
Sticking particles to solid surfaces using Moringa oleifera proteins as a glue

Downloaded from: https://research.chalmers.se, 2025-12-04 08:50 UTC

Citation for the original published paper (version of record):
Nouhi, S., Pascual, M., Hellsing, M. et al (2018). Sticking particles to solid surfaces using Moringa
oleifera proteins as a glue. Colloids and Surfaces B: Biointerfaces, 168: 68-75.
http://dx.doi.org/10.1016/j.colsurfb.2018.01.004

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



S
g

S
M
a

b

c

d

a

A
R
R
A
A

K
L
M
S
A
Q

1

a
c
a
i
c
A
w
b

c
r

B
b
a

F

h
0
4

Colloids and Surfaces B: Biointerfaces 168 (2018) 68–75

Contents lists available at ScienceDirect

Colloids  and  Surfaces  B:  Biointerfaces

jo ur nal ho me p ag e: www.elsev ier .com/ locate /co lsur fb

ticking  particles  to  solid  surfaces  using  Moringa  oleifera  proteins  as  a
lue�

hirin  Nouhia,  Marc  Pascuala,1,  Maja  S.  Hellsinga,  Habauka  M.  Kwaambwab,
aximilian  W.A.  Skodac,  Fredrik  Höökd,  Adrian  R.  Renniea,∗

Centre for Neutron Scattering, Uppsala University, Box 516, 751 20, Uppsala, Sweden
Namibia University of Science and Technology, Faculty of Health and Applied Sciences, Private Bag 13388, 13 Storch Street, Windhoek, Namibia
Rutherford Appleton Laboratory, Harwell, Didcot OX11 0QX, United Kingdom
Department of Applied Physics, Chalmers University of Technology, Gothenburg, Sweden

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 25 September 2017
eceived in revised form 5 December 2017
ccepted 6 January 2018
vailable online 8 January 2018

eywords:

a  b  s  t  r  a  c  t

Experimental  studies  have  been  made  to test  the  idea  that  seed  proteins  from  Moringa  oleifera  which  are
novel,  natural  flocculating  agents  for many  particles  could  be used  to  promote  adhesion  at  planar  inter-
faces  and  hence  provide  routes  to  useful  nanostructures.  The  proteins  bind  irreversibly  to  silica  interfaces.
Surfaces  that had  been  exposed  to  protein  solutions  and rinsed  were  then  exposed  to  dispersions  of  sul-
fonated  polystyrene  latex.  Atomic  force  microscopy  was  used  to  count  particle  density  and  identified
that  the sticking  probability  was  close  to 1.  Measurements  with  a quartz  crystal  microbalance  confirmed
atex particles
oringa oleifera

urface scattering
dhesion
uartz

the  adhesion  and  indicated  that repeated  exposures  to solutions  of  Moringa  seed  protein  and  particles
increased  the  coverage.  Neutron  reflectivity  and  scattering  experiments  indicate  that  particles  bind  as
a  monolayer.  The  various  results  show  that the  2S albumin  seed  protein  can  be  used  to  fix  particles  at
interfaces  and  suggest  routes  for future  developments  in  making  active  filters  or improved  interfaces  for
photonic  devices.

©  2018  The  Author(s).  Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the  CC
. Introduction

Proteins from Moringa seeds have attracted wide scientific
ttention in recent years largely because of their potential appli-
ations rather than seeking to understand the biological role. There
re 14 species of Moringa [1,2] and some are widely cultivated,
n particular, Moringa oleifera, although native to the Indian sub-
ontinent is exploited for its leaves, oil and as a source of food [3].

 particular interest has been the exploitation of crushed seeds for
ater purification that has been known traditionally for many years

ut attracted scientific studies since the 1980′s [4–6].

The Moringa seed proteins have been identified as effective floc-

ulating agents for a wide range of impurities (see e.g. [7]). They can
eplace the usual industrial produced materials that are normally
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either cationic polymers [8] or polyvalent salts. Major advantages
for the use of Moringa seeds in this application arise from its low
toxicity and negligible environmental impact. This allows water
treatment processes to be developed that can be used on a domestic
or village scale in remote areas without trained technical supervi-
sion. In many countries with major needs for such technologies, the
Moringa trees can be grown readily even under conditions of low
rainfall.

Some more recent studies have focused on understanding the
details of interactions of the protein molecules with various sur-
faces and with other molecules [9–14]. Although these may be
dominated by the overall net positive charge at neutral pH, there are
strong indications that self-association of the proteins is important
and that adsorption occurs at a range of interfaces [11,14]. These
interactions strongly encourage flocculation and heteroflocculation
of a wide range of materials. At some surfaces, such as alumina, dis-
placement of the protein by rinsing with a cationic surfactant was
observed [14].

It is now established that a major component of the proteins

is a 2S albumin. A crystal structure has been established [15] but
the behaviour of this protein is not identical to the mixture found
in the crude extract as it has been found not to adsorb to alu-
mina interfaces at neutral pH [16]. Understanding the details of

e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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he interactions offers the prospect of designing materials that
ould separate specific types of particles dispersed in water, either
lone or when combined with specific other surfactants. The use
f sand that has been prepared with pre-coated layers of Moringa
rotein as antimicrobial filters has been suggested by Jerri et al.
17]. However, the specific range of direct antimicrobial activity
nd its mechanism is still the subject of ongoing studies. It is known
rom a number of studies that the proteins extracted from seeds
an vary according to the conditions of sample preparation. Some
xplicit descriptions of various materials with different molecular
ass have been described previously [18–20]. As practical appli-

ations of seed products, such as for water purification, would use
 crude extract, most studies have been conducted with samples
hat contain a range of proteins.

Binding particles at interfaces can be of a great importance not
nly in respect of filters but also to retain self-assembled structures
hat may  be formed at interfaces. For example, colloidal particles
ave been shown to form large domains of crystalline structure
t solid/liquid interfaces [21] which can be used directly for low-
ost technique manufacture of photonic devices [22]. However, it
s common that the formed structures crack and particles tend to

ove during the drying process. For such applications, it is also
aluable to develop means to fix defined nanostructures in place.

The present study uses a range of techniques to investigate the
se of an extract of Moringa protein that is pre-adsorbed on sil-

ca surfaces as a means to bind particles in a controlled manner
t interfaces. Experiments have been made to explore the binding
f polystyrene latex particles, of two sizes, with a small negative
harge to silica surfaces at which they would not normally attach.

. Methods and materials

.1. Apparatus

Atomic force microscopy, AFM, uses a physical tip attached to
 flexible cantilever to move across the surface of the sample and
rovide topography images at the nanometre scale [23–25]. In this
tudy, the tapping mode of AFM was used on dried samples. This
ethod did not provide images of the substrate/protein interface

ut was used primarily to investigate the number of particles that
re stuck to the surface and compare the distribution of the par-
icles in the presence and absence of a pre-adsorbed protein layer
n different particle/protein concentrations. A Nanosurf Mobile-S

ith 190 Al-G tips was used and most images were 5 mm × 5 �m
ith 256 lines scanned.

A quartz crystal microbalance (QCM) consists of a quartz crystal
hich is oscillated at its resonant frequency in a shear mode. If
ass is added or removed from the crystal, a frequency shift, �f  is

bserved which according to the Sauerbrey [26,27] law is linearly
elated to the changes in mass, �m,  as:

f  = −Cf �m (1)

here Cf is a constant that depends only on the sensitivity of the
rystal.

Quartz crystal microbalance with dissipation monitoring (QCM-
) provides a simultaneous measurement of changes in the
issipation factor, D, as well as the oscillation frequency of the
rystal at the fundamental frequency and higher overtones. The dis-
ipation is the ratio of the energy lost per cycle to that of the elastic
nergy and is determined from the decay of amplitude after excita-

ion [28]. A Q-Sense E4 instrument was used. Information contained
n combined �f  and �D  measurements at multiple overtones was
sed, which for rigid nanoparticles has been previously shown to
ffer information about film thickness [29].
 Biointerfaces 168 (2018) 68–75 69

Neutron reflectometry was used to quantify, in-situ, the adsorp-
tion of proteins to the surface and binding of particles to the protein
layer. Neutrons interact with the nuclei of atoms and this allows
them to penetrate deep into the sample with few interactions. The
high penetration depth of neutrons makes some materials such as
silicon to be so-called transparent for neutrons. This is an advan-
tage of neutrons over, for example, AFM technique since one can
probe the structure at the solid-liquid interfaces by illuminating
the interface from the solid side. The neutron reflectivity experi-
ment was performed on the reflectometer INTER at the ISIS facility,
Rutherford Appleton Laboratory, UK [30] with a reflecting sample
surface that is close to horizontal. The time-of-flight mode uses
wavelengths from 2 to 14 Å to provide data in a momentum trans-
fer, Q, range between 0.01 and 0.34 Å−1, however, the samples in
this study showed measurable signal up to about 0.12 Å−1. The
collimation slits and the data collection were chosen to provide
resolution in momentum transfer, �Q/Q, of about 2.5 percent. Spec-
ular reflectivity was  measured using a point detector at 0.5 and 2.3◦.
Off-specular scattering data were measured with a linear detector
at each angle to record the scattering above and below the reflected
beam as a function of neutron wavelength.

The sample holder has been described previously [31]. The solu-
tion was  sealed with a PTFE gasket between the quartz crystal and
a polycarbonate base with injection and outlet ports. The base con-
tains a small stirring magnet to keep the samples spread uniformly
within the cell. The temperature was maintained at 25 ◦C during the
measurements using a Julabo bath that circulated water through
the metal parts that clamp the crystal and the base.

2.2. Interpretation of neutron reflection data

In this experiment, neutron reflection was used in both specular
(�i = �f) and off-specular (�i /= �f) conditions, where �i is the angle of
the incident beam and �f is the angle of the outgoing beam, in order
to investigate the out-of-plane and in-plane structure of particles
stuck to the surface. Neutron reflectivity, R(Q), is defined as the ratio
between the intensity of the reflected beam over the intensity of the
incident beam, at the specular condition. Reflectivity in the specular
condition, where Q is perpendicular to the interface, is commonly
shown as a function of magnitude of momentum transfer, Q,  and
it provides information such as the thickness, composition, and
roughness of layers parallel to the interface. The momentum trans-
fer perpendicular to the interface is given by:

Q = (4�/�)sin(�i) (2)

where � is the wavelength of the neutrons and �i is the grazing
angle of incidence. Reflectivity is calculated using the characteristic
optical matrix of the stratified layers which is defined by scattering
length density, �:

� = �nibi (3)

where ni is the number density for atoms of element, i, bi is the scat-
tering length and the sum is taken over all of the elements found in
a layer. Different isotopes have different scattering lengths for neu-
trons and this allows one to increase the contrast and choose the
scattering interface, by carefully choosing the dispersion phase. For
example, it is convenient to study the adsorption of Moringa pro-
teins or polystyrene particles in D2O rather than H2O (see Table 1 for
the values of scattering length density). The total scattering length
density, �, of each layer is given as:
� = �w�w + �d�d (4)

where �w and �w are the scattering length density and volume frac-
tion of water, and �d and �d are those of the dissolved or dispersed
material.
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Table  1
Materials Used in the Study; Neutron Scattering Lengths and Scattering Length Densities.

Name Formula Formula Mass/g mol−1 Density /g cm−3 Molecular volume /Å3 Scattering length** � b /fm � /10−6 Å−2

Water H2O 18 0.9975 30 −1.7 −0.56
Heavy water D2O 20 1.105 30 19.1 6.35
Quartz SiO2 60.08 2.66 37.6 15.8 4.12
Moringa protein in H2O* 9900 1.35 12400 1770 1.46
Moringa protein in D2O* 10000 1.36 12400 3150 2.60
Polystyrene C8H8 104.15 1.05 164.7 23.24 1.41
Hexadecyltrimethylammonium bromide C H N(CH ) Br 364.45 1.14 530.9 −14.67 −0.35

*
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The density for the protein was determined by Maikokera [32]. The molecular mass
aken  from Sears [33].

Neutron reflectivity data for the interfaces were modelled using
he programs available on the web [34] that are designed to fit spe-
ific, physically realistic models appropriate to the systems being
nvestigated. The program cprof was used to model data with a dif-
use layer of protein at the interface and ferje to fit density profiles
hat correspond to layers of spherical particles. The effects of instru-

ent resolution and background scattering were included in the
ts.

Off-specular scattering was measured for some of the samples
n order to investigate whether there is any structural information
n other directions rather than perpendicular to the interface, for
xample, in-plane correlation between particles.

.3. Materials

.3.1. Moringa proteins
The Moringa oleifera seeds were obtained from suppliers in

otswana and Zambia and the protein powder was extracted using
he experimental method described previously by Kwaambwa and

aikokera [9–11]. The proteins that were found in the extract used
n the present experiments have been separated and identified
sing chromatography and mass spectrometry [16]. The main pro-
ein species were between 11.8 and 12.0 kDa. The zeta potential of
he protein extract in aqueous solution at neutral pH was  found to
e 14 ± 2 mV  [12]. The isoelectric point is around pH 10–11 and this

s well above the neutral pH used in the current study.
The stock solution of protein was made in D2O with a concen-

ration of 0.1 wt.% for the neutron experiments and at 0.2 wt.% in
2O for AFM and QCM-D measurements. The sample was tumbled

or a few hours and was injected in the sample cell at the desired
oncentration using an HPLC pump for the neutron measurements
nd a peristaltic pump for the QCM-D experiments.

.3.2. Colloidal particles and Solid Surfaces
Charge stabilized polystyrene latex particles were synthesized

nd characterized as described in previous articles [35,36]. Two
izes of particles with 720 Å radius, polydispersity <1%, designated
S3 and particles of radius 350 Å, polydispersity <5%, designated
S11 were used in the various experiments. The surface potential
f the particles was determined using a Malvern Zetasizer nano to
e about −30 mV  for the PS3 latex and −35 mV  for the PS11 at pH
. The various physical parameters for the materials used in this
tudy and needed in analysis of neutron data are shown in Table 1.

Substrates used for the neutron experiments were single crys-
als of quartz, SiO2, 5 cm × 5 cm × 1 cm with a Z-cut on the large
ace supplied by Crystran Ltd., Poole, U.K. The crystals were cleaned
rior to the experiment following the cleaning procedure described
reviously [37]. Briefly, the crystals were first immersed in diluted
econ90 in a clean Petri dish for a few minutes and then rinsed with

ure water. Drops of concentrated sulfuric acid were then spread
ver the reflecting surface of the crystal, followed by approximately
he same amount of water and after a few minutes, the surface was
insed extensively with water. Cleaning with acid was repeated
 proteins is taken from the study of Moulin et al. [16]. **The scattering lengths were

up to three times until the surface of crystal became completely
hydrophilic. Two quartz crystals were used for the experiment, and
both were characterised at the start of the experiment with neu-
trons using D2O, H2O and a mixture of 68:32 D2O:H2O that matches
the scattering length density of the quartz. The data and model fits
are presented in Fig. S1 in the supporting information. Neutron
reflection results showed that both crystals were nearly identi-
cal with a roughness <10 Å. Surfaces used for AFM measurements
were borosilicate glass microscope cover slips that were cleaned
in the same way  as the crystal substrates used for neutron exper-
iments. The surfaces used for the QCM-D experiment were silica
and were cleaned first with detergent solution and water. Subse-
quently, before the experiment, they were cleaned twice using a
UV-ozone treatment followed by extensive rinsing with water. The
roughness of surfaces used for QCM-D measurements were indi-
cated by the supplier to be less than <10 Å [38] that is about the
same as that of the quartz crystals used for neutron experiments.

2.4. Experimental procedures

Different techniques were used in this study to compare
behaviour and also to determine the various interactions that gov-
ern binding of particles and Moringa oleifera proteins at solid-liquid
interfaces. QCM-D was  used initially to determine whether par-
ticles and proteins bind together at the interface. The scattering
reflection experiments investigated conditions similar to those
used in QCM-D but in longer equilibrium time. Neutron reflec-
tion could provide in-situ, average structural information over time
scales of one to a few hours for each sample compared to QCM-D
measurements where the measurement times were some min-
utes although samples could be equilibrated for longer. QCM-D and
reflection experiments both provide in-situ structural information,
however, the neutron scattering experiment was limited by the
availability of the instrument time. AFM was used to determine the
adhesion by counting particles after samples were rinsed and dried.
The samples were prepared with low concentrations of particles so
that multilayers were not formed and this allowed more accurate
estimates of the number density of particles from the images to be
made. The neutron scattering and QCM-D experiments were per-
formed with higher concentrations of particles to explore faster
equilibration.

3. Results and discussion

Fig. 1 shows neutron reflectivity from the adsorbed layer of
Moringa proteins to the quartz surface at different concentrations of
protein solution. The adsorption could be described with two layers
of uniform densities adsorbed to the quartz and a further layer with
an exponential decay as seen previously at other surfaces [11,14].

After exposure of the surface to the highest concentration of pro-
tein, 0.1 wt.%, it was rinsed with water and characterised using two
contrasts of water (D2O and H2O). Simultaneous fits to both data
sets showed a protein layer near the surface that was 32 Å thick
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Fig. 1. Neutron reflectivity data for Moringa oleifera proteins adsorbed onto the
quartz surface from solutions with different concentration in D2O. The notable sim-
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Fig. 3. QCM-D data for an experiment with repeated sequential injection of
1  mg mL−1 of Moringa oleifera protein, labelled MO  and 0.5 wt.% small (PS11) par-
larity of the sample rinsed with D2O to that for the 0.1 wt.% solution indicates that
he protein is not removed from the surface with water. Each curve is offset by an
rder of magnitude for clarity.

ith scattering length density of 4.7 × 10−6 Å−2 in D2O which cor-
esponds to a layer containing about 47 % protein, with a further
ower density layer and then an exponential decay towards the bulk
olution. The adsorbed layer observed at different concentrations as
hown in Table S1 of the supporting information, were very similar
o those found in a previous study [11] of binding to an amorphous
ilica layer on a silicon crystal. These are consistent with formation
f multilayers of protein. Such extended structures that contain a
ot of water might arise as a consequence of the extracted sam-
le containing a mixture of different proteins possibly favoured by
pecific co-adsorption.

The amount of protein adsorbed to the surface at each con-

entration calculated from the model fits is shown in Fig. 2. The
dsorption of the proteins in the same concentration range was
lso measured using a QCM-D. These data could be fitted using a
onventional Kelvin-Voigt viscoelastic model [39]. The thickness

ig. 2. Surface excess, �, of the proteins at the quartz/solution interface for different
oncentrations. Results are taken from the fits to the neutron reflection data shown
n  Fig. 1. The results can be compared with the bound mass observed in QCM-D
xperiments (data and fitting parameters are shown in supporting information)
hich corresponds to the amount of protein together with the water with which it

s  tightly associated and is consequently more than the surface excess of the protein
etermined by neutron reflection. The solid lines are fits to the Langmuir adsorption

sotherm for each data set.
ticles, labelled PS. The sample was rinsed with water after each injection. The
frequency shift is shown on the left axis (squares) and changes in the dissipation on
the  right axis (triangles).

and density of the fitted layer at each concentration are shown
in Table S2 and Fig. S3. However, the results indicate that a lot
of water is trapped in the layer, as seen with neutron reflectivity.
The mass attached to the interface is therefore overestimated using
QCM-D technique compared to neutron reflectivity. The difference
is evident from Fig. 2.

We have shown previously that charge stabilized polystyrene
colloidal particles can self-assemble into crystalline structures
close to a solid surface. QCM-D, AFM and neutron reflectivity
showed that the latex particles on their own, do not stick to the
surface and are completely removed when the surface is rinsed.
QCM-D studies with the particles alone on a clean surface with-
out protein showed a positive frequency shift when the mass was
added to the layer which did not follow the Sauerbrey relation
(equation 1) for a rigid layer adsorbed to the surface. The data
could only be modelled with a water gap between the particles
and the solid surface [40]. The present results show clearly that
when the particles are exposed to a surface with a pre-adsorbed
layer of protein, QCM-D data have the expected responses, i.e.
decrease in frequency and increase in dissipation with added mate-
rial, indicating the adsorption of firmly interacting components.
Fig. 3 shows QCM-D data from sequential injections of 1 mg  mL−1

Moringa oleifera protein and 0.5 wt.% polystyrene particles (PS11)
with continuous rinsing of water in-between.

Similar behaviour was observed using AFM and neutron reflec-
tivity. Neutron reflectivity data from the particles on their own at
the quartz-water interface is shown in Fig. 4a. Data showed the
critical angle at 0.01 Å−1, as expected for a quartz/D2O interface.
The reflectivity was  similar to that of the bare surface and could be
modelled with the same parameters as the bare surface indicating
that there was no significant adhered layer. In contrast, the reflec-
tivity data from the particles in the presence of protein layer, even
after the rinsing, showed clear fringes corresponding to the adsorp-
tion of a layer of latex. Fig. 4a shows reflectivity data from 0.5 wt.%
PS3 particles on the quartz surface in the presence of adsorbed pro-
tein layer. The model used for fitting reflectivity data from particles
and proteins accounts for the reflectivity from spherical particles
adsorbed on the pre-characterised layer of protein. The model slices
the layer/layers of particles into planes parallel to the surface. In

each layer, depending on the coverage of particles and distance
from the centre of particles, a certain fraction is occupied by the
particles and the rest is filled with water. The inset plot at the top
right of Fig. 4a shows the scattering length density profile for the
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Fig. 4. (a) Specular reflectivity data and model fit showing the adsorption of particles to the quartz surface in the presence of a pre-adsorbed protein layer compared to the
reflection from the particles against bare quartz surface. Scattering length density profile of the structure calculated by the model is shown on the top right. (b) AFM image of
the  same surface measured after the experiment. The surface was dried after rinsing and showed areas with high particle density and order. (c) Two-dimensional scattering
m n the 

P ular r
p

P
t

w
w
a
p
t
e
a
s
n
a
f
a
m
w
s

ap  of the surface with Moringa oleifera protein adsorbed from 0.1 wt.% solution o
S3  particles and rinsing with water. Scattering along Qx = 0 corresponds to the spec
articles on the surface and arises from roughness in the interfacial structure.

S3 particles adsorbed to the protein layer that was  calculated as
he model in the fit.

The model fit showed that a monolayer of particles was formed
ith a fractional coverage of approximately 17 %. Similar results
ere seen for small (PS11) particles with a slightly lower cover-

ge (about 13 %), the data, model fits and density profile for these
articles are shown in Fig. S4 in the supporting information. Par-
icles at the surface were not removed by extensive rinsing with
ither water or a 2 mmol  L−1 solution of the cationic surfactant hex-
decyltrimethylammonium bromide (C16TAB). Two-dimensional
cattering map, shown in Fig. 4c and d, indicates a diffuse sig-
al in off-specular region, so-called Yoneda [41] scattering that
ppears when particles stick to the protein. This scattering arises
rom non-uniformity or interfacial roughness in the structure. An

lternative representation of the same data as wavelength-angle
aps of intensity is provided in the supporting information, Fig. S5
here some geometrical and wavelength effects are more clearly

een. After the neutron experiment, the substrates were rinsed,
quartz surface before injection of the particle dispersion and (d) after injecting the
eflection. Diffuse scattering as described by Yoneda [41] appears in the presence of

dried and then scanned with AFM. The image in Fig. 4b showed that
the particles have formed some regions that are closely packed and
thus the layer has to be non-uniform. Clustering that is observed
on drying suggests that particles although bound to the surface can
have lateral mobility.

The number of particles attached to the surface was observed to
vary with the concentration of particles as well as the deposition
time. In order to estimate the sticking probability of particles, sys-
tematic measurements were performed at low concentrations of
particles using AFM technique. Surfaces were cleaned and after dip
coating in 0.0025 wt.% protein solution in H2O were dip coated in
dispersions of particles at 0.000075, 0.00037 and 0.00075 wt.% for 1,
180, 600, 1800, 3600 and 5400 s. AFM measurements for each con-
centration at each deposition time were performed multiple times

and so that a number of independent regions of the surface were
scanned for each sample. AFM measurements of particles with dif-
ferent sizes showed that particles on their own are removed when
the surface is rinsed with water (see Fig. 5a). Fig. 5b shows an exam-
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F  (PS3) particles with no pre-adsorbed layer of proteins and (b) with a pre-adsorbed layer
o es were dispersed at 0.0075 wt.% for these samples. Note the vertical scale is different in
t rticles, shows few topographic features.
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ig. 5. AFM image of a 25 �m2 area of the substrate (a) after rinsing with the large
f  proteins. Moringa protein solution was 0.0025 wt.% concentration and the particl
he  two images as the surface without protein, and consequently without bound pa

le of an AFM image of the surface after rinsing with a dispersion
ith 0.00075 wt.% of the large (PS3) particles from the surface that
ad a pre-adsorbed layer of Moringa protein. It is evident from a
omparison of Fig. 5a and b that the protein layer causes the par-
icles to stick to the surface. The freely available Matlab function,
ircleFinder [42], was used to count the number of particles on each

mage.
For a suspension with a concentration � in wt.%, the number of

articles per unit volume, NV is:

V = 0.01ϕ
m/mp (5)

here �m is the density of the particles and mp is the average
ass of a particle. The number of particles, NA, sticking to a planar

ubstrate is given by [43,44]:

A = pNV
√

(0.5Dct) (6)

here t is the exposure time, p is the sticking probability for a par-
icle that collides with the surface, and Dc the diffusion coefficient
f the colloidal particle. The diffusion coefficient is given by the
instein relation as:

c = kBT/(6��r)  (7)

ith � the viscosity of the medium, r the radius of the particle, kB
he Boltzmann constant and T the absolute temperature. The exper-
mental sticking probability can be estimated from the gradient, �,
f a plot of the number of particles per unit area against t1/2.

 = �/[NA
√

(0.5Dc)] (8)

The deposition rate of the particles (number of particles attached
o the surface per unit area) versus the square root of exposure time
t different particles concentrations is shown in Fig. 6. Data points
resented in Fig. 6 are the average values of coverage from 9 differ-
nt areas for each sample exposure time. The sticking probability
f the particles from this method was found to be approximately

 which suggests that particles that hit the surface, adhere irre-
ersibly. However, in the absence of a protein layer, no particles
ere found on the rinsed surface (Fig. 5a), corresponding to stick-

ng probability of 0. This indicates that the adsorbed protein can act
s a ‘glue’ to bind the particles to the surface.

Despite the fact that AFM provides a reasonable estimate of
ticking probabilities, the method still suffers from some limi-
ations. For example, it is only possible to investigate sticking
robability at low concentration of particles because in higher con-
entrations, the formation of multilayers of particles does not allow

s to easily count the number of particles. In higher concentra-
ions, similar charge repulsion force between particles may  affect
he sticking probability and surface coverage [43]. In addition to

ultilayer formation, the type of AFM technique used in this study
Fig. 6. The number of particles stuck to the surface per unit area for three different
concentrations of the dispersion of large (PS3) at different deposition times. The
dashed line fits are constrained to go through the origin.

requires dried samples. Capillary forces generated by the menisci as
the liquid film evaporates are believed to pull the particles together
and change the structure of particles [45]. If particles were irre-
versibly locked on the surface with no mobility, the structure would
remain unchanged. Further studies using in-situ measurements
such as neutron scattering can provide complementary quantita-
tive information.

4. Summary of conclusions and outlook

New experimental results have shown that Moringa oleifera seed
proteins can be used as a ‘glue’ for negatively charged latex parti-
cles at the silica/water interface. Counting particles that adhered
from dilute dispersions indicated a sticking probability of about 1.
Further, particles once attached could not be removed by rinsing
with either water or a solution of the cationic surfactant C16TAB.

Neutron reflection experiments indicated that simple exposure
of latex particles to a pre-adsorbed layer of protein at the silica
interface gave rise to an average coverage of small particles, radius
350 Å, of 17 % and of large particles, 720 Å, of 13 %. However, the
results from AFM and neutron reflection indicate show that the lay-

ers are not uniform. In some areas, compact regions of particles are
formed while there are fewer particles on parts of the surface. It
is possible that capillary forces that occur during drying are suffi-
cient to induce some lateral mobility of the bound particles. The
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FM image of a sample after neutron experiments indicated that
here were areas of the interface with highly ordered coverage of
articles.

The results, in combination with the knowledge from prior stud-
es, offer several interesting prospects. For example, it has been
bserved previously [14] that protein can be removed from an alu-
ina surface with C16TAB. This suggests that it might be possible to

evelop surfaces that would release particular types of particles or
o use surfaces that have been patterned with different materials to
ontrol the adherence and create specific structures on those pat-
erns. Future studies on binding of particles and release would be
nteresting. Further experiments are also desirable to investigate
ow the structure alters with different particle concentrations and
ow it changes with time. The present QCM-D experiments have

ndicated that repeated cycles of adding protein solution, rinsing
nd adding more particles can increase the mass at the interface.
his process would need further development and testing to estab-
ish whether uniform multilayers can be achieved over large areas.
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