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Silica nanoparticles have been used in applications including
membranes,[1] catalyst supports,[2] optical devices,[3] chemical/
biological sensors,[4] and as building blocks of colloidal and
nanoparticle crystals.[5] Furthermore, their relatively low
cytotoxicity[6] enables multiple biological applications includ-
ing dye-doped nanoparticles for cell imaging,[7] drug and
DNA delivery,[8] cell surface modification,[9] cell membrane
isolation,[10] and sol–gel cell encapsulation.[11–14] Silica nano-
particles are synthesized predominantly using the St�ber
method,[15] resulting in narrow distributions of large particles
(> 200 nm) but broad distributions of smaller particles.
Recently, we[16–18] and others[19, 20] introduced a method for
synthesizing small, monodispersed silica nanoparticles in an
aqueous environment in the presence of lysine or other basic
amino acids. The approach allows for fine-tuning particle size
resulting in silica-nanoparticle sols (hereafter referred to as
lys–sil sols) that are stable for months, and also resist
aggregation after being dispersed in other solvents including
certain cell culture media.[14] It has also been demonstrated
that lys–sil sols can form colloidal crystal arrays[20] and thin
films by convective assembly.[17] In combination with their
tuneable particle size, this translates to capability for precise
pore size control.

However, convective methods, including evaporation-
induced self-assembly (EISA), do not allow manipulation of
deposit microstructure since they strongly favor close pack-
ing. Moreover, they are not compatible with applications
where the substrate cannot be dried, such as living cell
encapsulation. In this respect, it is desirable to develop
functionalization techniques[21] that enable deposition by
adsorption. Here, we report new lys–sil sol syntheses that
allow for adjustment of particle charge by surface function-
alization. We also report on the inclusion of a fluorescent dye
in the silica nanoparticles to be rendered observable by
optical microscopy. We then demonstrate tuneable and
predictable deposition behavior on inorganic surfaces, as
well as layer-by-layer (LBL) assembly for living cell encap-
sulation. The findings reported here further establish lys–sil
sols as a simple and flexible tool for precise colloidal
assembly.

To create stable, positively charged silica particles, surface
modification was performed with N-trimethoxysilylpropyl-
N,N,N-trimethylammonium chloride (TMAPS)[22] as well as
other functionalizing agents. The modification was assessed
with zeta potential measurements as a function of the lys–sil
sol pH (Supporting Information, Figure S1). The unmodified
silica nanoparticles show slightly negative surface potential at
low pH, and the zeta potential decreases to�90 mV when the
pH is close to 9.0. The surface potential after surface
modification by TMAPS becomes positive when the pH is
7.0 and further increases to around + 40 mV when the pH is
below 5. Alternative functionalizations and reaction condi-
tions result in distinct behaviors (Figure S1) demonstrating
that the surface potential of lys–sil sols can be finely tuned.
The modified particles show similar monodispersity, colloidal
stability, and evaporative assembly characteristics as those in
the original lys–sil sols. By solvent evaporation, three-dimen-
sional colloidal crystals with well-defined mesoporosity can
be formed from the surface-modified silica nanoparticles
(Figure S2). For optical observation, the silica nanoparticles
were labeled with a fluorescent dye. Rhodamine 6G was
incorporated by physical adsorption and subsequent capping
with a silica outer shell.[23] The UV/Vis absorption spectra for
the lys–sil sols with surface-modified fluorescent nanoparti-
cles show maximum absorption at approximately 526 nm, the
same as the free dye, and intensity corresponding to five dye
molecules per nanoparticle (Figure S3). Photographs of the
sols before and after high-speed centrifugation confirm that
the dye is present in the nanoparticles (Figure S3 insets). The
ability to precisely control fluorescent and nonfluorescent
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silica nanoparticle size and surface charge in an aqueous
environment free of any stabilizing agent is unique to lys–sil
sols and enables precise assembly through colloidal interac-
tions which is described below.

Adsorption of positively charged silica nanoparticles
(with radius a = 10 nm) on negatively charged glass slides
(Gold Seal precleaned micro slides) was performed by
immersion (at 4 8C for 30 min) in positively charged lys–sil
sols with a constant particle concentration of 0.013 wt % but
different ionic strengths. The positively charged lys–sil sols
are stable for at least 2 h for all the ionic strengths as
confirmed by light-scattering experiments. The coated glass
slides were observed with scanning electron microscopy
(SEM). SEM images containing approximately 1500 adsorbed
particles were processed to determine the final coverage and
pair distance distribution function (PDDF). A representative
image of the coating made using a positively charged lys–sil
sol with ka = 0.74, where a is the nanoparticle radius, and k is
the reciprocal Debye length calculated from the ionic strength
of the sol, is presented in Figure 1a. PDDF plots from the
deposits formed with increasing ionic strength (ka = 0.74,
1.05, 1.48) are shown in Figure 1b. They exhibit primary peaks
(noted by arrows in Figure 1b), corresponding to the closest
distance between adjacent particles. In agreement with the
DLVO theory,[24] the average interparticle distance (position
of the primary peak) decreases with increasing ionic strength

(as shown in Figure 1 b,d and Figure S4). The increase in
coverage with ionic strength can be explained in terms of the
classical DLVO theory by attributing it to Debye screening of
the electrostatic repulsion among the charged particles at the
glass surface. At low ionic strengths, when screening is
minimal, long-range repulsions limit adsorption due to an
excluded-area effect caused by the double layer of ions
surrounding an adsorbed particle. At higher ionic strengths,
interparticle repulsions are weakened by the screening and
the particles form a more dense arrangement.

The behavior described above can be quantitatively
captured by considering Brownian motion and DLVO
(electrostatic and Van der Waals) interactions. The Brownian
Dynamics (BD) method based on the Ermak–McCammon
algorithm[25] was used to perform simulations corresponding
to the experimental conditions (for more details on simula-
tion parameters and methodology, see Supporting Informa-
tion). The deposit structure and the corresponding PDDF
from a simulation with ka = 0.74 is shown in Figure 1c, and
compared with the experimentally determined PDDF. SEM
images of the adsorbed silica particles and the corresponding
configurations observed in BD simulations qualitatively
agree. When quantified as PDDF, the experiment and
simulation results also qualitatively agree. Some discrepan-
cies may be attributed to particle motion during drying caused
by lateral capillary forces. A parity plot of experimental and
simulation-derived coverage and PDDF peak positions shows
a good agreement between them (Figure 1 d). The random-
sequential adsorption (RSA) methodology[26] was also used to
simulate the adsorption process. However, a significant
discrepancy was observed between the experimental and
RSA simulation results (Figure S4), suggesting that surface
diffusion and Brownian motion of particles, which are not
accounted for in the RSA model, contribute significantly to
deposit microstructure development. The results described
above demonstrate that the modified lys–sil sols can be used
to form predictable nanoparticle arrangements on hard
surfaces that can be rationalized by BD simulations incorpo-
rating electrostatic and Van der Waals interaction potentials.

Selected experiments further demonstrate the versatility
of lys–sil sols for colloidal assembly. For example, we
demonstrated that the pH of the sols significantly affects
the adsorption results. Almost full coverage was achieved
when the adsorption was performed at pH 1.0 (Figure 2 a)
where the repulsions between nanoparticles are minimized
while there is (apparently) still attraction of nanoparticles to
the surface. Moreover, assembly of silica-nanoparticle pairs
on the glass surface was achieved by adsorption of negatively
charged lys–sil sols on the glass slides that had been coated by
positively charged lys–sil sols (Figure 2b). Finally, control-
lable particle–particle assembly in solution was demonstrated
by using oppositely charged lys–sil sols with different particle
sizes. Cryo-TEM (Figure 2c,d and Figure S5) observation
showed that the larger particles were coated by a layer of the
oppositely charged smaller ones.

In addition to coatings on hard surfaces and self-assembly
in solution, silica nanoparticles are also of interest for
biological applications. More specifically, we are interested
in creating silica membranes for cell encapsulation. It has

Figure 1. a) SEM image of negatively charged glass slides coated with
positively charged lys–sil sols with ka = 0.74. b) PDDFs calculated
from samples coated under different ionic strengths. Black triangles:
ka =0.74, red squares: ka =1.05, green diamonds: ka = 1.48. Arrows
denote peak positions of the closest distance between adjacent
particles. k�1 is the Debye length, r is the interparticle distance and a
is the radius of nanoparticles (here a = 10 nm). c) Comparison
between experimentally obtained PDDF (blue circles) and a Brownian
dynamics simulation prediction (red circles) for ka= 0.74. For (b) and
(c) g(r) is the pair distance distribution and r/a is the radial distance.
d) Parity plot of simulated and experimental coverage and interparticle
distance for different ka values. The open symbols correspond to
coverage, the closed symbols to interparticle distance (r/a). Squares:
ka =1.48, circles: ka = 1.05, triangles: ka = 0.74.
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been recognized that the encapsulation of living cells with
permselective membranes could substantially prolong the
survival of transplanted cells through immunoisolation.[9,27]

The ideal permselective membrane would simultaneously
protect the cell from immunological attack, efficiently trans-
port nutrients, and rapidly release therapeutic cell metabo-
lites (e.g., insulin). The lys–sil sols are appropriate materials
for encapsulation due to the fine pore size control imparted
by ability to synthesize very small, monodispersed parti-
cles[16,17] with controllable surface charge.

In contrast to previous strategies that use EISA[11] or other
deposition processes involving extensive silica polymeri-
zation,[12] we aim to form such coatings using layer-by-layer
(LBL) assembly. In order to demonstrate deposition of these
nanoparticles on living cell membranes, a rat insulinoma
b-cell line, INS-1, was used as a model system.[28] Cell
membranes are primarily negative and therefore, for the
first adsorption positively charged lys–sil sols were used. As
the surface charge of modified silica nanoparticles is positive
when the pH is below 7, dextrose solution (pH 4.8) was used
as a coating solution in all experiments. The stability of silica
nanoparticles in dextrose solution is demonstrated in the
Supporting Information (Figure S6). The number of silica
nanoparticles necessary to form a monolayer around each cell
in the sample was determined, and silica was added in
concentrations 10-fold (26.2 mgmL�1) this monolayer concen-
tration. Cytotoxicity of the nanoparticles towards INS-1 cells
was assessed by trypan blue and MTTassays (Figure 3a and b,
respectively). It was found that exposure of INS-1 cells to lys–
sil sols at 4 8C or 37 8C was not toxic (Figure 3 a). Additionally,
encapsulating the cells by a single lys–sil sol layer or LBL
assembly (six alternating layers of positively and negatively

charged fluorophore-containing lys–sil sols) did not affect cell
viability (Figure 3b). Performing LBL assembly in dextrose at
4 8C resulted in good retention of the nanoparticles on the
surface of the cell (Figure 4a). Moreover, the addition of
150 mm of the disaccharide trehalose (a cell membrane
stabilizer)[29] into the dextrose enabled the INS-1 cells to be
coated by LBL assembly at 37 8C (Figure 4 b). However, when
the coating was attempted at 37 8C in the absence of trehalose
the nanoparticles penetrated into the cell (Figure S7). Fig-
ure 4c and d show that after 2 and 24 h of culture,
respectively, the lys–sil coating is still intact on the cell
surface. Figure 4e and f are SEM images of control INS-1
cells at 4 8C and INS-1 cells coated with LBL assembly (six
layers) at 4 8C, respectively. Despite the dynamics and
complexity of the cell surface, densely packed coatings
formed. Next we investigated lys–sil coatings on islets of
Langerhans, large clusters of cells, including the insulin
secreting b cells. Encapsulation of islets has been studied
extensively (for a review, see Ref. [30]) as a means of
improving islet survival after in vivo transplantation. Fig-
ure 5a and b show porcine islets coated at 4 8C with a single
layer of positively charged lys–sil sol and LBL assembly (six
layers), respectively. Similar coatings can be obtained at 37 8C
in the presence of trehalose. Figure 5c shows that the insulin
release response to a tenfold increase in glucose concentra-
tion was not significantly different between uncoated islets
and islets encapsulated using a lys–sil sol, indicating no
adverse effect of the coating on islet function. The simple
formation, stability, and demonstrated permeability of the
lys–sil sol coatings indicate promise for immunoisolation
applications.

In conclusion, size-tuneable fluorescent and nonfluores-
cent silica nanoparticles with finely controllable surface
charge were synthesized in benign conditions. By adjusting
the electrostatic interactions, the positively charged silica
nanoparticles can be self-assembled onto a smooth surface
with opposite charges in a controllable fashion. The coating
process and deposit structure can be simulated quantitatively
by considering electrostatic and Van der Waals forces and

Figure 2. a) SEM image of negatively charged glass slides coated with
positively charged lys–sil sols at pH 1.0. b) SEM image of the pair
assembly on a glass slide by sequential coating with positively (PEI
functionalized) charged and negatively charged lys–sil sols of similar
particle size. c,d) Cryo-TEM images of clusters formed by mixing
35 nm positively charged and 12 nm negatively charged lys–sil sols.

Figure 3. Cytotoxicity of lys–sil sols towards INS-1. a) Trypan blue
assessment of cell viability after exposure to 26.2 mg mL�1 of positive
or negative lys–sil sols for 30 min in dextrose at 4 8C (dark bars, n =5)
or 37 8C (light bars, n = 2). b) MTT assay of INS-1 cells coated with a
single layer from 26.2 mgmL�1 positive lys–sil sol or LBL encapsulated
with six alternating layers from 26.2 mg mL�1 positive and negative lys–
sil sols (n = 3).
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Brownian motion. Self-organization of silica nanoparticles by
electrostatic interaction at the nanoscale forms a basis for
more rational future exploration of colloidal lithography,
colloidal membrane formation, and colloidal superlattices.
These particles also offer advantages as a membrane material
including pore size control, stability, and the ability to be

visualized with confocal and electron microscopy. Although
here they have been deposited in the absence of polyelectro-
lytes or other LBL additives, they could also be used in
conjunction with such components.[9, 31] Their potential appli-
cations for living cell imaging and encapsulation were also
shown here while the ability to protect the cell from
immunological attack and the long-term coating stability are
issues under current investigation.
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