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Direct quantification of nanoparticle surface
hydrophobicity
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Pascal Colpo1

Hydrophobicity is an important parameter for the risk assessment of chemicals, but stan-

dardised quantitative methods for the determination of hydrophobicity cannot be applied to

nanomaterials. Here we describe a method for the direct quantification of the surface energy

and hydrophobicity of nanomaterials. The quantification is obtained by comparing the

nanomaterial binding affinity to two or more engineered collectors, i.e. surfaces with tuned

hydrophobicity. In order to validate the concept, the method is applied to a set of nano-

particles with varying degrees of hydrophobicity. The technique described represents an

alternative to the use of other methods such as hydrophobic interaction chromatography or

water–octanol partition, which provide only qualitative values of hydrophobicity.
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Engineered nanomaterials (NMs) are widely used in many
consumer and healthcare products, as well as novel nano-
medicines.1 To enable a quick and reliable NMs risk-benefit

assessment, there is an urgent need for robust, standardised and
reliable methods for their characterisation and toxicity screening.
For this purpose, the understanding of the behaviour and fate of
these NMs when in contact with biological systems is important.
Physical and chemical properties such as size, surface chemistry
and surface charge have been identified as essential parameters to
determine, because they affect the NMs’mode of action in a given
environment (water, buffer, biological fluid, etc.) through differ-
ent surface molecular interactions.

In particular, hydrophobicity is considered as an important
property since it has a critical role in various biological processes
such as protein adsorption,2 interaction with biological mem-
branes,3 cellular uptake,4,5 immune response,6 and haemolytic
effect.7 It is recognised that hydrophobicity is a key property to be
controlled for nanomedicine applications since it has a direct
influence on the stability and bio-distribution of nanovectors.3,6,8

Only a few methods are currently available for characterisating
the hydrophobicity of NMs9—for example surface adsorption
assays,10 NMs relative affinity for reference phases, and hydro-
phobic interaction chromatography.11 None of those methods
enables, for all NM types, a full characterisation and quantifica-
tion of the NMs hydrophobicity and they all involve expensive
and time-consuming analytical techniques. The development of a
fast and reliable general method for NMs hydrophobicity char-
acterisation is therefore of great interest.

We described in a previous publication12 a new method for the
separation of NMs according to their hydrophobicity based on a
set of collectors composed of fluorinated hydrophobic surfaces
whose surface energy components can be modified and fine-
tuned by the layer-by-layer (LbL) deposition of polyelectrolytes. A
proof-of-concept study of the method was carried out with
hydrophobic and hydrophilic polystyrene nanoparticles. The
experimental results were qualitatively supported by the eXtended
Derjaguin Landau Verwey Overbeek (XDLVO) theory,13 enabling
the assessment of the different forces in play.

Here we extend this method to quantitatively determine the
surface energy components of the NMs by measuring their
binding affinity to the collectors’ surfaces, via analysis of their
adsorption kinetics. The adsorption kinetics is calculated by
measuring the number of nanoparticles binding to the different
collector as a function of time, by Dark-Field microscopy. The
method is particularly suitable for nanoparticles with large light
scattering capability (for example noble metals with typical size
>50 nm), but it is also applicable to other materials such as SiO2

with typical size >200 nm. On the other hand, by using a special
dark-field condenser14 or other single-particle microscopy tech-
niques15 it is in principle possible to detect NMs of any material
and down to sizes of the order of 20 nm.

The surface energy potential acting between each NM and the
collector is then calculated using the XDLVO theory. The energy
barrier potential between the NMs and the collector represents
the potential energy at which the NMs are repelled by the col-
lector surface.16 This energy barrier potential is inversely pro-
portional to the binding affinity: the larger the energy barrier
potential, the lower the affinity. In some conditions, the NMs may
be completely repelled by the collector due to very high energy
barrier potential. Electrostatic forces are mainly responsible for
the formation of the energy barrier; hence for an accurate cal-
culation, the Z-potential for both the surfaces and the NMs
should be rigorously measured.

The NM's surface energy and in particular the degree of
hydrophobicity is then calculated by comparing the NM binding
affinity of two or more collectors. The experiments were

performed with Au and SiO2 nanoparticles (NPs) with different
degrees of hydrophobicity to test the validity of the approach. An
advantage of this method is that it can cover all the surface energy
range with only one set of collectors, and a quantitative deter-
mination of the surface energy is possible thanks to several
measurements on different collectors.

Results
Surface characterisation of collectors. The first step of the
method is to determine the binding affinity of the AuNPs with the
different collector surfaces. Each collector prepared as described
above is characterised by distinct surface energy components that
control the binding affinity of the nanomaterial. First, the binding
kinetics of AuNPs was measured on each collector, in a buffer
solution (Phosphate Buffer, PB 10 mM, pH= 7). The buffer
composition has been chosen in order to partially neutralize the
charges present on both the surface and the AuNPs, which would
otherwise lead to a long-range repulsion. The principle of the
method is described in Fig. 1.

The selectivity and specificity of the AuNPs binding to the
surfaces strongly depend on characteristic of the interaction
forces such as interaction strength as a function of distance and
attractiveness and repulsiveness.

The collector and nanoparticles characterisation, the study of
the binding affinity of the AuNPs on the different collectors,
calculation of the acting potential between the AuNPs and the
collector surfaces, and extraction of the surface energy compo-
nent of the AuNPs from the adsorption rates of the AuNPs on the
collectors surfaces are presented below.

In order to fabricate the collectors with different surface
properties, a standard Si wafer has been coated first with a plasma
deposited layer of polytetrafluoroethylene PTFE (hydrophobic)
and then with several layers of polyelectrolytes (PE) (poly
(diallyldimethylammonium chloride, PDDA and polysodium 4-
styrene sulphonate, PSS) for giving the surface a more hydrophilic
character. The subsequent adhesion of PEL layer also permits the
modification of the surface free energy components of the
collectors. Five surfaces denominated T0 (PTFE), T1, T2, T3 and
T4 are thus produced with the numerical component of the name
corresponding to the number of PEL layers deposited.

According to the Owens–Fowkes–Wendt (OFW) theory,17,18

the total surface energy of a solid is the sum of the dispersive
component (taking into account the non-polar interactions),
called γLW (Lifschitz–van der Waals component) and of a polar
component γAB (acid–base component). Solid materials with low
γAB are called “hydrophobic”. The increase of the γAB of a solid
corresponds to an increase of its hydrophilicity. The PTFE was
chosen because of its very low γAB. The surface free energy
components have been determined by measuring the contact
angle of the solid surfaces with a polar (water) and a dispersive
solution (Bromonaphtalene).

The surface energy values of the as-deposited PTFE were 0.9
mJ/m2 and 19.3 mJ/m2 for respectively polar and dispersive
components. Then, PEL layers were deposited on the collector to
increase both surface energy components. The deposition of the
cationic PEL leads to a decrease of the initial PTFE z-potential
(−60 mV) to values close to zero, while the anionic PEL
deposition does not change the negative z-potential (−60 mV).
Surface properties of the PTFE and of the T2 collectors present
very similar z-potential values while the T2 collector has a higher
surface free energy component value, i.e. polar component
increasing by a factor 5 and the dispersive components increasing
by only 1.4.12,19 The increase of the surface free energy has been
directly measured by the F–D curves using different functiona-
lized gold-coated tips (Supplementary Figure 1).
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The adhesion force between the PFT (polyfluorotetraethylene)
modified Au-coated silicon tip and respectively the PTFE and T2
collector were measured as 642 ± 200 nN and 248 ± 100 nN
(Supplementary Figure 2). This higher adhesion force between
the PFT-modified Gold on the tip and the hydrophobic PTFE is
attributed to the hydrophobic interacting forces resulting from
their very low polar surface energy component (the tip–surface
new interface is energetically more favourable than the two
surfaces alone). The average adhesion force of a polyethylene
oxide (PEO)-modified Au-coated tip on both the PTFE and the
T2 collector (not shown) was 100 ± 76 nN indicating that the
hydrophilic surface functionalization reduces the strength of
interaction between the surfaces, consequently reducing their
force of adhesion.

The atomic force microscopy (AFM) analysis indicates that
collector surfaces are rather homogenous with roughness
increasing from 0.29 nm to 0.85 nm showing that the morphology
of the surfaces is not dramatically affected by the formation of the
polyelectrolytes layers. The z-potential was measured for different
pH. A negative z-potential was obtained for the whole range of
pH, especially for the PTFE non-modified and the PSS layers, and
closer to neutral for the different PDDA layers. This result can be

explained by the fact that the PDDA is positively charged and the
PSS and PTFE negatively charged.

A more comprehensive overview of the surface characterisation
of the collectors is given in ref.12.

Finally, the set of collectors presents the following features:

1. Relatively low surface roughness, root mean square (RMS)
roughness <2 nm.

2. Surface chemical homogeneity, as indicated by the X-ray
photoelectron spectroscopy (XPS) and time-of-flight second-
ary ion mass spectrometry (Tof-SIMS) analysis.12

3. Surface homogeneity at the nanoscale level in terms of the
adhesion properties as indicated by the force spectroscopy
measurements.

4. A surface Zeta-potential which is negative (for the PSS
terminated surfaces) or slightly negative (for the PDDA
terminated surfaces).

5. Different values of LW and AB components.

Nanoparticles characterisation. Supplementary Figure 3 illus-
trates typical examples of transmission electron microscopy
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Fig. 1 The proposed method for quantification of the hydrophobicity of nanomaterials. a To form a colloidal suspension, hydrophobic NMs are stabilised by
hydrophilic ligands to prevent the aggregation of the material due to hydrophobic attractive forces. After incubation with collectors, characterised by the
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(TEM) images obtained by spotting 4 μl AuNPs stock solution
onto a C/Formvar TEM grid and dried overnight in air. Although
the morphologies observed were mainly spherical, a certain
degree of faceting characteristic of large AuNPs was also
observed. Size distributions determined by TEM image analysis
on over than 100 objects were narrow with an average value of
60.2 ± 7.9 nm.

The AuNPs were functionalized with different amounts of
PEO-ligands in order to produce different surface coverage on the
surface i.e. different hydrophobic characters. The selected ligand
chain was functionalised with a SH-group at one terminus to
provide a strong affinity for gold, a central non-polar alkyl chain
to provide to the structure the ability to self-assemble in dense
layer that excludes water due to the hydrophobic core and a PEO
sequence to enhance stability in water.

The PEO surface coverage has been first characterised by UV-
vis adsorption measurements (Supplementary Figure 4). The
results show that the increase of PEO content in the solution
results in a red-shift of the surface plasmon resonance wavelength
from 543 nm for uncoated to approximately 546 nm for all the
functionalized PEO-Au NP samples (Table 1). The shift from the
uncoated and the PEO coated surfaces might be due to slight
differences in the bulk refractive index of the dispersant.

Dynamic light scattering (DLS) also confirms the successful
functionalization of AuNPs 60 nm with an increase of the
hydrodynamic diameter from 62.7 nm for pristine AuNPs to 68.7
nm for the highest PEO concentration (Table 1). Z-potential
measurements show a slight decrease in the negative surface
charge from −45.7 mV for pristine AuNPs to −39.4 mV for the
AuNPs coated at the highest PEO concentration. Differential
centrifugal sedimentation (DCS) shows that the sediment time
increases with the PEO concentration in the solution. This shift
toward higher sedimentation times is the net result of (1) the
increase of NP diameters and (2) the decrease of the NP apparent
densities due the PEO binding. By combining the sedimentation
times measured by DCS and the DLS diameter,20 the mass of
absorbed PEO molecules on the AuNPs as a function of the PEO
concentration in solution and therefore the number of molecules
per NP can be calculated. The values are reported in Table 1.

A theoretical full coverage of the AuNPs by the PEO molecules
can be calculated by dividing the available gold surface area of the
particles by the footprint of a alkanethiolate molecule (21.4 Å2),
i.e. the minimum space occupied by an absorbed molecule as as
estimated by electron diffraction studies of monolayers of
alkanethiolates on Au(111) surfaces.21

We must underline that the obtained value of the coverage
represents a rough approximation, since it corresponds to a
perfect packing of the ligand on the surface and doesn’t take into
account physical effects such as the steric repulsion of the PEO
chains, the gold surface inhomogeneity, the possibility different

orientation due to the PEO chains interaction with the gold
surface, occupying more space, etc. Using the TEM diameter
(60.2 nm) and considering the AuNPs as perfect spheres, we
calculated a maximum number of 55 × 104 PEO molecules per
AuNP. According to Table 1 this number is reached for a volume
of PEO added to the AuNPs of 3.2 µl. Any additional PEO added
to the solution would potentially lead to the formation of an
excess of PEO on the surface of the AuNPs, i.e. multilayers.

More interestingly, the PEO functionalized AuNPs were
characterised by two other techniques: protein adsorption by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and affinity to the water phase by water/octanol partition.

The amount of proteins detected by the SDS-PAGE on the
AuNPs was very low, since the total amount of AuNPs available
was very small. However, it was found that a detectable quantity
of Albumin was found on both the pristine AuNPs and the
AuNPs treated with low volumes of PEO (Supplementary
Figure 5, Supplementary Note 2). By plotting the SDS-PAGE
Albumin band intensity as a function of the volume of added
PEO, it is clear that the intensity decreases and it goes to zero for
a PEO volume larger than 3 µl. This means that the PEO surface
coverage obtained by adding a volume of 3 µl to the solution was
sufficient to prevent any protein adsorption on the surface of the
particles.

A similar trend is observed in the water/octanol partition
coefficient. Briefly, experiments were carried out both with
pristine AuNPs of 60 nm and the differently PEO-functionalized
AuNPs at a concentration of 0.5 mM of gold. As expected,
pristine hydrophobic AuNPs coated with weakly bound citrate
surfactant interacted strongly with octanol resulting into
complete aggregation clearly visible in the interphase (Supple-
mentary Figure 6). By increasing the degrees of PEO-functiona-
lization, a progressive decrease in the amount of aggregation
together with higher amount of NPs in the aqueous solution can
be observed (increases of red colour intensity). For volume of
added PEO larger than 3 µl, the AuNPs did not interact at all with
Octanol as a result of their hydrophilic character. These results
confirm the decrease of hydrophobicity as the PEO coverage
increases and a saturation of the surface for 3 µl of thiolate added
to the suspension. The proportion of NPs in water was calculated
by measuring the intensity of the red colour component in
Supplementary Figure 6 for each vial and normalizing to the
intensity of the red colour of the original solution of NP with the
same concentration in water.

These two results suggest that, as calculated by DCS/DLS
combined measurements, a full monolayer of PEO is reached by
adding a volume of PEO larger than about 3 µl to the pristine
AuNPs solution. The addition of larger volumes of PEO did not
further modify the surface properties of the AuNPs. The results
from these three experiments are summarized in Fig. 2.

Table 1 Determination of the PEO surface coverage of the AuNPs

AuNP sample A B C D E F G H I L

Volume of added PEO (µl) 0 0.16 0.32 0.48 0.72 1.04 1.6 3.2 4.8 7.2
UV-vis peak spectral position (nm) 543.3 546.2 546.4 546.4 – 546.6 546.7 – – 546.9
DLS hydrodynamic diameter (nm) 62.7 ± 10 – – 63.1 ± 10 – 63.5 ± 10 64.9 ± 12 – – 68.7 ± 15
Z-potential (mV) −45 ± 2 −42 ± 2 −40 ± 2 −41 ± 2 – −40 ± 2 −36 ± 2 – – −39 ± 2
DCS peak of the runtime (s) 9.71 9.94 9.91 - 9.99 10.08 10.18 10.41 10.51 10.62
Number of PEO molecules per AuNP (1E4) 0 5 16 20 18 – 55 194 210
W/O partition, % of NPs in water 0 25 38 36 68 77 92 – – 100
SDS-PAGE, intensity of 40–200 KDa band (relative
to pure HSA) (%)

7.17 – – – 4.77 1.34 – 0.05 0.02 0

PEO surface coverage (theoretical) (%) 0 5 10 15 22.5 32.5 50 100 ≥100 ≥100

Summary of the characterisation of the AuNPs functionalized with self-assembled PEO at different theoretical surface coverage
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Furthermore, we characterised the hydrophobicity/hydrophili-
city degree of the Au-Citrate stabilised and of the Au-PEO NPs,
by contact angle measurements performed on a dried film of NPs.

Contact angle measurements show that Au-citrate NPs are
hydrophobic with a corresponding contact angle with water of
about 95°. The AuNPs with the addition of 7.2 µl of PEO are on
the other hand very hydrophilic, with a contact angle of 23°. A
similar behaviour was observed on the flat Au surface, where the
pristine Au surface showed a contact angle of 84° with water and
the PEO-functionalized Au flat surface a contact angle of 40°.

The previously described combination of characterisation
techniques of the AuNPs allowed us to classify the AuNPs
according to their effective PEO surface coverage. The surface
coverage is linearly proportional to the amount of PEO added to
the pristine AuNPs solution between 0 and 3.2 µl of volumes. The
proportionality factor, k, between volumes was added and the
PEO surface coverage was calculated as follows:

k ¼ 100%
3:2

¼ 31:25%=μl ð1Þ

The AuNPs samples A, B, C, D, F, G and L, corresponding to the
PEO surface coverage indicated in Table 1 were used to study the
binding affinity with the different collectors.

Nanoparticles binding study. The AuNPs affinity has been cal-
culated by directly measuring the real-time binding kinetics of the
NPs to the different collectors. The binding curves are built by
using a script created in the software ImageJ allowing to auto-
matically detecting the NPs as round objects in the video
sequence. Typical sequence images of the adsorption of NPs on
the T0 collectors are shown in Fig. 3, for the Au-citrate NPs
(hydrophobic) and for the Au-100% PEO coated NPs (hydro-
philic). Each round object in each frame corresponds to one
AuNP; for each frame, the NPs are counted and the position of
each NP is recorded. It is either possible to detect the total
number of NPs for each frame or to track the NP motion on the

surface. Only the NPs perfectly in focus with the surface plane are
detected with a focal depth of 4000 nm. Taking this into account
the nanoparticles were detected in the volume above 4000 nm
from the surface: these particles are moving much faster that the
time resolution of the camera (>ms). Hence we are able to
observe only the nanoparticles slowed down by the contact with
the surface, which are moving or rolling. The number of NPs
detected is then related to the affinity of the NPs to that particular
surface.

It should be noted that AuNPs with different PEO coverage are
characterised by the same core size and a similar negative Z-
potential. The choice of negatively charged collectors (terminated
by the anionic polyelectrolyte) and buffer conditions was made in
order to minimize any possible electrostatic interaction between
the nanoparticles and the surfaces while keeping the stability of
the colloids. Uncoated Au-citrate NPs dispersion stability is
maintained also thanks to their very negative value of the z-
potential while the increasing PEO coating coverage contributes
to the NPs stability by steric repulsion. In the absence of an
energy barrier, the number of NPs reaching the surface as a
function of time ΓAdsðtÞ is determined by the diffusion constant,
De via Eq. 2:

ΓAdsðtÞ ¼ 2CnΣ
tDe

π

� �1=2

ð2Þ

Where Σ is the area of measurement and Cn is the bulk
concentration of NPs. The maximum velocity of adsorption vmax

of the NPs of radius r and bulk concentration Cn on an area Σ is
then

vmax ¼
ΓAdsðtÞffiffi

t
p ¼ 2CnΣ

kT
6ηπ2

� �1=2 1
r

� �1=2

ð3Þ

Eq. 3 shows that, in the absence of an energy barrier, the NPs
adsorption velocity is determined by the radius of the NPs,
through their diffusion constant.22 If an energy barrier, ΔGmax, is
present, the local concentration of NPs, Cloc at a distance lower
than the energy barrier distance is related to the bulk
concentration by Eq. 4:

Cloc ¼ Cne
�ΔGmax=kT ð4Þ

Eq. 4 is the classical Maxwell–Boltzmann distribution which
determines the distribution of objects in the presence of an energy
barrier.22

The generalized NPs adsorption velocity is then

v ¼ vmaxe
�ΔGmax=kT ð5Þ

That substantially means that the NP adsorption velocity is
reduced by a factor e�ΔGmax=kT in the presence of an energy barrier
as compared to the maximum velocity.

The vmax can be calculated by Eq. 3, knowing the size of the
NPs or it can be measured directly by observing the rate of arrival
of the negatively-charged NPs to a positively-charged surface
(such as T1 or preferably T3 since one layer of polyelectrolyte on
the PTFE is not sufficient to guarantee full surface coverage).

On the other hand, by measuring the velocity in the presence of
an energy barrier one can calculate ΔGmax=kT as

ΔGmax

kT
¼ �ln

v
vmax

ð6Þ

The ratio v
vmax

can vary between 0 and 1 and it is a direct
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measurement of the energy barrier present between the NPs and
the collector.

For the 60 nm AuNPs the maximum adsorption rate is
obtained when the activation energy barrier is zero, and the
exponential in Eq. 5 is equal to 1.

In the cases where the gravitational transport is not negligible
for the timescale observed (dense and large NPs) Eq. 2 should be
corrected with a factor proportional to the time and the
sedimentation velocity.

ΓAds ¼ 2CnΣ vsedt þ
tDe

π

� �1=2
 !

e
�ΔGmax

kT ð7Þ

where vsed ¼
2g ρNP � ρf

� �
r2

9η
ð8Þ

with ρNP and ρf being the NP and fluid mass density respectively,
and η the fluid viscosity. Eq. 7 takes into account that the local
concentration of the NPs is increasing with time due to the
sedimentation of the NPs.

The adsorption curves are fitted by a modified Eq. 9:

ΓAds ¼ α1t
1=2 þ α2t ð9Þ

where α1 and α2 are respectively the linear and quadratic factors
(for the polynomial function in t1/2).

The maximum adsorption rate which depends on the
geometrical properties of the NPs is plotted in Fig. 4 in
comparison with the kinetics obtained for the different NPs for
the different collectors. The rate of adsorption of the NPs on the
different collectors is decreasing while increasing the acid-base
(polar) component of the collectors. This is more evident for the
non-PEO-coated NPs. Then the rate of adsorption is found
decreasing drastically with the increasing PEO% coating on the
NPs. For a nominal coating of PEO larger than 25% of the NPs,
the adsorption rate is close to zero.

The principal information that can be extracted from Table 2:
on the T4 collector, the rate of adsorption is zero for all the NPs,

t = 0
a

b

t = 5' t = 12' t = 20'

Fig. 3 Measuring binding kinetics. Automatic detection of the AuNPs absorbed on the T0 (hydrophobic) collector by means of the macro developed with
ImageJ software as a function of time after the injection of the nanoparticles. a Show the time evolution for the citrate stabilised AuNPs b and for the
AuNPs with 100% of PEO coating
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association curves using the function in Eq. 9. The fitted values for the
linear part (α1) are presented in Table 2

Table 2 Measuring nanoparticles binding kinetics. Values
for α1 on the different collectors fitted form the association
curves using Eq. 9

Sample α1 T0 (PTFE) (NP/s1/2) α1 T2 α1 T4

Au-cit 1.85 ± 0.18 0.65 ± 0.17 0.05 ± 0.05
Au-PEO 5% 1.40 ± 0.15 0.38 ± 0.09 0.05 ± 0.05
Au-PEO 10% 1.18 ± 0.18 0.32 ± 0.18 0.05 ± 0.05
Au-PEO 15% 0.77 ± 0.18 0.27 ± 0.10 0.05 ± 0.05
Au-PEO 32.5% 0.12 ± 0.08 0.09 ± 0.06 0.05 ± 0.05
Au-PEO 50% 0.05 ± 0.05 0.05 ± 0.05 0.05 ± 0.05
Au-PEO 100% 0.05 ± 0.05 0.05 ± 0.05 0.05 ± 0.05
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the rate of adsorption is larger on the collector T0 than on the
collector T2 for all the NPs and the difference of the rate of
adsorption between T0 and the collector T2 is decreasing by
increasing the PEO coating.

Calculation of the surface free energy component of the
nanoparticles. According to the XDLVO theory23, the total
interaction energy Gtot can be expressed as

Gtot ¼ Gel þ GAB þ GLW ð10Þ

where Gel GAB and GLW are energies relative to the electrostatic,
acid-base and Lifshitz–Van der Waals interactions respectively.
The three potential depends on the distance between the NP and
the surface.

Electrostatic interaction energy is

Gel ¼ πεRN ζ2N þ ζ2S
� � 2ζN ζS

ζ2Nþζ2S
:Ln1þexpð�κdÞ

1�expð�κdÞ þ Ln 1� expð�2κdÞf g
h i

ð11Þ

where d is the separation distance between the NP and the
surface, ζN and ζS are the surface charge of the nanoparticle and
the collector surface respectively. 1/κ is the double layer thickness,
which is expressed from Eq. 12.

κ ¼ e2

εkT

X
izi ni

	 
1=2
ð12Þ

where ε is the permittivity of the medium, e is the charge of
electron, k is the Boltzmann constant, T is the temperature, zi is
the valency of the ions i, and ni is their number per unit volume.

The Lifshitz–Van der Waals ΔGLW components to the free
energy of interaction between a nanoparticle and surface are
calculated following the extended DLVO theory:

GLW ¼ �H
6

2rðd þ rÞ
d d þ 2rð Þ � Ln

d þ 2r
d

	 

ð13Þ

where d is a separation distance between the NP and the surface,
and r is the radius of the nanoparticle.

H the effective Hamaker constant for the NP–collector–water
system, which can be expressed as

H ¼ 24πd20

ffiffiffiffiffiffiffiffi
γLWN

q
�

ffiffiffiffiffiffiffiffi
γLWw

q� � ffiffiffiffiffiffiffiffi
γLWs

q
�

ffiffiffiffiffiffiffiffi
γLWw

q� �
ð14Þ

Looking at the dependence of the GLW on the distance d, the
Lifshitz–Van der Waals force then active for very short distances
(d < 1 nm), only for the particles that are able to overcome the
energy barrier.

While the analytical expressions for the electrostatic potential
and the Lifshitz–Van der Waals potentials are well known and
commonly accepted, the acid–base interaction potential is mainly
represented as an empirical formulation based on experimental
observations24 and direct measurements of the interaction
potential between two surfaces (sphere–sphere, sphere–plane,
plane–plane) in a polar medium or in an electrolytic solution. The
GAB is including all forces involving the structural reorganization
of the water molecules around two surfaces, depending on the
degree of wettability of the surfaces involved. For a sphere–plane
system

GAB ¼ πrλΔGABe d0�dð Þ=λ½ � ð15Þ

where d0 is the minimum separation distance between the NP
and the surface, taken generally as 0.158 nm for many different

kinds of substrates and d the separation distance in nm. GAB is
defined as a short-range acting potential, having an exponential
decrease with the distance. The field of interaction of the potential
is mainly determined by the correlation length λ, expressed in
nm. Various values for λ have been reported in literature, ranging
from 0.2 nm to up to 13 nm24.

The nature of the two interacting surfaces intervenes in the AB
potential with the term ΔGAB, which can be expressed as

ΔGAB ¼ �2
ffiffiffiffiffiffiffi
γABN

q
�

ffiffiffiffiffiffiffi
γABw

q� �
�

ffiffiffiffiffiffiffi
γABs

q
�

ffiffiffiffiffiffiffi
γABw

q� �
ð16Þ

where the term
ffiffiffiffiffiffiffi
γABi

p
refers to the polar component of the

surface free energy for N= nanoparticle, W=water and S=
surface.

The interaction energy maps were calculated using the function
wizard included in the software OriginPro 2015. The values for
the interaction energy are given in kT units (1 kT= 4 × 10−21 J).
The total interaction energy is expressed in Eq. 10 for the
interaction of a NP and a surface as a function of the distance and
of the hydrophobic correlation length λ. Even if the range of
possible and measured value in literature for λ is broad (between
0.6 nm and 13 nm), we decided to keep it in the range between
0.6 nm and 2 nm, in order to take into account possible influences
of the radius of curvature of the NPs and of the roughness of the
collectors24. The heat-maps for the 15 nm, 60 nm and 200 nm
hydrophobic NPs on hydrophobic collector are shown in
Supplementary Figure 7 and illustrate the influence of the value
of λ on the potential profile as a function of the NP size
(Supplementary Note 3). The blue colour map indicates that the
interaction energy between the NPs and the surface is equal to or
lower than 0 kT. When interaction energy between the NP and
the surface is equal to or larger than 5 kT the colour map is
marked as red. 5 kT is considered as the threshold value for an
energy barrier that would inhibit completely the adsorption of
NPs to the surface. The corresponding adsorption velocity would
be v_5 kT= 0.0067. v_max.

The heat maps for 60 nm bare AuNPs with T0 hydrophobic
and T2 and T4 hydrophilic collectors are presented in Fig. 5.

To illustrate the variation of the energy barrier, in assuming a
value of 1.65 nm for λ, (dashed line in Fig. 5) the energy barrier
maximum is found lower for the T0 (about 0.5 kT) than for the
T2 and T4 collectors. The position of the maximum in z is also
depending on the collector, being larger for T0 (about 13 nm) and
smaller (or closer to the surface) for T2 and T4.

For each collector, the energy barrier γABN must verify the
following system of non-linear equations:

Gtot;Ti zi; λ; γ
AB
N

� � ¼ ΔGmax

kT ¼ �ln vi
vmax

∂Gtot;Ti zi;λ;γ
AB
Nð Þ

∂zi
¼ 0

8<
: ð17Þ

where the first equation in bracket corresponds to the value of the
maximum of the energy barrier and the second equation
corresponds to the condition of the maximum (first derivative
equals to zero). According to Eq. 6, the maximum of energy
barrier determines the reduction of the velocity of adsorption
with respect to the maximum velocity (when the energy barrier is
zero).

The varying parameters to verify the system in Eq. 17 are: the
NPs–surface distance zi which depends on the collector. The zi is
the NP–surface distance at which the energy barrier has a
maximum, as a function of the collector, the hydrophobic
interaction characteristic distance, λ and the polar component of
the surface free energy of the NPs, γABN .
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In order to solve the non-linear system of equations in Eq. 17
we need at least two collectors, in order to have four equations
with four unknowns, namely z1, z2, λ and γABN .

The system of equations, for each couple of collectors has been
numerically solved using the value boundaries listed in
Supplementary Table 1. The boundaries were chosen as follows:
zi is the typical range of interaction of the electrostatic forces; the
γABN values were chosen between the value corresponding to
PTFE (hydrophobic) and the one of water (the maximum
hydrophilicity). The tolerance for the Gtot was set at 10% of the

value calculated between a hydrophilic particle and a hydrophilic
collector.

The numerical solution for the T0–T2 couple of collectors for
the different AuNPs is listed in Table 3.

The results obtained from the solution of the system of
equations for the T0–T2 couple of collectors are physically
meaningful. The fitted value for λ is very similar for the different
NPs and it is very close to the one obtained graphically from
Fig. 5. A value for each NP of γABN is then determined with this
method. According to what was expected and also measured by
the contact angle on the dried particles pellets, the γABN is the
lowest for the Au-citrate NPs (1.57 mN/m2) and increases for
the PEO coverage percentage. For coverage larger than 25% the
AuNPs are largely hydrophilic with a large value for the polar
component of the surface free energy (30.95 mJ/m2). The
graphical evolution of the γABN with the PEO coverage is shown
in Fig. 6.

A second type of model NPs has been used, to verify the
validity of the proposed method. 200 nm hydrophilic SiO2 NPs
were modified with different chemical groups to increase the
surface hydrophobicity. Three functional groups were used to
modify the NP surface, consisting of alkyl chain of different
length: propyl, butyl and dodecyl groups. The SiO2 NPs modified
with dodecyl groups were not stable and started to aggregate,
forming dimers and trimers as shown by the DLS measurement.

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0

H
yd

ro
ph

ob
ic

 in
te

ra
ct

io
n 

le
ng

th
, �

 (
nm

) a

b

c

2 4 6 8 10 12 14 16 18 20

0.000

0.500

1.000

1.500

2.000

2.500

3.000

3.500

4.000

4.500

5.000

Energy barrier (kT)

0 2 4 6 8 10 12 14 16 18 20

0 2 4 6 8 10 12 14 16 18 20

NP–surface distance (nm)

Fig. 5 Collector-dependent energy barrier. Interaction energy map for
hydrophobic bare AuNPs and the three used collectors: a for T0, b for T2
and c for T4. The colour map is plotted as a function of the NP–collector
distance and the correlation length, λ. The red area represents a
combination of parameters at which the adsorption of particles is forbidden
the energy barrier being too large (>5 kT). At λ= 1.65 nm, the hydrophobic
collector, T0, shows the smallest energy barrier compared to T2 and T4

Table 3 Measurement of hydrophobicity. Parameters solving
the system of equation in Eq. 17

Sample ZT0 (nm) ZT2 (nm) λ (nm) γABN mJ/m2

Au-cit 12.84 ± 0.59 9.50 ± 0.09 1.69 ± 0.01 1.57 ± 0.45
Au-PEO 5% 12.49 ± 0.18 8.90 ± 0.12 1.69 ± 0.01 7.35 ± 0.76
Au-PEO 10% 12.16 ± 0.11 8.56 ± 0.06 1.69 ± 0.01 9.47 ± 1.20
Au-PEO 15% 11.26 ± 0.13 7.66 ± 0.04 1.69 ± 0.01 13.20 ± 2.10
Au-PEO 32.5% 9.69 ± 0.05 6.04 ± 0.04 1.68 ± 0.01 21.84 ± 2.74
Au-PEO 50% 9.42 ± 0.40 5.76 ± 0.32 1.73 ± 0.03 30.95 ± 4.11
Au-PEO 100% 9.42 ± 0.40 5.76 ± 0.32 1.73 ± 0.03 30.95 ± 4.11
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Fig. 6 Direct measurement of the hydrophobicity as a function of the PEO
coverage. Correlation between the PEO surface coverage of the AuNPs and
of the polar component of the surface energy of the NPs γABN

� �
calculated

with the present method. The error bars in the plot were calculated by
spreading the errors for the determination of the binding velocity of the
particles on the different collectors
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The propyl and butyl functionalized SiO2 NPs were stable for
days as shown by DLS measurement.

The adsorption rate of pristine SiO2 and epoxy modified NPs
on T0 (and consequently on T2 and T4) was zero.

The adhesion of propyl and butyl functionalized SiO2 NPs to
T0, the hydrophobic collector, was slow but different from zero,
and it was evaluated as α1= 2.15 t−1/2 and α1= 2.17 NP/t−1/2,
respectively. The maximum adsorption rate, calculated with Eq. 2,
is 232 NP/t1/2, meaning that the potential barrier is relatively
large, around 6.97 kT and 6.98 kT. The results are summarized in
Table 4.

This result is confirmed by the contact angle measurement
with water of a silica surface functionalized with propyl and butyl
groups: the contact angle is about 10° and 15° for the propyl and
butyl, respectively, confirming the highly hydrophilic nature of
these surfaces.

Discussion
In this work a method is presented for the quantitative char-
acterisation of nanoparticles hydrophobicity by measuring their
affinity towards specifically functionalized surfaces.

The determination of the affinity of NPs towards substrate
surfaces with different hydrophobicity degrees enables the direct
characterisation of the NPs having unknown surface functiona-
lization and residual hydrophobicity in a direct manner. The
quantification of the surface energy of the NPs is possible by
comparing the evaluation of the affinity of the NPs with different
collectors and the comparison with the XDLVO theory, which
takes into account the hydrophobic forces.

The general method is highly sensitive to variation of the
surface free energy polar components and could be adapted for
the direct evaluation of the stability of the anti-fouling coatings
which are usually used to prevent the agglomeration of the NPs in
biological complex media and living bodies and which, through
the formation of the protein corona, may lead to inflammatory
responses and/or uncontrolled clearance of the NPs. The pro-
posed method allows the quantitative characterisation of NP
hydrophobicity in solution and thus is potentially highly relevant
to important applications in the field of nanomaterial safety
assessment in consumer and industrial products.

Methods
Surface preparation. Silicon wafers (Si(100); diameter, 50 mm; resistivity, 1−20Ω
cm) supplied by ITME (Warsaw, Poland) were used as the substrate for the whole
study. Before modification the wafers were washed with ethanol and water and
dried under nitrogen flow.

Surface modification. The silicon substrate was modified by different deposition
processes in order to tune the surface hydrophobicity. First, polytetrafluoroethylene
(PTFE) coating was plasma deposited to generate a hydrophobic surface. The
deposition was performed using pure octofluorocyclobutane (C4F8) as the gas
precursor at a pressure of 3.5 Pa, applying a power of 142W for 5 min12.

In order to tune the surface hydrophobicity, a layer-by-layer deposition of two
polyelectrolytes (PELs) was then performed. The PTFE modified substrates were
incubated for 2 min in poly(diallyldimethylammonium chloride) (PDDA) 2%
solution in water or in poly(sodium 4-styrene sulphonate) (PSS) 2% in water for
the self-assembly deposition of each PEL layer, starting from PDDA (positively
charged) and alternating with PSS (negatively charged). After each step, the
substrate was rinsed with milliQ water and dried under nitrogen flow. The surfaces

obtained are referred to as T1, T2, T3 and T4 depending on the number of PEL
layers deposited.

Collector surface characterisation. In order to fully characterise the collector
surfaces, several techniques were used. The thickness and refractive index of each
deposited layer were measured by Ellipsometry (Vase VUVTM J.A. Woollam Co.).
The contact angle and surface energy of the surfaces were determined by using a
Digidrop TM goniometer with 2 liquids (water and 1-bromonaphtalene). The
surface topography and roughness of the surfaces were measured using AFM (NT
MDT Russia). Finally, Z-potential measurements were performed for a range of pH
from 3 to 10 with a step of 0.5 in order to characterise the surface charge. The Z-
potential was measured for independent samples just after adjusting the pH of the
dispersions with either 1M NaOH or 1M HCl and at a total NaCl concentration of
1 mM to keep the conductivity at approximately 1 mS/cm.

AFM was also used to directly measure the different adhesion forces present
between the collector surfaces and functionalised tips to ensure that the surface
properties evaluated were constant over a 1 μm range. A conventional silicon tip
for contact mode (NT MDT C-Probe, spring constant k= 0.02 N/m and nominal
radius of curvature of 15 nm) was employed. The instrument returns the values for
the deflection of the cantilever in nA (the difference of current at the 4-quadrant
optical detector of the AFM). This value was translated in force values (nN) by
calculating the actual deflection of the cantilever in nm and by multiplying the
value for the elastic constant of the cantilever used.

The cantilever was coated with a 20 nm-thick layer of gold by magnetron
sputtering (a 1 nm layer of titanium was previously deposited to ensure the
adhesion between the gold and the silicon). The gold-coated tip was then immersed
in 1 mM ethanol solutions of thiolated alkyl group terminated with PEO
(Polyethylenoxide). The tip was then rinsed in ethanol and ultrapure water and
gently dried in flowing N2. The gold-coated and PEO-functionalised tip was then
used to perform so-called “Force–distance curves” (F–D curves). Briefly the tip was
brought in contact with the surface in a certain location, and then the tip was
retracted by a few micrometers by means of a piezoelectric crystal. Then a series of
approaching–retracting curves were acquired in an area surrounding the contact
position and the deflection of the cantilever was recorded as a function of the
piezo-position. The measurements were performed in ultrapure water. A minimum
of 100 curves was acquired. The adhesion force between the tip and the surface was
measured for each curve as the difference between the zero-force line and the
minimum of the “snap-off” force. The adhesion forces were then averaged for all
the curves (see Supplementary Note 1).

Nanoparticle synthesis functionalisation and characterisation. Two sets of
NPs, Au and SiO2 were used for the experiments. AuNPs were synthesised (see
below) using gold (III) chloride trihydrate (>99.9%), and trisodium citrate dihy-
drate (>99.9). Surface modifications of SiO2 particles was done using (3-glycidy-
loxypropyl)trimethoxysilane (GPTMS) (GPTMS, >98%), propylamine (>99%),
butylamine (>99%) and dodecylamine (>99.5%). All reagents were purchased from
Sigma-Aldrich and used as received without further purification. Ligand 2-(2-[2-
(11-mercapto-undecyloxy)-ethoxy]-ethoxy)-ethoxy-ethoxy-ethoxy-ethoxy-acetic
acid (PEO-ligand) was purchased from ProChimia and kept under N2 and in the
freezer at −20 °C. SiO2 NPs of approximately 200 nm (NS-0200A) at a con-
centration of 7.8 × 1012 NP/mL were purchased from MSP Corp. Centrifugal filter
units (Amicon, USA) were washed three times with milliQ-water at 3500 rcf 10
min before their use. All solutions were prepared with ultrapure water (Millipore
Milli Q system, resistivity, 18.2Ω cm). The synthesised AuNP dispersions were
stored in the fridge at 4 °C.

Synthesis of the AuNPs. AuNPs of 60 nm in diameter were prepared by a
seeding-growth four-step procedure. Initially, AuNP seeds of approximately 15 nm
in diameter were synthesised with a modified Turkevich method25 using a spe-
cialised microwave Discover apparatus (CEM Corporation, USA). Briefly, 5 mL of
aqueous gold (III) chloride trihydrate (10 mM) were added to 95 mL of milliQ-
water in a single-necked 100 ml round bottom flask equipped with a magnetic
stirrer and a glass condenser column. The flask was mounted in the microwave,
heated rapidly (<1 min) to 97 °C while stirring and then held for 5 min using a
maximum microwave power of 150W. Under vigorous stirring, 2.5 mL of sodium
citrate (100 mM) was injected and the reaction mixture was maintained at 97 °C for
20 min after which the reaction vessel was rapidly cooled to 60 °C with compressed
air and then allowed to cool to room temperature. The nominal concentration of
gold in the AuNP dispersion was 0.5 mM. The 15 nm AuNP seeds were first grown
to 30 nm, and then from 30 nm to 45 nm.

The last stage of the synthesis to 60 nm AuNPs was carried out by the regrowth
method from the 45 nm AuNPs. The as-synthesised seeds (25 mL) of AuNPs of 45
nm were diluted in milliQ-water (60 mL) and mixed with 2.8 mL of sodium citrate
(100 mM) and 1.25 mL of aqueous gold (III) chloride trihydrate (10 mM). The pH
of the resulting solution was adjusted to a value of 9.0 with aqueous NaOH (200
mM, 0.42 mL) and the mixture was heated to 60 °C for 48 h in order to produce
AuNPs of approximately 60 nm in diameter. The nominal concentration of gold in
final AuNP dispersion was 0.24 mM.

The 60 nm AuNP dispersions were purified twice by centrifugation (2500 rcf,
20 min, 4 °C) followed by redispersion in the same volume of MilliQ water, and

Table 4 Behaviour of the modified silica particles.
Parameters solving the system of equation in Eq. 17 for the
T0–T2 collectors with the hydrophilic silica NPs

Sample ZT0 (nm) ZT2 (nm) λ (nm) γABN mJ/m2

SiO2-propyl 10.42 ± 0.45 6.15 ± 0.32 1.81 ± 0.03 30.47 ± 4.15
SiO2-butyl 10.32 ± 0.52 6.10 ± 0.21 1.81 ± 0.03 30.81 ± 5.56
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then concentrated by filtration with centrifugal filter units at 100 kDa MWCO
(2000 rcf, 2 min, 4 °C). The final approximate concentration was calculated to be
0.5 mM of gold by UV-vis spectroscopy using extinction coefficients of citrate-
capped AuNMs determined in the literature26.

Functionalisation of citrate-functionalised AuNPs with different percentages
of PEO-ligand. The AuNPs were systematically functionalised with different
amounts of PEO-ligands in order to produce different percentages of coating
coverage on the surface. Samples of pristine AuNPs of 60 nm in diameter (200 µL,
0.5 mM) were mixed with different volumes (0, 0.16, 0.32, 0.48, 0.72, 1.04, 1.6, 3.2,
4.8 and 7.2 µL) of a solution of PEO-ligand (0.1 mM in milliQ H2O) to obtain 0,
2.5, 5, 7.5, 10, 15, 25, 50, 75 and 100% theoretical coverage of the total available
surface of AuNPs, respectively. The mixtures were stirred at room temperature
overnight. The success of the functionalisation was checked by UV-vis spectro-
scopy, DCS, DLS and Z-potential measurement at a concentration of 0.1 mM of
gold.

Functionalisation of SiO2 NPs with different hydrophobic ligands. Functiona-
lisation of commercial SiO2 NPs was performed as described in the literature27.
Briefly, a sample of nano-silica NS-0200A (0.5 mL) was diluted in water (1.5 mL)
and the pH increased with the addition of 1M NaOH (1 µL). GPTMS (0.5 µL, 2.3
μmol) was immediately added and the reaction mixture was stirred at room
temperature for 24 h. Modifications of epoxy-functionalised SiO2 NPs were
obtained by the addition of 100 mM solutions in water of propylamine, butylamine
and dodecylamine (final concentrations of 2.24 mM) at pH= 9. The mixtures were
left to react for 24 h and all the samples were then purified using centrifugal filter
units of 10 kDa MWCO Amicon Ultra-15 (3500 rcf, 5 min) via two washing steps
with water in order to eliminate the excess of non-conjugating molecules. DLS
measurements showed no major differences in the mean hydrodynamic size for
any of the samples, which was a good indicator of the colloidal stability of these
solutions. Surface charges of pristine and functionalised SiO2 NPs were determined
by Z-potential measurements at a value of pH= 7.5 after adjusting with 1M HCl
and at a conductivity of 1 mS/cm after adjusting with 1 M NaCl. The final nano-
particle dispersions were diluted in a buffer (Phosphate buffer (PB) 10 mM, pH=
7.5) to a final concentration of 1.4 × 1011 NP/mL (i.e. 55 times less than the original
concentration).

Nanoparticle characterisation. AuNPs were imaged using a transmission electron
microscope (TEM, JEOL 2100, Japan) at an accelerating voltage of 200 kV. The
samples were prepared by placing a drop (4 µL) onto ultrathin Formvar-coated
200-mesh copper grids (Tedpella Inc.), followed by drying in air at room tem-
perature. For each sample, the size of at least 100 particles was measured to obtain
the average and the size distribution. Digital images were analysed with the ImageJ
software, using a custom macro to perform smoothing (3 × 3 or 5 × 5 median
filter), a manual global threshold and the automatic particle analysis of ImageJ. The
programme can be downloaded from http://code.google.com/p/psa-macro. A cir-
cularity filter of 0.8 was used to exclude agglomerates that could occur during
drying.

UV-vis adsorption spectra were recorded with an Evolution 300 UV-vis
spectrophotometer (Thermo Scientific, USA) at room temperature.

DLS and Zeta-potential measurements were obtained using a Zetasizer Nano ZS
instrument (Malvern Instruments, UK). Hydrodynamic diameters were calculated
using the internal software analysis from the DLS intensity-weighted particle size
distribution.

Differential centrifugal sedimentation. DCS measurements (instrument model
DC24000UHR, DCS Instruments Inc, USA) were performed in an 8–24 wt%
sucrose density gradient with a disc speed of 22,000 rpm. Each sample injection of
100 µl was preceded by a calibration step using certified polyvinyl chloride (PVC)
particle size standards with a weight mean size of 280 nm.

Contact angle. The contact angle with water was measured using a Digidrop
Contact Angle metre (GBX, France). Contact angles of the differently functiona-
lised AuNPs were measured by spotting a drop of sample solution (10 µL) on a
silicon surface to form of confluent film. Then, a 0.5 μL water droplet was deposited
onto this film and the contact angle was measured.

Contact angles were also measured on flat Au-surfaces functionalised with
PEO-ligand. Au deposition on silicon wafers (3 min, ~ 100 nm Au) was performed
by physical vapour deposition. The surfaces were cleaned with sonication in EtOH,
followed by several washing steps with EtOH and MilliQ H2O. They were then
functionalised using 10 mM aqueous solution of PEO-ligand, and dried. A 0.5 μL
droplet of either water or 1-bromonaphtalene was deposited on the surface and the
contact angle measured.

For measurements of contact angles of flat SiO2-surfaces with hydrophobic
ligands, silicon wafers were treated with O2 plasma (treatment time= 5 min) and
then exposed to 1 mM aqueous solution of GPTMS at room temperature for 24 h.
After washing with MilliQ H2O, wafers were exposed to 2.24 mM solutions in
water of propylamine, butylamine and dodecylamine at pH= 9 for 24 h at room

temperature before further washing with MilliQ H2O. After drying, a 0.5 μL water
droplet was deposited on the surface and the contact angle measured.

SDS-PAGE gel electrophoresis. AuNPs of 60 nm diameter, both pristine and
PEO-functionalised were incubated with human serum (Sigma-Aldrich) for 24 h at
37 °C. The mixture was centrifuged (10,000 rcf, 5 min, 4 °C) and the supernatant
carefully removed. The NP pellet was subsequently washed with 1× PBS (Gibco).
This washing procedure was repeated three times. The final pellet was suspended in
20 µL Pierce Lane Marker reducing sample buffer (ThermoFisher) and incubated at
95 °C for 5 min. After a short spin down, the supernatant was loaded in 12% SDS
polyacrylamide gel and run at 110 V, 25 mA in 1× SDS running buffer. After
electrophoresis, the gel was Coomassie stained. Scanned gel images were analysed
with the ImageJ software using sharp+ smooth+ brightness/contrast adjustment,
followed by splitting of colour channels (best contrast for Red and Green).
Quantification of the proteins was made by calculating pixel intensity in the central
band (lower intensity= dark=more proteins) and plotted as the inverse of the
pixel intensity.

Nanoparticles adsorption study by dark-field microscopy. Dark field micro-
scopy (DFM) videos were recorded to measure the NP adsorption rates on the
different collectors. Image analysis was performed using the open source graphics
software ImageJ (http://rsb.info.nih.gov/ij/). A special data processing protocol was
developed to enable automatic frame-by-frame analysis of the collector surface
coverage by the NPs. The coverage boundaries were identified as red and green
stains on a black background and only those with a size between 7 and 200 pixel
units and circularity value between 0.20 and 1.00 were taken into account in
calculating the degree of surface coverage (using the Analyse Particles function of
ImageJ). After background correction, noise reduction (Despeckle, Kalmann Stack
Filter with values 0.05–0.80), brightness, contrast and colour balance adjustment,
the Unsharp Mask filter (radius 4.0 and mask weight 0.7) was applied. The image
was then converted to an 8-bit file, this being required to adjust the threshold and
analyse the particles with the provided function. This procedure allowed real-time
kinetics analysis with a microfluidic chip, calculating the coverage degree of each
substrate as a function of time. The association rate could then be determined,
providing a quantitative measurement of the affinity of the NPs for the different
collectors. These real-time measurements were carried out in static mode by using
commercial slides provided by Ibidi (Sticky-Slide IV, Germany) with a channel
volume of 30 µl and cell height of 0.4 mm. The channel was filled with the NPs
solution using a syringe and the subsequent analysis of the collector surface was
done with DFM.

Numerical solver. The Solver of Microsoft Excel© was used for finding the
numerical solution of a system of non-linear equations using the GRG nonlinear
solving method. The equations and the boundaries chosen are described in the
results and discussion section, since they are part of the developed method.

Data availability
The authors declare that the data supporting the findings of this study are available from
the corresponding authors on reasonable request.
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