. The ligand shell compositions of the 4 investigated particles are octanethiol (OT)/deuterated OT, tiopronin/glutathione, 11-
mercaptoundecanoic (MUA)/glutathione, tiopronin/mercaptoundecyltetraethylene glycol (MUTEG), respectively. Reproduced with permission
from ref 35. Copyright 2011 Wiley-VCH.
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equal length unequal length 

AuNP 7.0 nm in diameter 



UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato 

surfaces with varying degrees of curvature, different length C4:C6, 
same end group. 

Entropy-Mediated Patterning of Surfactant-Coated Nanoparticles and Surfaces 

morphologies of mixed-monolayers 

same length same length 
different tail group 
bulkiness 

4:6                    4:7                     4:13 
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mixed-monolayer properties 
tuning the surface chemistry 

Centrone, A. et al PNAS, 2008, 105, 9886. 
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Figure 5 Schematic drawing of a generic protein (top) and a rippled nanoparticle (bottom).The pink 
and blue contour line on top of the nanoparticle shows the hydrophobic and the hydrophilic regions of the 
particle,respectively.The same colour scheme is used to show the outside shell of the chosen protein.It is 
evident (as the drawing is approximately to scale) how,despite the enormous conformational freedom that 
the proteins have,there will always be regions of attraction and regions of repulsion when interacting with 
nanostructured nanoparticles. 

mixed-monolayer properties 

A. M. Jackson, J. W. Myerson, F. Stellacci, Nat. Mater. 2004, 3, 330-336. 
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protein nonspecific absorption 
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The Nano Lotus Leaf Effect 
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3D SAMs composed of thiols with immiscible chains 
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Freeze fracture electron micrograph of a phase-
separated 
liposomal membrane (95 mol % DMPC and 5 mol %  
fluorinated lipid 3. The ripple structure shows the parts  
of membrane composed of DMPC, surrounding a 
domain  
of the fluorinated lipid (smooth surface). R. Elbert, T. 
Folda, and H. Ringsdorf J. Am. Chem. Soc. 1984, 106, 
7687-1692 
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compression rate of 35 cm2 min-1. Coll. Surf. A, 1999, 157, 
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TEM image of silver nanocrystals coated  
with fluorinated ligands. 

dispersion in acetone and liquid and sc. CO2 

UV-visible absorbance spectra of AgNPs (i) coated with  
fluorinated ligands dispersed in acetone; (ii) coated with  
hydrocarbon ligands dispersed in hexane; (iii) coated with 
fluorinated ligands dispersed in sc-CO2. 

average size 5.5 nm 

metal nanoparticles protected by fluorinated ligands 
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2.4 nm 

!   use of commercially available F-thiols 

Au545SR108 

a dispersion in HCFC-225 dropcasted 
on a carbon-coated copper grid displays 
ordered hexagonal assembly 

gold nanoparticles protected by fluorinated ligands 

insoluble in common organic solvents:  
ethanol, acetone, chloroform, DMSO 



A. Dass, R. Guo, J. B. Tracy, R. Balasubramanian, A. D. Douglas, R. W. Murray Langmuir, 2008, 24, 310-315.  
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gold nanoparticles protected by fluorinated ligands 



K. Niikura et al. J. Am. Chem. Soc. 2012, 134, 7632. 

the solvophobic feature of the fluorinated bundles is the driving force for NP assembly 

5, 10, 20 nm 

gold nanoparticles protected by fluorinated ligands 



synthesis of water-soluble fluorinated Au NPs 
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²  reaction at r.t. to favor  RSH solubility 
!   for  n= 3, 4 and 6 NPs precipitate in MeOH,  
     they are scarcely soluble in DCM and chloroform 

C. Gentilini, F. Evangelista, P. Rudolf, P. Franchi, M. Lucarini, L. Pasquato J. Am. Chem. Soc. 2008, 130, 15678-15682. 

! NPs are soluble in water, methanol, DCM and chloroform 

XPS Au 4f core level spectra of MPC-F8-PEG  
and MPC-C12. 

(a) 1H NMR of HS-F8-PEG and (b) 1H NMR 
of MPC-F8-PEG prepared with a thiol/Au ratio of 2:1. 
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!   Homogeneous phase synthesis (methanol/water) using mixtures of thiolates 
    with immiscible chains 

!   synthesis of mixed-monolayer by exchange reaction 

C. Gentilini, P. Franchi, E. Mileo, S. Polizzi, M. Lucarini, L. Pasquato  Angew. Chem. Int. Ed. 2009, 48, 3060. 
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simulation 

ESR spectrum of the probe recorded in the presence of  
NP-F8-PEG 0.56 mM (in black) and the corresponding computer  
simulation (in red). 

radical probe 

C. Gentilini, F. Evangelista, P. Rudolf, P. Franchi, M. Lucarini, L. Pasquato J. Am. Chem. Soc. 2008, 130, 15678-15682. 

 ESR parameters of the radical probe (1 G = 0.1 mT) and  
partition  equilibrium  (Keq) constants at 298 K. 

a(N)/G a(2Hβ)/G g-factor Keq / M-1 
watera 16.25 10.14 2.0056 ⎯ 

NP-F8-PEG 15.46 8.68 2.0057 176 
NP-C8-TEG  15.67 8.97 2.0057 87c 

a Contains 10% (v/v) of methanol. 
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gold nanoparticles protected by H-/F- mixed-monolayers 
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ESR Parameters in the Presence of Homoligand NP Mixtures 

P. Posocco, et al., ACS Nano 2012, 6, 7243-7253. 

gold nanoparticles protected by H-/F- mixed-monolayers 



Mesoscopic simulations details 

L. Pasquato et al., ACS Nano 2012, 6, 7243-7253. 

gold nanoparticles protected by H-/F- mixed-monolayers 

ü  Self-assembled organization was predicted at the nanoscale using corse grained (CG) 
simulations in presence of solvent 

ü  CG calculations allow to reach time and length scales larger than classical atomistic 
predictions and closer to those involved in the experimental phenomena 

ü  An ad hoc multiscale molecular modeling procedure was developed. It employs the 
information obtained from atomistic molecular dynamics simulation to parametrize 
mesoscale dissipative particle dynamics (DPD) models, thus incorporating all chemical 
details even at the CG level 

in collaboration with Sabrina Pricl Paola Posocco and Maurizio Fermeglia 



L. Pasquato, et. al. ACS Nano 2012, 6, 7243-7253. 

gold nanoparticles protected by H-/F- mixed-monolayers 
!   multiscale molecular simulation: validation of the procedure  

 Rippled morphology predicted using a multiscale approach.  

S

MUS 

OT 

S SO3 Na

water 

Au NP with a core size of 4.5 nm coated by a mixture of 2:1 of MUS and OT ligands ( F. Stellacci et al. 
Chem. Commun. 2008, 196.) 

gold core 



χH = 0.50, ∅ 2.2 nm χH = 0.50, ∅ 1.6 nm χH = 0.71, ∅ 2.5 nm 

χH = 0.80, ∅ 1.9 nm χH = 0.95, ∅ 1.9 nm 

Ligand organization on the surface of gold NPs at different molar fraction  
of the two ligands 

L. Pasquato, et al. ACS Nano 2012, 6, 7243-7253. 

gold nanoparticles protected by H-/F- mixed-monolayers 
!   multiscale molecular simulation  



drug loading by mixed-SAMs 
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Equilibrium constants in the presence  
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L. Pasquato et al., ACS Nano 2012, 6, 7243-7253. 
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Radial distribution functions (RDFs) for the SAM components of 
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C.-C. You et al. Nature Nanotech. 2007 

Surface properties of proteins 

random striped 

the mechanism of membrane penetration 
and toxicity depends on surface structure  

A.  Verma et al. Nature Mater. 2008 
S. Sabella et al. Nanoscale 2014 



Effect of the NP surface morphology on cellular uptake and toxicity  
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Nanoscale objects are typically internalized by cells into membrane-bounded endosomes and fail to access the cytosolic cell
machinery. Whereas some biomacromolecules may penetrate or fuse with cell membranes without overt membrane disruption, no
synthetic material of comparable size has shown this property yet. Cationic nano-objects pass through cell membranes by generating
transient holes, a process associated with cytotoxicity. Studies aimed at generating cell-penetrating nanomaterials have focused on
the eVect of size, shape and composition. Here, we compare membrane penetration by two nanoparticle ‘isomers’ with similar
composition (same hydrophobic content), one coated with subnanometre striations of alternating anionic and hydrophobic groups,
and the other coated with the same moieties but in a random distribution. We show that the former particles penetrate the plasma
membrane without bilayer disruption, whereas the latter are mostly trapped in endosomes. Our results oVer a paradigm for analysing
the fundamental problem of cell-membrane-penetrating bio- and macro-molecules.

Nanomaterials are of great interest for use in biomedicine
as imaging tools1–3, phototherapy agents4,5 and gene delivery
carriers6,7. Their interactions with cell membranes are of central
importance for all such applications. For example, many drug-
delivery systems are based on the transport of therapeutic agents
to the cytosol or nucleus of cells by nanoparticles; eYcient
delivery must be achieved while avoiding cytotoxicity during
passage through cell membranes to reach intracellular target
compartments8,9. Indeed, membrane penetration by synthetic10 as
well as by biologically derived11 molecules/particles is currently
under intense investigation. Some biomacromolecules, such as
cell-penetrating peptides (CPPs), may be capable of penetrating
membranes without overt lipid bilayer disruption/poration12–15.
Likewise, synthetic nanomaterials with very small dimensions
(molecules, metal nanoclusters16, small dendrimers10 and carbon
nanotubes17) can also pass through cell membranes. However,
to the best of our knowledge, no synthetic material larger than
a few nanometres in size can pass through membranes without
disrupting the integrity of these biological barriers. For example,
charged particles (such as cationic quantum dots or dendrimers,
mostly assisted by some degree of hydrophobicity) induce transient
poration of cell membranes to enter cells, a process associated
with cytotoxicity18. Alternatively, nanoparticles have been designed
to explicitly disrupt endolysosomal membranes to enter the cell
by force19 or enter the cell aided by exogenous agents such as

CPP chaperones20. In contrast, most nanoparticles are trapped in
endosomes21 and hence do not reach the cytosol.

The surface properties of nanomaterials play a critical role
in determining the outcome of their interactions with cells22.
Recently, we found that when gold nanoparticles are coated with
binary mixtures of hydrophobic and hydrophilic organic molecules,
ribbon-like domains of alternating composition spontaneously
form in the ligand shell23–25. These domains are on average less
than 6 Å wide, which is of the order of or even smaller than the
distribution of chemical functionalities on biomolecules such as
proteins and peptides. Order, rather than random organization
of the functional groups, on these particle surfaces leads to
unexpected surface properties due to the molecularly close
apposition of hydrophilic and hydrophobic moieties at all points on
the particle surfaces: the particles exhibit unusual solubility trends
and low protein binding even with high contents of hydrophobic
groups23,24. With the ordered amphiphilic structure of some CPPs
in mind, we explored the interaction of these nanoparticles with
living cells. Here, we show that ⇠6 nm nanoparticles, coated with
a shell of hydrophobic and anionic ligands regularly arranged
in ribbon-like domains of alternating composition (Fig. 1a),
penetrate cell membranes at 37 �C and 4 �C without evidence of
membrane disruption. Particles with identical hydrophobic content
but lacking structural order in the ligand shell for the most part
do not penetrate cell membranes; hence, we conclude that the
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Figure 1 Nanoparticles with ordered arrangements of hydrophilic and hydrophobic surface functional groups exhibit altered patterns of subcellular localization in

cells. a, Schematic diagrams of the ligand shell structure of the nanoparticles and representative STM images (scale bars 5 nm). b–g, BODIPY fluorescence (upper panels
with an intensity scale bar (a.u.)) and brightfield/fluorescence overlay (lower panels) images of dendritic cells incubated with 0.2mgml�1 of MUS (b,e), 66-34 br-OT (c,f) or
66-34 OT (d,g) nanoparticles for 3 h in serum-free medium at 37 �C (b–d) or 4 �C (e–g). h, Mean fluorescence intensities from confocal images at 4 �C for the different
nanoparticles. *Statistically different from MUS and 66-34 br-OT (P< 0.006).

ligand shell; 66-34 br-OT particles had a hydrophilic–hydrophobic
disordered ligand shell. The last two particles had nearly identical
hydrophilic to hydrophobic ratios, the key diVerence residing in
the ordering of hydrophilic and hydrophobic moieties of the ligand
shell, that is, they can be considered as nanoscale ‘isomers’.

To determine how the nature and organization of functional
groups at the surface of these nanoparticles influenced their
interactions with cell membranes, we labelled the particles with
an average upper limit of 14 molecules of thiolated BODIPY
dye (BODIPY-SH) per nanoparticle (see the Supplementary
Information) and carried out confocal fluorescence microscopy
studies of their uptake and intracellular distribution in living
cells. A mouse dendritic cell clone DC2.4 (ref. 33) was used for
these studies, representing a key class of phagocytes guarding
all peripheral tissues and particularly the skin, lungs and
gut mucosa. Dendritic cells are professional antigen-presenting
cells, and actively sample particles/fluid/macromolecules from
their environment (through phagocytosis, macropinocytosis and
endocytosis) as part of their normal function. Macropinocytosis,
an actin-dependent process where the cell folds membrane around
a small volume of fluid, enables these cells to even internalize
particles that have no interaction with the cell membrane into

intracellular vesicles. To avoid potential artefacts of cell fixation34,
cells were imaged live in a temperature-controlled environmental
chamber. Dendritic cells were incubated with nanoparticles
(0.2 mg ml�1) in serum-containing or serum-free medium for
3 h, washed and imaged live by confocal microscopy. Figure 1
shows the diVerence in behaviour between the various types of
nanoparticle. MUS nanoparticles bearing only the hydrophilic
sulphonate ligand were internalized by dendritic cells at 37 �C and
exhibited punctate fluorescence patterns indicative of endosomal
uptake (Fig. 1b), in agreement with previous findings for most
types of synthetic nanoparticle21,35,36. 66-34 br-OT nanoparticles
bearing a disordered mixed monolayer with sulphonate and methyl
headgroups also showed a punctate distribution in dendritic
cells, although a low level of background fluorescence in the
cytosol of some cells was also detectable (Fig. 1c). In contrast,
66-34 OT nanoparticles, which have a similar ratio of surface
sulphonate and methyl groups with respect to 66-34 br-OT
nanoparticles but in a ‘striped’ nanoscale organization, were
detected in cells as a diVuse pattern of intracellular fluorescence
clearly overlaid on punctate sites of brighter fluorescence due to
endocytosis, suggesting passage of a fraction of these particles
into the cytosol (Fig. 1d). We believe, as discussed below, that
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Figure 1 Nanoparticles with ordered arrangements of hydrophilic and hydrophobic surface functional groups exhibit altered patterns of subcellular localization in

cells. a, Schematic diagrams of the ligand shell structure of the nanoparticles and representative STM images (scale bars 5 nm). b–g, BODIPY fluorescence (upper panels
with an intensity scale bar (a.u.)) and brightfield/fluorescence overlay (lower panels) images of dendritic cells incubated with 0.2mgml�1 of MUS (b,e), 66-34 br-OT (c,f) or
66-34 OT (d,g) nanoparticles for 3 h in serum-free medium at 37 �C (b–d) or 4 �C (e–g). h, Mean fluorescence intensities from confocal images at 4 �C for the different
nanoparticles. *Statistically different from MUS and 66-34 br-OT (P< 0.006).

ligand shell; 66-34 br-OT particles had a hydrophilic–hydrophobic
disordered ligand shell. The last two particles had nearly identical
hydrophilic to hydrophobic ratios, the key diVerence residing in
the ordering of hydrophilic and hydrophobic moieties of the ligand
shell, that is, they can be considered as nanoscale ‘isomers’.

To determine how the nature and organization of functional
groups at the surface of these nanoparticles influenced their
interactions with cell membranes, we labelled the particles with
an average upper limit of 14 molecules of thiolated BODIPY
dye (BODIPY-SH) per nanoparticle (see the Supplementary
Information) and carried out confocal fluorescence microscopy
studies of their uptake and intracellular distribution in living
cells. A mouse dendritic cell clone DC2.4 (ref. 33) was used for
these studies, representing a key class of phagocytes guarding
all peripheral tissues and particularly the skin, lungs and
gut mucosa. Dendritic cells are professional antigen-presenting
cells, and actively sample particles/fluid/macromolecules from
their environment (through phagocytosis, macropinocytosis and
endocytosis) as part of their normal function. Macropinocytosis,
an actin-dependent process where the cell folds membrane around
a small volume of fluid, enables these cells to even internalize
particles that have no interaction with the cell membrane into

intracellular vesicles. To avoid potential artefacts of cell fixation34,
cells were imaged live in a temperature-controlled environmental
chamber. Dendritic cells were incubated with nanoparticles
(0.2 mg ml�1) in serum-containing or serum-free medium for
3 h, washed and imaged live by confocal microscopy. Figure 1
shows the diVerence in behaviour between the various types of
nanoparticle. MUS nanoparticles bearing only the hydrophilic
sulphonate ligand were internalized by dendritic cells at 37 �C and
exhibited punctate fluorescence patterns indicative of endosomal
uptake (Fig. 1b), in agreement with previous findings for most
types of synthetic nanoparticle21,35,36. 66-34 br-OT nanoparticles
bearing a disordered mixed monolayer with sulphonate and methyl
headgroups also showed a punctate distribution in dendritic
cells, although a low level of background fluorescence in the
cytosol of some cells was also detectable (Fig. 1c). In contrast,
66-34 OT nanoparticles, which have a similar ratio of surface
sulphonate and methyl groups with respect to 66-34 br-OT
nanoparticles but in a ‘striped’ nanoscale organization, were
detected in cells as a diVuse pattern of intracellular fluorescence
clearly overlaid on punctate sites of brighter fluorescence due to
endocytosis, suggesting passage of a fraction of these particles
into the cytosol (Fig. 1d). We believe, as discussed below, that
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Figure 1 Nanoparticles with ordered arrangements of hydrophilic and hydrophobic surface functional groups exhibit altered patterns of subcellular localization in

cells. a, Schematic diagrams of the ligand shell structure of the nanoparticles and representative STM images (scale bars 5 nm). b–g, BODIPY fluorescence (upper panels
with an intensity scale bar (a.u.)) and brightfield/fluorescence overlay (lower panels) images of dendritic cells incubated with 0.2mgml�1 of MUS (b,e), 66-34 br-OT (c,f) or
66-34 OT (d,g) nanoparticles for 3 h in serum-free medium at 37 �C (b–d) or 4 �C (e–g). h, Mean fluorescence intensities from confocal images at 4 �C for the different
nanoparticles. *Statistically different from MUS and 66-34 br-OT (P< 0.006).

ligand shell; 66-34 br-OT particles had a hydrophilic–hydrophobic
disordered ligand shell. The last two particles had nearly identical
hydrophilic to hydrophobic ratios, the key diVerence residing in
the ordering of hydrophilic and hydrophobic moieties of the ligand
shell, that is, they can be considered as nanoscale ‘isomers’.

To determine how the nature and organization of functional
groups at the surface of these nanoparticles influenced their
interactions with cell membranes, we labelled the particles with
an average upper limit of 14 molecules of thiolated BODIPY
dye (BODIPY-SH) per nanoparticle (see the Supplementary
Information) and carried out confocal fluorescence microscopy
studies of their uptake and intracellular distribution in living
cells. A mouse dendritic cell clone DC2.4 (ref. 33) was used for
these studies, representing a key class of phagocytes guarding
all peripheral tissues and particularly the skin, lungs and
gut mucosa. Dendritic cells are professional antigen-presenting
cells, and actively sample particles/fluid/macromolecules from
their environment (through phagocytosis, macropinocytosis and
endocytosis) as part of their normal function. Macropinocytosis,
an actin-dependent process where the cell folds membrane around
a small volume of fluid, enables these cells to even internalize
particles that have no interaction with the cell membrane into

intracellular vesicles. To avoid potential artefacts of cell fixation34,
cells were imaged live in a temperature-controlled environmental
chamber. Dendritic cells were incubated with nanoparticles
(0.2 mg ml�1) in serum-containing or serum-free medium for
3 h, washed and imaged live by confocal microscopy. Figure 1
shows the diVerence in behaviour between the various types of
nanoparticle. MUS nanoparticles bearing only the hydrophilic
sulphonate ligand were internalized by dendritic cells at 37 �C and
exhibited punctate fluorescence patterns indicative of endosomal
uptake (Fig. 1b), in agreement with previous findings for most
types of synthetic nanoparticle21,35,36. 66-34 br-OT nanoparticles
bearing a disordered mixed monolayer with sulphonate and methyl
headgroups also showed a punctate distribution in dendritic
cells, although a low level of background fluorescence in the
cytosol of some cells was also detectable (Fig. 1c). In contrast,
66-34 OT nanoparticles, which have a similar ratio of surface
sulphonate and methyl groups with respect to 66-34 br-OT
nanoparticles but in a ‘striped’ nanoscale organization, were
detected in cells as a diVuse pattern of intracellular fluorescence
clearly overlaid on punctate sites of brighter fluorescence due to
endocytosis, suggesting passage of a fraction of these particles
into the cytosol (Fig. 1d). We believe, as discussed below, that

nature materials ADVANCE ONLINE PUBLICATION www.nature.com/naturematerials 3

ARTICLES

20 µm 20 µm 20 µm

20 µm20 µm20 µm

0

2,048

4,096

0

2,048

4,096

*

Cells only MUS 66-34 br-OT 66-34 OT

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (a
.u

.)

0
200
400
600
800

1,000
1,200
1,400
1,600
1,800

b

a

c d

e f g

h

Figure 1 Nanoparticles with ordered arrangements of hydrophilic and hydrophobic surface functional groups exhibit altered patterns of subcellular localization in

cells. a, Schematic diagrams of the ligand shell structure of the nanoparticles and representative STM images (scale bars 5 nm). b–g, BODIPY fluorescence (upper panels
with an intensity scale bar (a.u.)) and brightfield/fluorescence overlay (lower panels) images of dendritic cells incubated with 0.2mgml�1 of MUS (b,e), 66-34 br-OT (c,f) or
66-34 OT (d,g) nanoparticles for 3 h in serum-free medium at 37 �C (b–d) or 4 �C (e–g). h, Mean fluorescence intensities from confocal images at 4 �C for the different
nanoparticles. *Statistically different from MUS and 66-34 br-OT (P< 0.006).

ligand shell; 66-34 br-OT particles had a hydrophilic–hydrophobic
disordered ligand shell. The last two particles had nearly identical
hydrophilic to hydrophobic ratios, the key diVerence residing in
the ordering of hydrophilic and hydrophobic moieties of the ligand
shell, that is, they can be considered as nanoscale ‘isomers’.

To determine how the nature and organization of functional
groups at the surface of these nanoparticles influenced their
interactions with cell membranes, we labelled the particles with
an average upper limit of 14 molecules of thiolated BODIPY
dye (BODIPY-SH) per nanoparticle (see the Supplementary
Information) and carried out confocal fluorescence microscopy
studies of their uptake and intracellular distribution in living
cells. A mouse dendritic cell clone DC2.4 (ref. 33) was used for
these studies, representing a key class of phagocytes guarding
all peripheral tissues and particularly the skin, lungs and
gut mucosa. Dendritic cells are professional antigen-presenting
cells, and actively sample particles/fluid/macromolecules from
their environment (through phagocytosis, macropinocytosis and
endocytosis) as part of their normal function. Macropinocytosis,
an actin-dependent process where the cell folds membrane around
a small volume of fluid, enables these cells to even internalize
particles that have no interaction with the cell membrane into

intracellular vesicles. To avoid potential artefacts of cell fixation34,
cells were imaged live in a temperature-controlled environmental
chamber. Dendritic cells were incubated with nanoparticles
(0.2 mg ml�1) in serum-containing or serum-free medium for
3 h, washed and imaged live by confocal microscopy. Figure 1
shows the diVerence in behaviour between the various types of
nanoparticle. MUS nanoparticles bearing only the hydrophilic
sulphonate ligand were internalized by dendritic cells at 37 �C and
exhibited punctate fluorescence patterns indicative of endosomal
uptake (Fig. 1b), in agreement with previous findings for most
types of synthetic nanoparticle21,35,36. 66-34 br-OT nanoparticles
bearing a disordered mixed monolayer with sulphonate and methyl
headgroups also showed a punctate distribution in dendritic
cells, although a low level of background fluorescence in the
cytosol of some cells was also detectable (Fig. 1c). In contrast,
66-34 OT nanoparticles, which have a similar ratio of surface
sulphonate and methyl groups with respect to 66-34 br-OT
nanoparticles but in a ‘striped’ nanoscale organization, were
detected in cells as a diVuse pattern of intracellular fluorescence
clearly overlaid on punctate sites of brighter fluorescence due to
endocytosis, suggesting passage of a fraction of these particles
into the cytosol (Fig. 1d). We believe, as discussed below, that
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Fig. 2 Toxicity assessment of striped and unstructured AuNPs in U937 cells. (A) WST-8 proliferation assay upon treatment with increasing
amount of AuNPs. Ctrl represents the negative control; values are mean ! SD. Positive controls (not shown) were treated with 0.01% of Tri-
tonX100, displaying a strong viability decrease (ca. 80–90%) with respect to the untreated cells. (B) ROS quantification, via DCFH-DA assay, after
cellular treatment with AuNPs; values are mean ! SD. Positive controls (not shown) were treated with a free radical generator (100 mM H2O2),
exhibiting a ROS increase of ca. 190–220%with respect to the untreated control cells. (C) Evaluation of caspase 3 activity. Values are mean! SD.
Results were analyzed by Two-way ANOVA and values compared to the control by the Bonferroni post-hoc test. Differences between treated
samples and controls (n ¼ 8) were considered statistically significant for ***P < 0.001, **P < 0.01, *P < 0.05, and non-significant for P > 0.05.

This journal is © The Royal Society of Chemistry 2014 Nanoscale, 2014, 6, 7052–7061 | 7055
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Interaction of Nanoparticles with cells 

system 1 

striped-NPs 
core diam. 1.9 nm 
NP diam. ∼ 7.1 nm 
Au260(C8TEG)20(F8PEG)36 

system 2 

Janus-NPs 
core diam. 1.6 nm 
NP diam. ∼ 6.8 nm 
Au140(C8TEG)24(F8PEG)32 

§  three types of cells: 
 
U937 – leukemia cells 
MEC-1 – lymphoma cells 
A549 – lung adenocarcinoma 

§  tests for mitocondrial activity: DiOC6/PI and JC-1 
§  MTT: cell proliferation test to evaluate toxicity 

§  Biacore experiments to have  evidence  of the interaction with liposomial membrane 
 

credits to: Alessandro Tossi 
                   Sabrina Pacor 
                   Milena Guida 



Citotoxicity: MTT test credits to: Alessandro Tossi 
                   Sabrina Pacor 
                   Milena Guida 

Cytotoxicity of NPs treated cells.  MEC-1 cells viability, evaluated by MTT assay, after 24h treatment with the NPs at  
concentrations indicated on x-axes; data are expressed as mean ± SEM of the measured O.D. of experiments repeated  
at least three times and performed at least in triplicate.  

MEC-1 cells, complete medium, 24h 

striped NPs 

Janus NPs 

NP-C8-PEG 

NP-F8-PEG 

Nanoscale  ARTICLE 
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It is well established in the literature that CH can substantially 
influence membrane physical properties, such as fluidity,61, 62 so that 
the reduction in the number of ligands participating the binding may 
be attributed to the ordering and condensing effect of CH, and 
increased local rigidity of the unsaturated DOPC phase. 

This new set of simulations provide some potentially important 
indications; i) the fundamental role of ligand flexibility coupled with 
membrane fluidity in tailoring the nano-bio interface; ii) an initial 
preference of SAM-AuNPs in general to interact with the Ld phase of 
complex membranes rather than with the Lo raft-like phase, and iii) as 
a consequence of this, the fact that the molecular information 
associated with the nanoscale organization of the NP remains as 
relevant to complex synthetic membranes as simple ones.  

Effect of SAM-AuNPs on host cells - cytotoxicity evaluation 

The metabolic cytotoxicity of NPs has been assessed by exposing a 
human cell line (MEC-1) to concentrations of up to 1 mg/ml of the 
different NPs, in complete medium, for 24 hours. To avoid the known 
problem of aspecific interference with the development of the MTT 
assay,63 cells were abundantly washed to remove unbound NPs at the 
end of the incubation. Results obtained with this B lymphocyte-
derived cell line, growing in suspension, indicate that cytotoxicity is 
limited to J-NP-C8TEG/F8PEG, which reduce viability by 10-20% 
(Fig. 5). The data at the highest concentration is not, however, reliable 
for all the NPs, due to solubilization problems, for which reason NP-
C8TEG were not used. Overall, none of NPs caused a statistically 
significant reduction of viability in comparison to untreated controls. 
Comparable results were obtained with monocyte-derived U937 (not 
shown) or epithelial-derived A459 cell lines (see Fig. S9). 

As a further measure of cytotoxicity, the integrity of the plasma 
membrane was assessed by determining its permeabilization to 
propidium iodide (PI). PI staining experiments were conducted by 
incubating MEC-1 cells with SAM-AuNPs solubilized in PBS buffer 
at 0.01-1 mg/ml concentrations, for up to 60 minutes. No membrane 
permeabilization was observed even for the highest concentration and 
up to 60 min of NP exposure (PI positive cells were ~5%, comparable 
to controls), suggesting that no necrotic damage was induced by NPs. 

 

Fig 5 Cytotoxicity of MEC-1 cells exposed to different SAM-AuNP. Cell viability was 
evaluated by the MTT assay, after 24 hours exposure to NPs at the reported 
concentrations. Data are expressed as mean ± SEM of the measured O.D, for at least 
three independent experiments performed in triplicate. Color legend: J-NP-
C8TEG/F8PEG, blue; S-NP-C8TEG/F8PEG, turquoise; NP-F8PEG, yellow; NP-C8PEG, grey. 

An attempt was also made to assess cell damage in terms of decreased 
mitochondrial functionality by measuring their effect on inner 
membrane potential, using the DiOC6 probe. This dye is a selective 
Δψm probe often employed as a marker of early apoptotic events, as it 
loses fluorescence on mitochondrial inner membrane depolarization. 
However, it proved inappropriate for our studies as both S- and J-NP-
C8TEG/F8PEG quenched its fluorescence in vitro likely due to the 
absorbance of the Au core, even in the absence of cells.  

As an alternative probe of apoptotic damage to mitochondrial 
functionality we therefore used the JC-1 probe64. This is a 
metachromatic dye that reversibly forms aggregates when interacting 
with a polarized mitochondrial inner membrane. It shows a shift in 
emitted light from ∼530 nm for the monomeric form to ∼590 nm for 
the aggregated form, when excited at 488 nm, which can be detected 
both by flow cytometry and confocal microscopy. Dissipation of the 
mitochondrial inner transmembrane potential (Δψm), an early sign of 
apoptosis, results in its disaggregation, and therefore to a shift from 
orange to green fluorescence.  

For each experimental procedure, we ran untreated control with 
functional mitochondria (Fig. 6A, orange fluorescence) in parallel to 
cells treated with the known depolarizing agent CCCP showing 
mainly inactive mitochondria (Fig. 6B, green fluorescence).  When 
MEC-1 cells were treated with S-NP-C8TEG/F8PEG (Fig. 6C) or J-
NP-C8TEG/F8PEG (Fig. 6D), no significant decrease in orange 
fluorescence was observed by either confocal microscopy or flow 
cytometric analyses. In particular, the mean fluorescent intensity 
signals recorded by flow cytometry (Fig. 6E) are comparable to the 
values for functional mitochondria of untreated control cells.  

Taken together, experiments performed on model cell lines seem 
to suggest that both J- and S-NP-C8TEG/F8PEG are well tolerated by 
host cells, as neither the plasma membrane nor mitochondria are 
damaged to any significant extent after exposure to 1 mg/ml NP in 
either buffer (up to 60 min) or complete medium (24 hours). These 
results prompted us to explore the possibility that NPs could interact 
with cells and then be internalised, without damaging their membrane. 

Interaction of SAM-AuNP with cells and cellular internalization 

Flourescent, BODIPY-tagged NPs were prepared (see Table S2) and 
used to assess the capacity of the different NPs to associate with the 
surface of eukaryotic cells and to then be internalised into them.  

The fact that cells became fluorescent when incubated with all 
types of NP, suggested that these associated with the cellular surface, 
although the intensity of the MFI signal varied significantly among 
the different NPs employed. The fluorescence data can therefore only 
be interpreted qualitatively for two reasons; the first being that the 
labelling process, which was carried out by ligand exchange (see SI), 
varied significantly from one NP to the other, so that each had a 
different BODIPY loading. For instance, while J-NP-C8TEG/F8PEG 
and homoligand NPs were tagged with ~2 BODIPY/NP, S-NP-
C8TEG/F8PEG had ~6. The second reason is that the F8 moiety 
seems to quench BODIPY fluorescence more than the C8, and in a 
surface pattern dependent manner (see Table S2). 
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Mitochondrial activity 

GNPs do not cause mitochondrial damage  

JC-1 mitochondrial potential sensor 

Flow cytometry: Striped- and Janus- GNP did not decrease 
 the orange fluorescence of treated cells with respect to  
untreated controls. 

Confocal microscopy: only the positive control CCCP  
caused disaggregation, conc. 0.1 mg/ml.  

CCCP 

Striped_NPs 

CTRL 

Janus-NPs 

evaluation of apoptotic damage to mitochondrial functionality  

L. Pasquato, P. Posocco, Small 2019. 
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striped NPs 

Janus 
NPs 
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MEC-1 cells treated with BODIPY-tagged NPs. A) Confocal images of control cells, B) cells treated with 1 mg/ml  
Janus NP  and C) cells treated with 0,1 mg/ml striped, for 60 min prior to counterstaining nuclei with Hoecst dye.   
Panel D represents the flow cytometric overlay of green fluorescence emitted from untreated (grey peak) and  
BODIPY-NP treated cells, 1mg/ml Janus (J) and 0,1 mg/ml striped (S). 
 

Janus and striped NPs cross the plasma 
 membrane and reach the cytoplasm  

cell internalization of NPs 

internalization is favoured by the stripe-like  
morphology of the monolayer.  

L. Pasquato, P. Posocco, Small 2019. 



!

The sensor surface is dextran coated, chip L1 
Liposomes of DOPC 

Nanoparticles Kdiss, µM 
NP-striped 80 ± 28 
NP-Janus 330 ± 50 

NP-F8-PEG 60 ± 50 
NP-C8-PEG 118 ± 50 

SPR Experiments – binding NPs-model membranes 

L. Pasquato, P. Posocco, Small 2019. 



Nanoparticle/ 
composition	

ΔGadh [kcal/
mol]	

Ncontacts	
% contacts 
non-PEG 

component	

% contacts 
PEG 

component	
NP-Striped 

	
-38.9 ± 1.0	 25 ± 1	 37	 63	

NP-Janus 
	

-28.6 ± 1.5	 21 ± 2	 41	 59	

NP-F8-PEG	 -51.0± 1.2	 32 ± 2	 27	 73	

NP-C8-PEG	 -44.1 ± 0.8	 31 ± 2	 28	 72	

Computational studies of NP-membrane interaction  
by MARTINI mapping  

Detachment of NP from the membrane by «umbrella sampling» 

credits to: Paola Posocco 
                   Domenico Marson 

L. Pasquato, P. Posocco, Small 2019. 



 Perfluoroalkylchain conjugation as a new tactic 
for enhancing cell permeability of peptide nucleic 
acids (PNAs) via reducing the nanoparticle size  

S. Ellipilli et al. Chem. Commun. 2016 

Role of fluorintated ligands in the interaction with biological structures 



Influence of fluorinated and hydrogenated nanoparticles on the structure and fibrillogenesis 
of amyloid beta-peptide 

S. Rocha et al. Biophys. Chem. 2008 

studied in the presence of silica particles and polyampholyte-dressed
micelles [23]. The silica particles used have a diameter of 86 nm and a
zeta potential of −40mV. Polyampholytes with alternating cationic (N,
N′-diallyl-N,N′-dimethylammonium chloride) and anionic charged
monomers (maleamic acid or N-phenylmaleamic acid) were com-
plexed with perfluorododecanoic or hydrogenated dodecanoic acid,
resulting in nanoparticles with hydrodynamic diameters of 3 to 5 nm
(Fig. 2) [23]. The nanoparticleswere incubatedwith Aβ and their effect
on the peptide was studied by CD spectroscopy and transmission
electron microscopy (TEM). Previous work has demonstrated that the
fluorinated complexes induce α-helix structure in B18 peptide, a
sequence with tendency to form amyloid fibrils [24].

2. Materials and methods

2.1. Chemicals

Amyloid-β peptide (1–40) (Aβ40) was purchased from Bachem
(Weil am Rhein, Germany). Potassium dihydrogen phosphate, di-
potassiumhydrogenphosphate, sodium chloride, sodiumazide, uranyl
acetate, hexafluoroisopropanol, dimethyl sulfoxide and Ham's F-12
mediumwere purchased from Fluka (Seelze, Germany). Silica particles
were prepared according to the method reported by Stöber et al. [25].

2.2. Preparation of complexes

The complexes were prepared as previously described [23]. Briefly
a solution of 0.1 g of polyampholyte, Poly(N,N′-diallyl-N,N′dimethy-
lammoniumalt-maleamic Carboxylate) (P1) or Poly(N,N′-diallyl-N,N′-
dimethylammonium-alt-N-phenylmaleamic Carboxylate) (P2), in
100 mL of water was adjusted to pH 8 using sodium hydroxide
solution (0.1 mol L−1) and heated to 90 °C. A solution (100mL, 90 °C) of
1.0 equiv of the dodecanoic acid and perfluorododecanoic acid,
respectively, was added in droplets to the polyampholyte solution,
which was then adjusted to pH 8. The mixture was stirred for 60 min
at 90 °C and then cooled to room temperature.

2.3. Peptide solution

Aβ40 was dissolved at a concentration of 1 mg/mL in 100%
hexafluorisopropanol (HFIP). The solution was incubated at room
temperature for several hours. The peptide/HFIP solution was dried
down under a gentle stream of nitrogen gas and the peptide was
resuspended in 10 mM potassium phosphate buffer (pH 7.4) with or
without NaCl (0.5 M NaCl; final concentration 0.1 M) for CD
spectroscopy or 100% dimethyl sulfoxide for TEM. Sodium azide
(0.05 mM) was added to prevent microbial growth.

2.4. Cuvette modification

Quartz cuvettes (Hellma GmbH, Germany) were carefully cleaned
to obtain hydrophilic surfaces. The cuvettes were treated by the RCA
method: immersion in solution of H2O2 (30%)+H2O+NH3 (30%), ratio
1:5:1 by volume, heated to 80 °C for 10 min, followed by rinsing with
Milli-Q-water. After RCA the surface is well saturated with silanol
groups, conferring very high hydrophilicity. Above pH 2, the oxide
surface is negatively charged.

2.5. Circular dichroism (CD) spectroscopy

Far UV CD spectra of Aβ40 solution were recorded in a Jasco J-715
Spectropolarimeter (Jasco Co., Tokyo, Japan), using a cuvette with 0.5

or 1 mm path length at 0.2 nm intervals between 190 and 260 nm. The
spectra were taken as the average of 10 scans recorded at a speed of
20 nm/min. The peptide conformation was analyzed during incuba-
tion (6 days) in quartz cuvettes and in the presence of particles at
room temperature and at 37 °C. Spectra were corrected by subtracting
the buffer or particle solution baseline.

The content of secondary structure motifs was calculated using the
CONTIN/LL, a self-consistent method with an incorporated variable
selection procedure included in the CDPro software [26]. Before
secondary structure analysis, the CD spectra were smoothed using the
noise reduction routines provided with the J-715 spectropolarimeter.
In general, CONTIN/LL program with the reference set including
unordered structures produced the most reliable results [27]. Normal-
ized root mean standard deviation (NRMSD) was used to determine
the quality of the fit of the calculated structure to the data andwas less
than 0.1. Although the program used to calculate the secondary
structure elements is meant for proteins, the reference set with
unordered structures gave consistent results. These results give an idea
on changes in the secondary structure and on the predominant
structure motif of Aβ. Other programs such as CDNN/PEPFIT were not
suitable for deconvoluting the spectra resulting in errors higher than
10%, even with a base spectra of polypeptides [28,29]. The problem is
probably related to the fact that the base spectra are from homo-
polymers or binary and trinary copolymers. The intensity and position
of the CD bands for a given secondary structure can vary significantly
with the side chain. Spectra constructed from an average of the spectra
existent in the literature for a number of different model peptides to
ameliorate this problem, as performed for CDNN/PEPFIT program [28],
was not sufficient to give consistent results for Aβ spectra.

2.6. Dynamic light scattering (DLS)

The hydrodynamic radius of the particles was measured by DLS on
a Malvern Zetasizer Nano ZS. The samples were filtered with 0.2 µm
syringe filter before measurement. All data were averaged from 5
measurements.

2.7. Transmission electron microscopy (TEM)

Aβ40/DMSO was added to the control (Ham's F-12) or complexes
and Ham's F-12 medium (diluted; final ionic strength 0.04 M) to a
peptide final concentration of 100 µM (pH 7.4). The samples were
incubated for 6 days at 37 °C. Aliquots of 5 µl of each sample
immediately after preparation and at 6 days incubation time were
adsorbed for 2 min to formvar-coated Ni grids. Grids were washed
with ultrapure water 3 times and negatively stained with 1% filtered
uranyl acetate solution for visualization by TEM (Zeiss microscope
operated at 60 kV).

3. Results

Aβ40 (40 µM)was incubated in sealed quartz cuvettes of 1mmpath
length previously cleaned by RCA method, for 6 days, at room

Fig. 2. Complexes of polyampholytes and the sodium salt of dodecanoic acid (X=H) and
perfluorododecanoic acid (X=F) [23].

Fig. 1. Amino acid sequence of Aβ40.

36 S. Rocha et al. / Biophysical Chemistry 137 (2008) 35–42

Fig. 5. Particle size distribution of the hydrogenated complex P2H as determined by DLSmeasurements (a) and zeta potentials of the polyampholyte complexes with dodecanoic acid (●)
and perfluorododecanoic acid (■).

Fig. 6. CD data of Aβ40 (50 µM) in the presence of different concentrations of fluorinated (a) and hydrogenated (b) P1 complexes: 0 g L−1 (curve 1), 2 g L−1 (curve 2), 4 g L−1 (curve 3)
and 8 g L−1 (curve 4).

Fig. 7. CD data of Aβ40 (50 µM) in the presence of different concentrations of fluorinated (a) and hydrogenated (b) P2 complexes: 0 g L−1 (curve 1), 2 g L−1 (curve 2), 4 g L−1 (curve 3)
and 8 g L−1 (curve 4).

38 S. Rocha et al. / Biophysical Chemistry 137 (2008) 35–42

CD data of Aβ40 (50 µM) in the presence of different  
concentrations of fluorinated (a) and hydrogenated (b) 
 P1 complexes: 0 g L− 1 (curve 1), 2 g L− 1 (curve 2), 4 g L− 1  
(curve 3) and 8 g L− 1 (curve 4).  

Role of fluorintated ligands in the interaction with biological structures 
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a(N)/G a(2Hβ)/G g-factor d core Keq/M-1 

Water 16.25 10.14 2.0056 - - 
NP-C8-TEG 15.67 8.97 2.0057 1.6 nm 104 
NP-F8-PEG 15.46 8.68 2.0057 2.7 nm 176 

NP-C6-FEOn-PEG 15.45 8.65 2.0057 1.4 nm 593 
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Keq / M-1 Keq / M-1 Keq(F)/Keq(H) 
NP-C8-TEG 2.2 4 1.8 
NP-F8-PEG 5.7 29 5.1 
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release of the drug 

Effect of the NPs monolayers on the phase 
transfer rate of the hydrophobic fluorescent bodipy 
dye from an aqueous solution containing NPs to a 
toluene layer. 

Bodipy solution (µM) in the presence of NPs (µM) 

toluene 

NP	 k1, s-1	 k2, s-1	 [NPs], µM	 [dye], µM	

None	 0.03	 -	 -	 0.168 	

NP C8PEG	 0.02	 2 x 10-4	 0.426	 0.168	

NP F8PEG	 5 x 10-3	 -	 0.632	 0.168	
NP C6OFPEG 3 nm	 0.02	 5 x 10-4	 0.229	 0.153	
NP C6OFPEG 1.4 

nm	 0.03	 4 x 10-4	 1.15	 0.168	

No NP 
NP-F8PEG 

NP-C8PEG 

NP-
C6OFPEG 
3.0 nm 

NP-C6OFPEG 
1.4 nm 

dye 

L. Pasquato et al. J. Mater. Chem.  2015, 3, 432-439. 



design, synthesis and use of gold NPs protectected by 
fluorinated ligands as nanomaterial for imaging and therapy 
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GNPs for 19F MRI 

19F active chain 
for MRI  

hydrophilic chain 
to impart solubility in  
biological media 

n = 3 
n = 12-13 (PEG550) 

Lausanne, April 27, 2016 
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Confocal laser microscopy images of HeLa 
cells (nucleus stained in blue, Hoechst dye) 
loaded with F-MPCs 4b (red fluorescent 
signal) for 4 h at 37 °C.	

4 h incubation with HeLa cells at 37 oC, and 30 min RBC 

4 h incubation with HeLa cells at 4 oC (endocytic/ pinocytic mechanisms are arrested) 

No	 visible	 red	 signal,	 only	 very	 li8le	 is	 possible	
visualized	with	the	enhanced	signal.		

RBCs do not uptake NPs only 
free dye is able to penetrate 
their cell membrane or remain 
attached to the membrane. 

No	unbound	Bodipy	was	detected		
by	RBC	test.	
 

F. Sousa, IEO, Milan 

NP-C6-FEO-PEG, cellular uptake 

Lausanne, April 27, 2016 



0%	 96.12%	

3.88%	0%	

0%	 95.29%	

4.71%	0%	

0%	 94.45%	

5.55%	0%	

0%	 88.29%	

11.69%	0%	

0%	 94.05%	

5.95%	0%	

0%	 96.13%	

3.87%	0%	

FACS	for	PI	of	HeLa	incubated	4	hrs	with	MPC	C6-FEO-PEG	
PI
	

UL	–	dead	cells	not	labeled	with	NPs	
UR	-		dead	cells	labeled	with	NPs	
LL	–	viable	cells	not	labeled	with	NPs	
LR-	viable	cells	labeled	with	NPs	

The	percentage	of	viable	cells	is	above	95%	aNer	taken	up	NPs.	The	percentage	of	dead	cells	labeled	with	NPs	are	very	similar	
to	all	concentraPons	tested.	

NP-C6-FEO-PEG, cellular viability 

Lausanne, April 27, 2016 
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second generation GNPs for 19F MRI 

T1 = 455.67 ± 11.44 ms 

T2 = 29.75 ± 2.52 ms 

T2* = 1.45 ± 0.22 ms 

19F MR 
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SEM image of Silver Nanocubes1 HAADF image of 
Au nanoparticles: 
synthesized @ 
100oC3 

TEM images of Au 
nanoparticles. Scale 
100 nm2 

TEM image of 
particles 
sinthesized @ 
190oC3 

ANISOTROPIC METAL NANOPARTICLES 



107 

Seed-mediated Growth in Solution 

1.   Chemical reduction of a metal salt with strong reducing agent 
(NaBH4), 

Aspect ratio is 
controlled by 
the ratio of 
metal seed to 
metal salt. 

C.J.Murphy, N.R.Jana, Adv.Mater. 2002, 14 (80-82) 

2.    Use of a capping agent to prevent particle growth (citrate), 
 

3.   Addition of the seeds to a solution that contains more metal 
salt, a weak reducing agent (AA) and a rodlike micellar 
template (cetyltrimethylammonium bromide, CTAB). 

 

gold nanorods 



108 Nikoobahkt and El-Sayed, Chem. Mater. 2003, 15, 1957; 
Sau and Murphy, Langmuir 2004, 20, 6414. 

gold nanorods 
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When silver nitrate is not used nanorods are obtained in low yield and quite long. 

Influence of the reaction parameters  

ü  Effect of the Seed Concentration 

An increase in the [Au]seed decreased the rod length for a given concentration of Au3+. 

ü  Effect of AA concentration 

The rod length decreases with an increase in [AA] keeping all other conditions the same. 

ü  Effect of [Au3+]  

The less quantity of Au3+ ions per seed particle available the short are the nanorods. 

ü  Effect of [CTAB] 

Lower CTAB concentrations can lead to non-rod-shaped particles. 

ü  Effect of AgNO3 

gold nanorods 
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Longitudinal plasmon band (SPl) 

Tranverse plasmon band (SPt) 

Short aspect ratio Au nanorods are especially interesting because of their optical 
properties: they exhibit tranverse and longitudinal plasmon bands. 

Aspect ratio: the length of the major axis divided by the width of the minor axis. 
The larger the aspect ratio, the more red-shifted the longitudinal plasmon band. 

Variation in the absorption of visible light 

gold nanorods 
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gold nanorods 
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gold nanorods 
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gold nanorods - functionalization 
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Branched structures: Tripods & Tetrapods 

J.Am.Chem.Soc. 2003, 125, 16186-16187 

HClAu4 + silver plates + CTAB 
Au+ 

+ NaOH 

Au+ 

AA 

TEM image of a regular 
tripod nanocrystal 

TEM image of a tetrapod 
nanocrystal 

The forced reduction of gold by ascorbic acid through the addition of NaOH is the 
key step for particle branching. 

ANISOTROPIC METAL NANOPARTICLES 
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When Silver nanocubes are treated with a gold 
salt, an oxidation-reduction reaction ensues. In this 
reaction, the silver nanocubes serve as a 
sacrificial hard template to make hollow crystalline 
gold nanoboxes. 

3 Ag(s) + HAuCl4(aq)              Au(s) + 3AgCl(aq)+ HCl(aq) 

Y. Sun, B.T. Mayers and Y. Xia, Nano Letters, 2, 481- 485 
 

From Ag nanocubes to Au nanoboxes 

TEM image of s i lver 
nanoparticles synthesized 
using the polyol process. 

TEM image of gold nanoshells. UV-vis absorption spectra of 
an aqueous dispersion of Ag 
nanoparticles. 
 

ANISOTROPIC METAL NANOPARTICLES 
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By controlling the molar ratio between Ag and 
HAuCl4, the gold nanocages could be tuned to 
display surface plasmon resonance peaks 
around 800 nm, a wavelength commonly used 
in optical coherence tomography (OCT) 
imaging. 

J.Chen, Y.Xia et al, Nano Letters, 2005, 5, 473-477.  

Gold nanocages functionalized with 
tumor-specific antibodies. 

Plot of the OCT signals on 
a long scale as a function 
of depth. 

UV exctinction spectra 
recorded from solutions of 
Ag nanocubes and Au 
nanocages. 

Au nanoboxes 
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Nanoparticles - Applications 

!   NP for gene and drug delivery 

!   DNA sensing  

!   proteins sensing 
 
!   recognition and multivalency  

!   imaging 

!   enzyme mimiking 

!   new materials  
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hybridization 

1996 A. P. Alivisatos  
         C. A. Mirkin 

Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. J. Nature, 1996, 382, 607-609. 
Alivisatos, A. P.; Johnsson, K. P.; Peng, X.; Wilson, T. E.; Loweth, C. J.; Bruchez, 
M. P. Jr.; Schultz, P. G. Nature, 1996, 382, 609-611. 

hydrogen bonds drive self-assembly 

13 nm 

thermal denaturation 

stable at 80 °C 
0.1 M NaCl 

Au 

Nanoparticle-based Sensors 



119 Alivisatos, A. P.; Johnsson, K. P.; Peng, X.; Wilson, T. E.; Loweth, C. J.; Bruchez, M. P. Jr.; Schultz, P. G. 
 Nature, 1996, 382, 609-611. 

Nanoparticle-based Sensors 
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Nanoparticle-based Sensors 

selective colorimetric detection system for polynucleotides 

thermal transition associated  
with the color change 

Selective polynucleotide detection for the target probes : 
(A) complementary target; (B) no target; (C) complementary to 
one probe; (D) a 6-bp deletion; (E) a 1-bp mismatch; and (F) a 
2-bp mismatch. Nanoparticle aggregates were prepared in a 
600-µl thin-walled Eppendorf tube by addition of 1 µl of a 6.6µM 
oligonucleotide target to a mixture containing 50 µl of each probe 
(0.06 µM final target concentration). The mixture was frozen (5 min) 
in a bath of dry ice and isopropyl alcohol and allowed to warm to 
room temperature. Samples were then transferred to a temperature 
controlled water bath, and 3-µl aliquots were removed at the 
indicated temperatures and spotted on a C18 reverse phase plate.  

Au-DNA DNA 

Elganian, R.; Storhoff, J.J.; Mucic, R. C.; Letsinger, R. L.; 

Mirkin, C. A. Science 1997, 277, 1078-1081.  
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selective colorimetric detection system for polynucleotides 

Elganian, R.; Storhoff, J.J.; Mucic, R. C.; Letsinger, R. L.; Mirkin, C. A. Science 1997, 277, 1078-1081.  

400 500 600 400 500 600 

a b 

400 500 600 400 500 600 400 500 600 400 500 600 400 500 600 400 500 600 

a b 
λmax 520 nm 

very sensitive: 10 femtomoles of polynucleotide could be detected 

 Lucia Pasquato - Università di Trieste - vietata la riproduzione ai fini commerciali  

Nanoparticle-based Sensors 
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Taton, T. A.; Mirkin, C. A.; Letsinger, R. L. Science 2000, 289, 1757-1760.  

scanometric DNA array detection 

Nanoparticle-based Sensors 



123 Park, S. J.; Taton, T. A.;  Mirkin, C. A. Science 2002, 295, 1503-1506.  

(A) Scheme showing concept behind electrical detection of DNA. (B) Sequences of capture, 
target, and probe DNA strands. (C) Optical microscope images of the electrodes used in a typical 
detection experiment. The spot in the electrode gap in the high-magnification image is food dye 
spotted by a robotic arrayer (GMS 417 Microarrayer, Genetic Microsystems, Woburn, MA). 
 

target DNA was detected at concentrations as low as 500 femtomolar 
and with a point mutation selectivity factor of ~100,000:1 

Nanoparticle-based Sensors 
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Figure 1. A. Color of the gold colloids: (a) untreated solution;  (b) 5 min after the addition of 1 ([1]=62 nM); 
(c) 5 min after the addition of  1 ([1]final=62 nM) incubated for 90 min with thrombin ([thrombin]=35 nM, [1]=62 µM). 
B. RP-HPLC chromatogram of the original peptide 1 (upper trace, a) and after exposition for 60 min to thrombin 
(lower trace, b). Conditions: [1]final=62 µM,  [thrombin]= 30 nM, pH=8, 25°C. The peak at 21.5 min corresponds 
to the fragment Ac-Cys(S-Ac)-Gly-(D)Phe-Pro-Arg-OH. 

Gold nanoparticles-based protease assay  

C. Guarise, L. Pasquato, V. De Filippis, P. Scrimin, Proc. Natl. Acad. Sci. U.S.A., 2006, 103, 3978-3982  

Ac-Cys(S-Ac)-Gly-DPhe-Pro-LArg-Gly-Cys(S-Ac)-OH, 1.  

Ac-Cys(S-Ac)-Leu-Arg-Arg-Arg-Arg-Val-Tyr-Pro- 
Tyr-Pro- nor-Leu-Glu-Leu-Cys(S-Ac)-OH, 2.  
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C. Guarise, L. Pasquato, V. De Filippis, P. Scrimin, Proc. Natl. Acad. Sci. U.S.A., 2006, 103, 3978-3982  

Gold nanoparticles-based protease assay  

Fig. 3. Thrombin assay. (A) Colorimetric test for the presence of thrombin. 
Each cuvette contained the following enzymes: a1, chymotrypsin, plasmin, 
factor Xa, and thrombin; a2, chymotrypsin and thrombin; a3, chymotrypsin, 
plasmin, and factor Xa; b1, factor Xa and chymotrypsin; b2, chymotrypsin; b3, 
factor Xa; c1, none; c2, thrombin; c3, plasmin. (B) Absorbance at 600nmof the 
gold colloid solution after addition of a solution of peptide 1 ([1]final62 nM) 
exposed to different concentrations of thrombin for 30 min (line a), 60 min 
(line b), and 90 min (line c) at pH 8 and 25°C. 
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AcNHCys(SAc)-peptide-Cys(SAc)OH
sequence specific for a protease

Incubate with
protease
then add to
to > 4 nm
pink-red gold 
nanoparticles

Color does not 
change:

protease is present
(cleaved peptide is
unable to induce

nanoparticle
aggregation)

Color turns to 
blue-violet:

protease is absent
(uncleaved peptide

induces nanoparticle
aggregation)

Gold nanoparticles-based protease assay  

 Lucia Pasquato - Università di Trieste - vietata la riproduzione ai fini commerciali  

C. Guarise, L. Pasquato, V. De Filippis, P. Scrimin, Proc. Natl. Acad. Sci. U.S.A., 2006, 103, 3978-3982  
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A flexible nanoparticle-based phospholipase (PL) assay is demonstrated in which the 
enzymatic substrate is decoupled from the nanoparticle surface. Liposomes are loaded 
with a polypeptide that is designed to heteroassociate with a second polypeptide 
immobilized on gold nanoparticles. Release of this polypeptide from the liposomes, 
triggered by PL, induces a folding-dependent nanoparticle bridging aggregation. The 
colorimetric response from this aggregation enables straightforward and continuous 
detection of PL in the picomolar range. The speed, specificity, and flexibility of this assay 
make it appropriate for a range of applications, from point of care diagnostics to high-
throughput pharmaceutical screening. 

Hybrid Nanoparticle−Liposome Detection of Phospholipase Activity 

Daniel Aili†, Morgan Mager†, David Roche and Molly M. Stevens  
Nano Letters 2010 
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Figure 1. Design of the Au–DNA nanoplasmonic molecular ruler. a, Synthesis process of the Au–DNA nanoconjugate. The 20-
nm Au nanoparticle modified with a phosphine surfactant monolayer was enclosed by a layer of synthesized 54-bp dsDNA. A 
thiol group and the FITC (fluorescein isothiocyanate) fluorophore (as indicated by green star) were synthesized at each end of 
the dsDNA, respectively. Through the thiol–Au chemistry, the dsDNA was tethered onto the Au nanoparticles. b, The dsDNA 
contains endonuclease incision sites positioned at 12, 24, 36 and 48 bp from the Au-nanoparticle-tethered end. The 
fluorescent labelling (FITC) is only for further confirmation of the nuclease reactions, and is not necessary for plasmon 
resonance measurements. 
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DNA footprinting 
 
G. L. LIU, Y. YIN, S. KUNCHAKARRA, B. MUKHERJEE, D. GERION, 
S. D. JETT, D. G. BEAR, J. W. GRAY, A. P. ALIVISATOS, L. P. LEE1, F. F.CHEN 
nature nanotechnology 2006, 1, 47 



129 

Organization of simple sub-units in complex structures 
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catalytic activity of  MPC-C12-TEG-C12-P2-H 

DNPB 

MPC-C12-TEG-C12-P2-H 

AcS-C12-P2-H 

MPC-C12-TEG-HFOH 

cat. 

Log of the apparent second order rate constant against pH for the hydrolysis of DNPB catalyzed by nanoparticles 
Au-PEP (●) nanoparticles Au-2 (○), and S-acetylated peptide 1 (♦). The solid lines represent the best fits of functions describing 
the dissociation of residues involved in catalysis with  pKa values of 4.2, 7.2 and 9.9, in the case of Au-PEP, 4.2 and 8.1 for Au-2, 
and 6.1 and 9.2 for S-acetylated 1. The dotted lines represent the calculated contribution of each species to the solid curve for 
Au-PEP. Conditions: [catalyst]=4.0×10-5 M, [buffer]=10-20 mM, 25°C. 
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catalytic activity of  MPC-C8-TEG-C12-P2-H 

Figure 2. Dependence of the initial rate (M s-1) of intermediate formation (○) and its hydrolysis (●) with Z-Leu-PNP 
and that of hydrolysis (■) with Z-Gly-PNP upon substrate concentration. Conditions: [S-C12-P2-OH]=1.3×10-5 M 
(bound to Au-PEP), pH 7, 25°C.  
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LDA = linear discriminant analysis 
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photothermal therapy 


