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ABSTRACT: We report here that the surface topography of
colloidal mesoporous silica nanoparticles (MSNs) plays a key
role on their bionano-interactions by driving the adsorption of
biomolecules on the nanoparticle through a matching
mechanism between the surface cavities characteristics and
the biomolecules stereochemistry. This conclusion was drawn
by analyzing the biophysicochemical properties of colloidal
MSNs in the presence of single biomolecules, such as alginate
or bovine serum albumin (BSA), as well as dispersed in a
complex biofluid, such as human blood plasma. When
dispersed in phosphate buffered saline media containing
alginate or BSA, monodisperse spherical MSNs interact with
linear biopolymers such as alginate and with a globular protein
such as bovine serum albumin (BSA) independently of the surface charge sign (i.e. positive or negative), thus leading to a
decrease in the surface energy and to the colloidal stabilization of these nanoparticles. In contrast, silica nanoparticles with
irregular surface topographies are not colloidally stabilized in the presence of alginate but they are electrosterically stabilized by
BSA through a sorption mechanism that implies reversible conformation changes of the protein, as evidenced by circular
dichroism (CD). The match between the biomolecule size and stereochemistry with the nanoparticle surface cavities
characteristics reflects on the nanoparticle surface area that is accessible for each biomolecule to interact and stabilize any non-
rigid nanoparticles. On the other hand, in contact with variety of biomolecules such as those present in blood plasma (55%),
MSNs are colloidally stabilized regardless of the topography and surface charge, although the identity of the protein corona
responsible for this stabilization is influenced by the surface topography and surface charge. Therefore, the biofluid in which
nanoparticles are introduced plays an important role on their physicochemical behavior synergistically with their inherent
characteristics (e.g., surface topography).
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1. INTRODUCTION

Silica nanostructures are very likely to be present in the next
generation of nano-based products that will impact several
technological areas, possibly benefiting from industrial
processes to medical protocols. In particular, mesoporous silica
nanoparticles (MSNs) operating under the host-guest approach
can be used to improve the theranosis of several diseases,
including cancer.1−12 Consequently, there has been an
increasing production of MSNs in combinations with other
materials, with different morphologies and in different contexts
of biomedical applications, result of a remarkable creativity of
the scientific community. However, obtaining truly dispersible

silica nanocarriers for specific nanobiotechnological applica-
tions (e.g., intravenous administration) is challenging mainly
because of the composition and the ionic strength of
physiological media.13 In such cases, individualization of
MSNs in the medium is necessary to provide homogeneity
similar to a soluble molecular entity, an efficient circulation in
the organism and also to prevent undesirable biological effects
resulted from agglomeration.14,15
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Along with the stability issue, interactional phenomena
manifested at the interface of the nanoparticle surface and the
biological fluid is also a key point, since they will ultimately
determine complex biological effects that will influence on both
efficiency and toxicology of the silica nanocarriers. Both aspects
are related to the interface phenomena, which emerge as a
central issue to further advancing scientifically and technolog-
ically, not only for silica nanocarriers but also for nanoparticles
(NPs) in general. Immediately after their introduction in the
physiological environment (e.g. human blood plasma),
proteins, such as albumin, fibrinogen, and vitronectin, adsorb
on the nanoparticle surface (i.e. protein corona effect).16−18

The formation of the biomolecular corona alters the size and
interfacial composition of the nanoparticle, providing it a new
biological identity which is then sensed by cells,19−21 and finally
influencing on cellular and physiological responses including
signaling, membrane adhesion, uptake, translocation and
toxicity.22−25 For instance, by designing the biomolecular
corona, it was recently showed that nanoparticles can acquire a
selective targeting capacity for cancer cells, through a
vitronectin-enriched protein corona adsorbed on the surface.26

Although there are studies in the literature associating the
type of adsorbing biomolecules and protein corona formation
as a function of the size, hydrophobicity, curvature, solubility,
and aspect ratio of silica and other nanomaterials (mainly for
human blood plasma biomolecules),16,17,19,27−34 less attention
has been given to the influence of the surface microchemical
environment of the nanoparticle. In this context, a current and
crucial open question on these bio-nano interactions raised in
recent review articles is: what is the relationship between the
structure of the biomolecule and the surface topography of the
colloidal nanoparticle on which it is adsorbing?19,32,35 Pioneer
studies which dealt with this issue associated protein interaction
and conformation changes with the topography difference
resulted from rigid spherical-like colloidal nanoparticles with
different sizes.16,17,36,37 Hence they evaluated just curvature
effects influencing on the biomolecule-nanoparticle interaction.
To the best of our knowledge, there are no studies correlating
bio-interactions to the colloidal nanoparticle topography
tailored at a sub-ten-nanometer range and presenting sharp
topographic contours. This lack of studies is possibly associated
to synthetic issues that hamper the nanoparticle surface design
within this size range.
Aiming to shed light on this complex issue, we studied the

biophysicochemical interactions occurring at the interface of
colloidal silica nanoparticles possessing very distinct surface
topographies. The study of such fine interactions occurring at
the bio-nano interface of porous silica nanoparticles can be
currently benefited from the development of sol−gel methods
achieved in the last years. These methods are capable of
providing exclusive surface chemical modifications preserving
the particle inner pores and their functionalities. Through a step
addition of Si monomers (i.e. silicon alkoxides or organo-
silanes) that condense in different kinetic steps of the particle
growth process in a sol−gel method, a hierarchical function-
alization of colloidal MSNs can be achieved by co-condensing
in the inner pores an organic group different from that co-
condensed on the surface of the nanoparticle.38,39 Furthermore,
our group recently reported that the porous structure of MSNs
can be modified through the addition of specific organosilanes,
which lead to the increase in the pore size without impacting
both size and colloidal stability of the silica nanoparticle,40 thus
allowing an accurate design of the surface microchemical

environment, including the surface topography. Therefore, we
were able to evaluate the influence of the nanoparticle surface
charge and topography on the bionano-interactions manifesting
in biofluids with different degrees of complexity: a solution of a
single biomolecule (i.e. alginate or bovine serum albumin) and
the blood plasma, which contains a myriad of biomolecules
(>3700 proteins). From the experimental observations it was
possible to evidence that the colloidal stability is strongly
affected by short-range bionano-interactions that occur
selectively from a matching mechanism between the surface
cavities characteristics and the biomolecule size and stereo-
chemistry.

2. MATERIALS AND METHODS
2.1. Synthesis of Porous Silica Nanoparticles with Spherical

Morphology. The influence of the surface chemical groups and
charge on the interaction with biomolecules was evaluated through the
strict functionalization of the nanoparticle outer surface to generate
antagonistic electrochemical environments (negatively and positively
charged), as a function of the organosilanes used for the surface
functionalization. These different microchemical environments would
provide important insights regarding possible chemical interactions
occurring between mesoporous silica nanoparticles (MSNs) and the
analyzed biomolecules (i.e., alginate, BSA and human blood plasma).
For the first case, the negatively charged surface, a hierarchical
functionalization of the nanoparticle with propylmethylphosphonate
(an ionizable group) was achieved by a sequential addition of the
organosilane as a function of the reaction time. This co-condensation
sol−gel method40 was firstly conceived based on parameters used by
Stöber et al.41 and Bein et al.,38,39 and it is suitable to produce
monodisperse spherical porous silica nanoparticles with a size
distribution of 40−80 nm and pore size around 2 nm. For this, 0.75
g of cetyltrimethylammonium bromide (CTAB) were dissolved in 20
mL of a NH3 aqueous solution (0.05 mol L−1) and the final solution
was homogenized under magnetic stirring in a round-bottomed
distillation flask attached to a reflux condenser at 5 °C (to avoid
ethanol evaporation). To this solution, 3.2 mL of absolute ethanol
were added as the cosolvent and the mixture was homogenized for 15
minutes at 60 °C. Subsequently, 2.5 mL of tetraethyl orthosilicate
(TEOS, 11.2 mmol) were inserted and the flask was kept at the same
temperature for 90 minutes under stirring. Then, 128 μL of 3-
(trihydroxysilyl)-propylmethyl-phosphonate (THSPMP) were added
to the mixture which was left under stirring at 60 °C for more 30
minutes, totalizing 2 h of synthesis. At this addition time used for
THSPMP (t = 90 minutes) most of the silica monomers initially
provided by TEOS were already condensed as nanoparticles, thus
resulting just in an external functionalization of the nanoparticle during
the last 30 minutes of reaction, while the internal porous structure was
preserved. The quantity of THSPMP used is an excess of 2.5%-mol of
Si based on the quantity of TEOS used (0.28 mmol). After the
reaction is over, the product was isolated, resuspended in ethanol and
washed to promote the CTAB extraction (see the Supporting
Information for details). After the CTAB extraction procedure, the
sample was washed twice with absolute ethanol, resuspended in
absolute ethanol and stored in the refrigerator. This sample was named
“spherical Si-PMeO3H”.

To obtain a positively charged surface on MSNs, a functionalization
with 3-aminopropyl groups was carried out by a different process as
the co-condensation of its respective organosilane (3-aminopropyl-
triethoxysilane, APTES) induces a pH variation that leads to the
production of elongated nanoparticles (aggregated). In this way, the
surface modification was done by a post-grafting process of spherical
silica nanoparticles containing silanol groups on the external surface
(unfunctionalized), which were obtained through the method above-
mentioned excluding the THSPMP addition step (at t=90 minutes).
The grafting of APTES on these unfunctionalized nanoparticles was
performed prior to the CTAB extraction. Residual CTAB present in
the pores of the spherical MSNs before its extraction prevents the
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attachment of APTES on the internal porous structure, thus restricting
the functionalization on an external area of the nanoparticle.
Therefore, 0.29 g of bare spherical silica nanoparticles containing
CTAB were resuspended by sonication in 40 mL of absolute ethanol
for 30 minutes and transferred to a round-bottomed distillation flask
attached to a reflux condenser at 5°C. The suspension was
homogenized under stirring for 15 minutes at 60°C and then 212
μL of APTES were added to the mixture (excess of 25%-mol of Si).
The percentage of silicon (%-mol of Si) per gram of unfunctionalized
spherical nanoparticles was estimated through thermogravimetric
analyses by considering the residue above 850°C as being just silicon
dioxide (see Figure S1 in the Supporting Information). The reaction
was kept under stirring at 60°C for 2 h and at room temperature for 12
h. This sample was named “spherical Si−NH2”. After the reaction the
product was isolated, resuspended in ethanol, washed (i.e., CTAB
extraction) and finally resuspended in absolute ethanol following the
same processes as already described for sample “spherical Si-
PMeO3H”.
2.2. Synthesis of Porous Silica Nanoparticles with Irregular

Morphology. To produce MSNs with irregular surface topography a
process of co-condensation with phenyltriethoxysilane (PTES) was
performed keeping constant other parameters used for the production
of the unfunctionalized spherical silica nanoparticles. In the supra-
molecular arrangement formed in the reaction medium this organo-
silane leads to the increase in the size of the micelles, thus generating
larger pores and preserving the monodisperse feature of nanoparticles.
For this, 1.49 mL of TEOS was mixed with 816 μL of PTES and
sonicated for 15 minutes (totalizing 11.2 mmol of Si). The mixture
was then transferred to the distillation flask at the same conditions as
previously described (i.e. quantities of the NH3 solution, CTAB and
ethanol, and temperature and reaction time). This first addition of Si
precursors (at t = 0 min) promotes the particle nucleation and growth.
After 60 minutes, time at which the majority of Si monomers had
already been condensed another TEOS addition (124 μL) was
performed to isolate the internal hydrophobic pores (functionalized
with phenyl groups) from the external surface which is further
functionalized with hydrophilic groups. Thus, an unfunctionalized
silica shell was created from 60 to 90 minutes of reaction. The last
TEOS addition (124 μL, at t = 90 min) was done to complete the
formation of the outer surface of the nanoparticle. The negative
surface functionalization with propylmethylphosphonate groups was
done during the formation of this outer shell of silica, from 90 to 120
minutes of reaction. In this way, the organosilane (THSPMP, 128 μL,
0.28 mmol) was inserted immediately after the last TEOS addition (at
t = 90 min). This product was named “irregular Si-PMeO3H”. After
the end of the reaction the product was isolated, resuspended in
ethanol, washed (i.e., CTAB extraction), and finally resuspended in
absolute ethanol following the same processes as already described.
MSNs with irregular morphology were also functionalized with 3-

aminopropyl groups through a post-grafting process on irregular silica
nanoparticles possessing silanol groups on the external surface and
containing CTAB. This nanoparticle was obtained similarly to sample
“irregular Si-PMeO3H” excluding the THSPMP addition step (at t=90
minutes) and preserving the CTAB in the pores. Therefore,
approximately 0.20 g of these irregular nanoparticles with an
unfunctionalized external surface were resuspended by sonication in
35 mL of absolute ethanol for 30 minutes and transferred to a round-
bottomed distillation flask attached to a reflux condenser at 5°C. To
the suspension, 95.7 μL of APTES were added (excess of 20%-mol of
Si calculated through thermogravimetric analyses). Experimental
procedures used here were the same as those used for obtaining
sample “spherical Si-NH2”. After the synthesis the product (“irregular
Si−NH2”) was isolated, resuspended in ethanol, washed (CTAB
extraction) and finally resuspended in absolute ethanol following the
same processes as already described. The reagent list and a summary of
the parameters used for the syntheses and functionalizations of MSNs
are presented in the Supporting Information. For all syntheses
performed (MSNs with both spherical and irregular morphology)
yields were superior to 70%.

2.3. Adsorption, Colloidal Stability, and Protein Corona
Assays. To evaluate the zeta potential and colloidal stability of
spherical and irregular monodisperse MSNs in the presence of alginate
and bovine serum albumin (BSA), assays were performed using a
MSNs suspension of 0.25 mg mL−1 for all samples. The stored
alcoholic suspensions were centrifuged, washed twice with deionized
water, and resuspended in deionized water (through sonication) for
the physicochemical assays. In the 10×-diluted phosphate buffered
saline (PBS) solution used for experiments (1.0 mmol L−1 of a
phosphate buffer, 0.27 mmol L−1 of potassium chloride and 13.7 mmol
L−1 of sodium chloride; pH 7.4), spherical and irregular nanoparticles
with 3-aminopropyl (Si-NH2) groups on the external surface were not
stable, sedimenting minutes after their addition. In contrast,
nanoparticles with propylmethylphosphonate groups (Si-PMeO3H)
on the surface were long-term stable in this medium. Biomolecules
were dissolved in this PBS solution (10×-diluted) yielding
concentrations of alginate and BSA that ranged from 0.1 μg mL−1

to 0.50 mg mL−1. Interaction of alginate and BSA with MSNs
(spherical and irregular) was evaluated through zeta potential (ζ)
measurements in solutions containing this concentration range of
biomolecules. The colloidal stability was evaluated through a
centrifugation study carried out in a PBS solution containing 0.50
mg mL−1 of biomolecules at relative centrifugal forces (rcf) of 94,
2348, 9391, and 18 407 (for 5 minutes). Quantification of suspended
MSNs was done by withdrawing a volume from the supernatant after
the centrifugation and by measuring its light absorption at 263 nm (see
Figure S2 in the Supporting Information). The measured absorbance
was subtracted from the absorbance of the biomolecule solution in
PBS without the nanoparticles, finally yielding the percentage result
given in the graphics. Silica nanoparticles used in this study (spherical
and irregular) at 0.25 mg mL−1 are barely stable in the presence of
alginate at 0.50 mg mL−1 dissolved in 1x-diluted PBS. Under this
circumstance, nanoparticles sediment at relatively low centrifugation
velocities (up to 1000 rcf). In this way, only through the dilution (to
10×) it was possible to obtain clear evidences of the dependence of the
surface topography on the colloidal stabilization.

Evolution of the BSA chemical structure as a function of the
incubation time with porous silica nanoparticles was carried out
through far-UV circular dichroism (CD) spectroscopic analysis. CD
response for the protein arises from its α- and β-helix secondary
structures. The loss of the α-helix structure (predominant over β) after
interaction with silica nanoparticles as well as the amount of protein
adsorbed were estimated by analyzing the degree of molar ellipticity
[θ] at 208 nm. For these assays, spherical and irregular silica
nanoparticles in a concentration of 0.25 mg mL−1 were incubated in a
0.50 mg mL−1 solution of BSA (dissolved in a 10×-diluted PBS
solution, pH of 7.4) for 5, 30, 60, and 180 minutes. After the
incubation suspensions were then centrifuged at 18 407 rfc (4°C) for
30 minutes to isolate nanoparticles. CD spectroscopy was performed
with a volume of the supernatant withdrawn from the vials after
centrifugation. A relative content of α-helix structure (%) was
estimated by correlating the [θ] magnitude at 208 nm in BSA spectra,
after the incubation with MSNs, to the [θ] value obtained for a pure
0.50 mg mL−1 BSA solution. An estimate of BSA adsorption on MSNs
was also obtained through the same method, considering that the
decrease in [θ] at 208 nm for MSNs incubated with BSA resulted from
the BSA adsorption and not from the loss of the α-helix secondary
structure, as it is further discussed. Another single CD reading was
performed with the nanoparticles suspended in the presence of BSA.
For this measure, spherical and irregular MSNs (0.25 mg mL−1) were
incubated with BSA (0.50 mg mL−1) for 60 minutes before the
analysis. More details regarding CD spectroscopy are given in the
Supporting Information. ζ-potential and colloidal stability results, as
well as CD spectra presented here are the average of at least three
independent measurements.

Proteins from hard corona that strongly interacted with colloidal
MSNs were extracted from the nanoparticles surface after their
incubation in human blood plasma. Briefly, stock colloidal suspensions
were prepared by sonicating MSNs (5.0 mg mL−1 in deionized water)
for 30 minutes in an ultrasound bath (Cole-Parmer 8891). After that,
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nanoparticles (500 μg mL−1) were incubated in human blood plasma
(55%) for 1 h at 37°C by using Protein LoBind Eppendorf tubes (1.5
mL). Nanoparticles were then isolated by centrifugation (at 20,817 rcf
for 1 h at 4°C), and resuspended in a 1x-diluted PBS solution (10.0
mmol L−1 of a phosphate buffer, 2.7 mmol L−1 of potassium chloride
and 137 mmol L−1 of sodium chloride; pH 7.4). Three washing
processes with the PBS solution were performed in order to remove
weakly-bond biomolecules (centrifugation in this step was performed
at 20 817 rcf for 30 min at 4°C). Finally, the pellets (MSNs containing
hard corona proteins adsorbed) were resuspended in a protein loading
buffer (150 μL, containing 62.5 mM of Tris-HCL, 2% (w/v) of SDS,
10% of glycerol, and 0.01% (w/v) of bromophenol blue; pH 6.8) and
boiled for 3 minutes at 100°C. From this resulting suspension, 15 μL
was loaded in a 15% SDS-polyacrylamide gel (1D SDS-PAGE).
Experiments were also performed standardizing the MSNs BET
surface area (at 800 m2 g−1). After running the electrophoresis, the gel
was stained with the coomassie blue staining.

3. RESULTS

By using the synthetic platform above-mentioned,38−41 we were
able to produce functionalized colloidal MSNs with the same
size (40−80 nm as determined by transmission electron
microscopy [TEM], see Figures S3a and S3b in the Supporting
Information) but very distinct surface topographies: a spherical
silica nanoparticle with small pores (∼2 nm) and an irregular
nanoparticle with wide-open pores on the surface (>5 nm),
thus resulting in larger pore volumes (see Figure S4 in the
Supporting Information). The increase in the pore size was
achieved by replacing up to 30%-mol of Si from tetraethyl
orthosilicate (TEOS), the main source of Si, by phenyl-
triethoxysilane (PTES) in the first addition of silicon
monomers. Substitution of 40%-mol of Si by this organosilane
induces the loss of the nanoparticle monodispersity character-
istic. Furthermore, the surface of both MSNs was exclusively
modified by using 3-aminopropyl-triethoxysilane and 3-
(trihydroxysilyl)-propylmethylphosphonate, which ionize at
physiological pH (7.4) generating positive and negative surface
charges, respectively. The outer surface functionalization of the
colloidal MSNs with aminopropyl and propylmethylphospho-
nate groups was confirmed through 13C nuclear magnetic
resonance (NMR) in the cross-polarization and magic angle
spinning mode (CPMAS, see Figures S5 and S6 in the
Supporting Information), and ζ potential measurements in a
1.0 mmol L−1 KCl solution (see Table 1). The external
functionalization was confirmed through the identification of
carbon atoms for each chemical group in 13C NMR spectra.
The presence of these groups reflected in a variation of the
surface charge for each sample: samples Si-NH2 (with spherical

or irregular morphology) have positive ζ-potential values
whereas samples Si-PMeO3H present negative ζ-potential.
The porous structure of the colloidal MSNs was revealed by

scanning transmission electron microscopy (STEM) in the
high-angle annular dark-field mode (HAADF), as shown in
Figure 1. The very distinct surface topography as a result of

different pore structures between the two samples was observed
in the micrographs: apparent radial pores around 2 nm for
MSNs with spherical morphology (see Figure 1a) and pores
larger than 5 nm for MSNs with irregular morphology (see
Figure 1b). As can be observed, these nanoparticles are not
rigid spherical-like nanoparticles. Instead, they are irregular
nanoparticles with complex porous structures. In particular,
pores in the irregular silica nanoparticles are distributed in an
apparent fractal arrangement, with the pore sizes varying along
the NPs radius, from the center to the outer surface (see Figure
1b). In this way, besides both nanoparticles (i.e. regular and
irregular) have similar sizes, they will interact differently with a
molecule (or biomolecule) once the accessible surface area for
this specific molecule may be quite different depending on its
size and stereochemistry. For instance, a small polypeptide
interacting with the irregular silica nanoparticles used here will
have a larger accessible surface area (ASA) for chemical

Table 1. Physicochemical Characteristics of Colloidal MSNs

zeta potential (ζ)c

sample
surface areaa

(m2 g−1)
pore volumeb

(cm3 g−1) value (mV) STD (mV)d

spherical MSNs
Si-NH2 624 0.9 +14.1 4.6
Si-PMeO3H 773 1.1 −30.3 7.6

irregular MSNs
Si-NH2 923 1.8 +17.7 4.9
Si-PMeO3H 950 2.1 −30.5 6.8

aResults from the N2 adsorption branch using the BET method.
bEvaluated through the single-point value adsorbed at P/P0 = ∼0.94.
cMeasured with a nanoparticle suspension in a 1 mmol L−1 KCl
solution. dSTD = standard deviation.

Figure 1. Scanning transmission electron microscopy images in the
high-angle annular dark-field mode (HAADF-STEM) of the hierarchi-
cally functionalized MSNs with (a) spherical and (b) irregular
morphology. Diagrams illustrating the hierarchical organic function-
alizations present in MSNs are also represented. Samples were named
according to the outer surface functionalization as given in
parentheses. (c) Diagram illustrating the accessible surface area
(A.S.A.) of an irregular nanoparticle for a small polypeptide and a large
protein such as ferritin (represented in blue and red, respectively).
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interaction compared to a protein such as ferritin (see Figure
1c). For both biomolecules mentioned, the accessible surface
area is different from the BET surface area which has been
commonly used as the normalization parameter for interaction
studies that uses rigid nanostructures with different morphol-
ogies. Therefore, for non-rigid spherical-like nanoparticles in
the presence of a mixture of molecules (or biomolecules), the
accessible surface area will vary for each molecule. In this
specific study, as regular and irregular silica nanoparticles have

approximately the same diameter (see Figure 1), we have
performed all interaction experiments using the nanoparticle
concentration in mg mL−1 instead of BET surface area per mL.
Diagrams represented in Figure 1 also show the surface and

pore functionalizations. Deprotonation of propylmethylphosph-
onate groups (Si-PMeO3H) leads the nanoparticle surface
charge to become negative at pH 7.4, provided by a PBS
solution. In contrast, protonation of the propylamine groups
(Si-NH2) leads to a positively charged surface. Regardless of the

Figure 2. ζ potentials of hierarchically functionalized MSNs with (a) spherical and (b) irregular morphologies in a 10×-diluted PBS solution
measured as a function of the concentration of alginate and BSA and as a function of the functionalizing groups on the external surface. The MSNs
concentration in all studies was of 0.25 mg mL−1. Asterisks stand for unstable suspensions of MSNs.

Figure 3. Colloidal stability assays for (a) spherical and (b) irregular silica nanoparticles in a 10×-diluted PBS solution (PBS), in a 0.50 mg mL−1

alginate solution in PBS (alginate in PBS), and in a 0.50 mg mL−1 BSA solution in PBS (BSA in PBS). The MSNs concentration in all studies was of
0.25 mg mL−1.
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morphology (spherical or irregular) nanoparticles with Si-NH2
surface groups were not long-term stable in the 10×-diluted
PBS solution used for all physico-chemical studies, in which
MSNs sediment minutes after their dispersion. Surface
functionalization with propylmethylphosphonate groups pro-
vides a substantial increase in the colloidal stability of MSNs, as
already reported,40 for both surface topographies used in this
study.
Alginate and BSA are both negatively charged biomolecules

at pH 7.4; with a pKa and an isoelectric point around 3.5 and
4.6 (at 25°C), respectively.42,43 Their adsorption on colloidal
MSNs in PBS medium (10x-diluted) was evaluated by
measuring the zeta potential (ζ) of MSNs as a function of
the biomolecule concentration (see Figure 2). For amine-
grafted spherical silica nanoparticles (spherical Si-NH2, see
Figure 2a), ζ-potential values changed the sign from positive to
negative at a weight-ratio of 1:5 for both alginate:MSNs and
BSA:MSNs dispersions (0.05 mg mL−1 of biomolecule:0.25 mg
mL−1 of MSNs), thus indicating the adsorption of the
biomolecules at these conditions. Negatively charged spherical
MSNs (spherical Si-PMeO3H) did not present a linear variation
of ζ-potential values as a function of the increasing amount of
biomolecules (alginate or BSA, see Figure 2a). As for MSNs
with an irregular morphology, the alginate presence in a weight-
ratio of up to 2:1 (alginate/MSNs) did not lead to the
stabilization of the nanoparticles with amines on the surface
(Si-NH2), which sediment minutes after their dispersion in the
PBS solution (see Figure 2b). In addition, BSA did lead to the
stabilization of these irregular MSNs (Si-NH2) at a
biomolecule:MSNs weight-ratio of 2:1 for sample Si-NH2,
resulting in negatively charged nanoparticles. By measuring the
zeta potential of these colloidally unstable irregular MSNs it
was also possible to identify the surface charge inversion for the
positively charged Si-NH2 MSNs as a function of the
concentration of biomolecules (alginate and BSA), even though
the measured value is not a result of the electrophoretic
mobility of individualized nanoparticles, but of aggregates (see
Figure 2b). Phosphonate-functionalized irregular MSNs (irreg-
ular Si-PMeO3H) were colloidally stable in PBS medium
regardless the alginate and BSA concentration, thus possessing
negative ζ values (around −30 mV) for all concentrations used.
To assess the effects of the alginate and BSA interactions on

the MSNs surface the colloidal stability of the nanoparticles was
evaluated through a centrifugation study. The percentage of
suspended nanoparticles was quantified by measuring their UV-
visible light absorption at 263 nm, which is related strictly to
the suspended silica. The colloidal instability of both spherical
and irregular Si-NH2 was observed at a relative centrifugal force
(rfc) of 94 (see Figure 3). At this same rcf value phosphonate-

functionalized colloidal MSNs with spherical and irregular
morphologies were very stable, although they do sediment at
18 407 rcf. Interactions with both alginate and BSA lead to an
increase in the colloidal stability of spherical Si-NH2, becoming
similar to the stability of spherical Si-PMeO3H (see Figure 3a).
In addition, MSNs with irregular morphology were not
stabilized in the presence of alginate in the PBS medium
(10×-diluted), in which they sediment at low rcf values even at
an alginate:MSNs weight-ratio of 2:1 (see Figure 3b). However,
BSA interacting with irregular Si-NH2 nanoparticles at a
BSA:MSNs weight-ratio of 2:1 led to a surprising increase in
their colloidal stability (see the bottom panel of Figure 3b). In
fact, phosphonate-modified nanoparticles (irregular Si-
PMeO3H) were also more stable in the presence of BSA, not
sedimenting completely even at 18 407 rcf (for 5 minutes).
This colloidal stabilization is a result of an electrosteric
stabilization related to a short-range interaction between the
biomolecule (alginate or BSA) and the nanoparticle. If they
were stabilized exclusively by depletion mechanisms, which do
not involve this short-range interaction but instead a long-range
interaction with high molecular-weight polymers possessing
determined chain lengths,44 the stability behavior for irregular
silica nanoparticles interacting with alginate (see Figure 3b,
middle panel) should be the same as that of spherical
nanoparticles interacting with this same biomolecule (see
Figure 3a, middle panel). The same observation applies for
spherical and irregular nanoparticles interacting with BSA (see
Figure 3a and 3b, bottom panels). This topography effect has
not been described so far because the majority of studies
presented in the literature focused on the interaction of
biomolecules with nanomaterials possessing rather smooth and
regular surfaces (i.e. rigid spherical nanoparticles).16,17,19,28−31

The uniformity of silica nanoparticle dispersions as a function
of the surface functionalization was confirmed through the
average size and polydispersity index (PDI) values, which were
obtained through dynamic light scattering (DLS) measure-
ments for nanoparticles with both spherical and irregular
morphologies (Table 2). Since most of the samples produced
were colloidally unstable in the PBS solution, except those
functionalized with propylmethylphosphonate groups, DLS
analyses of bare nanoparticles were performed in deionized
water. When dispersed in the 10×-diluted PBS solution
containing alginate or BSA in a 2:1 weight-ratio (0.50 mg
mL−1 of biomolecule:0.25 mg mL−1 of MSNs) the average size
for nanoparticles with spherical morphology was increased in
the presence of both alginate and BSA, along with an increase
in the PDI value. As irregular Si-NH2 MSNs were not stabilized
by alginate, a proper evaluation of average size could not be
done through DLS. Interaction between irregular Si-PMeO3H

Table 2. DLS Measurements of Colloidal MSNs

Bare MSNsa MSNs in alginatec MSNs in BSAc

sample average size (nm) PDI average size (nm) PDI average size (nm) PDI

spherical
Si-NH2 121 ± 9 0.09 311 ± 20 0.18 214 ± 19 0.21
Si-PMeO3H 135 ± 11 0.11 194 ± 21 0.19 255 ± 20 0.22

irregular
Si-NH2 117 ± 9 0.08 d d 233 ± 21 0.20
Si-PMeO3H 120 ± 13 0.11 e e 224 ± 19 0.19

aAnalyses carried out in deionized water since most of the suspensions of bare silica nanoparticles were unstable in PBS. cMeasurements carried out
in a 10×-diluted PBS solution containing 0.25 mg mL−1 of MSNs and 0.50 mg mL−1 of the biomolecule. dUnstable colloidal suspension; unable to
measure. eHigh polydispersity index (>0.40). The results presented are the average of at least four independent measurements.
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and alginate leads to the formation of non-uniform dispersions
(i.e. polydispersions). As for irregular MSNs interacting with
BSA (2:1 BSA:MSNs weight-ratio), their average size and
polydispersity index did increase for both samples (Si-NH2 and
Si-PMeO3H).
Insights regarding the MSNs interaction with BSA can be

obtained through the analysis of the protein chemical structure
through circular dichroism (CD) spectroscopy. As bare MSNs
did not polarize far-UV radiation (see grey symbols in Figures
4a and 4b), it was possible to determine if the BSA adsorption
on MSNs induces conformation changes in the protein. The
spectrum of pure BSA was obtained after the centrifugation of
the BSA solution (0.50 mg mL−1) at 18 407 rcf for 30 minutes,
and it is in accordance with previous results reported in the
literature.45 Decrease in [θ] intensities for both spherical and
irregular MSNs with positively and negatively charged surfaces
indicates that their interaction with BSA leads to a modification
of the protein conformation, resulting mainly in the loss of α-
helix structure (see Figures 4a and 4b). Instead of an
adsorption process, if BSA is forming a complex with silica
nanoparticles and thus if it is being irreversibly denatured by

this interaction, a time-resolved CD spectrum of BSA would
reveal the phenomenon by changing its features or decreasing
its intensity as a function of the interaction (i.e., incubation)
time, considering the dynamic nature of the interaction kinect
process.36,45−47 However, as observed in CD spectra measured
at the supernatant of the centrifuged MSNs suspensions (see
Figure 4−f), the spectrum shape after incubation with MSNs
for 5, 30, 60, and 180 minutes did not change and the ratio
between [θ] values at 208 and 220 nm was preserved as a
function of the time. Spectra represented by 0 in Figure 4−f are
the same as those represented by “Pure BSA” in Figure 4a and
b. Thus, results indicate that the BSA structural modification is
reversible to the sorption process in which the proteins
continuously adsorb and desorb on the nanoparticle surface.
This conclusion drawn for porous silica nanoparticles is aligned
with other studies showing that smaller (<60 nm) rigid
spherical-like silica nanoparticles induce less or no permanent
conformation changes in proteins compared to larger ones.36,37

In this context, the decrease in the [θ] magnitudes for
incubated BSA solutions compared to pure BSA is related to
the amount of protein adsorbed on the nanoparticle surface

Figure 4. Circular dichroism (CD) spectra of MSNs suspensions with (a) spherical and (b) irregular morphologies in the presence and absence of
BSA. CD spectra measured at the supernatant of centrifuged suspensions of (c and d) spherical and (e and f) irregular MSNs after their incubation
with BSA for 5, 30, 60, and 180 minutes. The variation of the [θ] magnitude at 208 nm (given in %) is given at the bottom for each MSNs (spherical
[c and d] and irregular [e and f]). Fits (linear and exponential decay) performed in these graphs provide an estimate of BSA adsorbed on MSNs.
Spectra represented by 0 in c−f are the same as those represented by “Pure BSA” in a and b.
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that was removed through the centrifugation. These [θ] values
for incubated BSA are similar to those obtained in CD spectra
acquired with MSNs suspended in the BSA solution (see Figure
4a and b).
As the BSA concentration is different for each CD

measurement once a partial amount of the protein was
adsorbed on the centrifuged nanoparticles, it was not possible
to estimate the relative α-helix content following Lu ́s
method.45,48 However, by comparing the spectrum of pure
BSA (0.50 mg mL−1) with those obtained for BSA solutions
after the incubation one can estimate the amount of BSA
adsorbed on silica nanoparticles as a function of the surface
charge sign and topography. This value was obtained through
the linear fitting (with zero slope) of the degree of molar
ellipticity [θ] at 208 nm for all incubation times (from 5 to 180
minutes), which is equivalent to the [θ]208 nm average value for
each set of [θ]208 nm values. As observed in the lower traces of
Figure 4, exponential decay functions (i.e. a typical saturation
curve for BSA adsorption49) fitted for incubation times from t =
0 (100% − θ208nm) to 180 minutes tend to the lines fitted from
5 to 180 minutes with a maximum deviation of 1% between the
two fittings.
As the BSA adsorption estimates in Figure 4−f (lower traces)

are provided for nanoparticles with different accessible surface
areas, it was not possible to perform an accurate comparison
among them in the sense of on which sample there is a larger
adsorption. Roughly, by considering that the [θ]208nm intensity
loss in CD spectra (see Figure 4c−f) was constant as a function
of the incubation time, and that this loss was approximately the
same for all MSNs (spherical and irregular), it was possible to
calculate an adsorption ratio of 0.40 mg of BSA per mg of
MSNs (40% w/w), which would correspond to a multilayer
adsorption all over the nanoparticle surface, considering that all
surface area is accessible for adsorption. However, by knowing
that the accessible surface area is unknown for both spherical
and irregular nanoparticles, a precise evaluation of the protein
insertion into the surface cavities cannot be accurate calculated
once the coverage ratio of BSA on MSNs is unknown.
Regardless of this point, it is important to mention that the
%-weight ratio estimated here is a much higher value compared
to the BSA adsorption on rigid-like spherical silica nanoparticles
with sizes around 35 nm (10%-weight).50

In a medium with a higher degree of complexity such as the
blood plasma (55%), which contains a myriad of biomolecules,
MSNs were colloidally stabilized regardless of their surface
topography and charge. Although this stabilization is visually
observed with the suspensions at rest, quantifying this colloidal
stabilization is not feasible once it is difficult to obtain an
individual and clear signal (e.g. through spectroscopic
techniques) of the nanoparticle suspended in a complex
medium such as the human blood plasma. In this medium,
colloidal stabilization by depletion forces must also be
considered along with steric and electrosteric stabilizations,
once there are macromolecules with high molecular weights
(>100 kDa) and in high concentration compared to MSNs. ζ
potentials of the protein-coated nanoparticles were measured
after centrifugation (20,817 rcf for 1 h at 4°C) and redispersion
of nanoparticles in 10×-diluted PBS. All samples (spherical and
irregular silica nanoparticles) were found to be negatively
charged with potentials below −20 mV, with no significant
differences among samples. Insights regarding the biomolecules
involved in steric and electrosteric stabilization could be
obtained by extracting the proteins which have strongly

adsorbed on MSNs after 1 h of incubation with blood plasma
(55%). Therefore, it was possible to reveal the identity of
proteins present in the hard corona as a function of the surface
topography and surface charge. The identification of these
proteins was performed through sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), which in-
dicated the existence of selective interactions in blood plasma
(see Figure 5). Proteins with a molecular weight (MW) from

30 to 230 kDa interacted with both spherical and irregular silica
nanoparticles. However, it was observed a selective adsorption
of proteins with lower molecular weights (below 30 kDa),
which largely interacted with irregular silica nanoparticles
compared to spherical ones. Furthermore, between spherical
silica nanoparticles with opposite surface charges, it was also
observed a larger adsorption of these proteins (below 30 kDa)
on Si-NH2 MSNs. The presence of major bands between 50−
230 and 20−25 kDa observed here mainly for irregular MSNs
was previously observed for rigid-spherical-like silica nano-
particles.31 For this experiment in particular, standardization in
respect to the BET surface area was performed and results (see
BET columns in Figure 5) indicated no substantial difference in
the protein corona extracted after the incubation with blood
plasma (55%).

4. DISCUSSION
Alginate, with a molecular weight ranging from 75 to 100 kDa
can be kept at the nanoparticle−fluid interface mainly through
electrostatic interactions manifested on positively charged
MSNs (Si-NH2). Similarly, BSA (M.W. of approximately 66
KDa) can interact with samples Si-NH2 (spherical and
irregular) through this same mechanism. Therefore, to the
electrostatic interactions occurring in pH 7.4 between the
oppositely-charged entities, the colloidal stability for spherical
Si-NH2 was increased with the presence of both alginate and
BSA (see Figure 3a), which stabilize the nanoparticles through
an electrosteric effect in the extent of that promoted by
propylmethylphosphonate groups (spherical Si-PMeO3H).
Although the colloidal stability of sample spherical Si-

Figure 5. SDS-PAGE of the hard corona proteins extracted from
spherical and irregular MSNs functionalized with amine and
propylmethylphosphonate groups after their incubation with blood
plasma. “+” stands for Si-NH2 samples and “−”stands for Si-PMeO3H
samples. Experiments were also performed standardizing the MSNs
BET surface area (this result is shown in “BET” columns for each
sample).
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PMeO3H did not vary in the presence of alginate and BSA, the
biomolecules can interact with the nanoparticles even when
both entities present similar charges, because of the
manifestation of hydrogen bonds and van der Waals forces.
This effect was recently presented in a study that evaluated the
adsorption of polypeptides on rigid-like silica nanoparticles as a
function of their electrochemical features (i.e. cationic or
anionic).51 This study indicated that although there is a large
adsorption of cationic polypeptides on negatively charged silica
nanoparticles at pH 7 when the biomolecules are present in low
concentrations, above a concentration threshold it was
observed that anionic polypeptides also adsorb on the
negatively-charged nanoparticle, thus confirming the role of
hydrogen bonds and van der Waals forces on the interaction
phenomenon (i.e. adsorption).
MSNs with irregular topographies did not have their colloidal

stability altered in the presence of alginate even when there are
electrostatic interactions occurring between sample irregular Si-
NH2 and this biomolecule, confirmed through the surface
charge inversion (positive to negative) as the alginate
concentration is increased (see Figure 2b). In contrast, BSA
surprisingly stabilizes irregular MSNs which were unstable in
the PBS medium used in this study (see Figure 3b, bottom
panel). With dimensions of approximately 7.5 × 6.5 × 4.0 nm,
interaction of this biomolecule on irregular MSNs could occur
through the protein insertion in the surface cavities with a
proper size matching, since the pores on the surface of these
MSNs range from approximately 5 to 10 nm. Compared to
rigid spherical-like silica nanoparticles, colloidal stabilization
through the adsorption of calf serum proteins (in which BSA is
the major component) on nonfunctionalized nanoparticles
(∼55 nm) was also reported,52 and this stabilization appears to
be directly related to the protein/NPs ratio: the larger is the
ratio, the more nanoparticles are stable.31,53 On the other hand,
colloidal destabilization of smaller (∼30 nm) rigid spherical-like
silica nanoparticles in contact with BSA and fetal calf serum was
also observed, thus indicating that the colloidal stabilization in
the presence of biomolecules is also dependent on the
nanoparticle size and curvature.54

By considering these results, it becomes evident that entropic
aspects must be considered to explain this selective interaction
of biomolecules as a function of the MSNs surface topography.
Energetically unfavorable stereochemical changes of alginate
can prevent the existence of an interaction such as observed for
BSA on MSNs with an irregular topography, even when there
could be enthalpic gains. This phenomenon was not observed
when the same biomolecule interacts with more homogeneous
surfaces (i.e. spherical MSNs), where it contributes for the
decrease of the surface energy and leads to an electrosteric
stabilization of the nanoparticle. In addition, interactional
phenomena on surfaces with irregular topography can be
energetically favored when there is a proper matching between
the biomolecule size and stereochemistry (i.e. conformation),
and the nanostructure surface force fields distribution.
An effect similar to that observed for the BSA:irregular MSN

interaction was previously mentioned in simulations on
particle-substrate interfacial interactions.55 This study indicated
that rough surfaces can present favorable sites for interaction
with spherical nanometric entities as a result of the long range
attractive van der Waals forces, which can be stronger than
repulsive electrostatic forces in these sites. Because of the small
number of atoms in a nanoparticle van der Waals forces are
highly dependent on the surface distribution of these atoms,

which strongly affects the interface interactions. Further
computational analyses could be used to unveil the nature of
this specific topography-driven interaction. However, some
approaches that have been recently used for studying the
interaction between peptides and silica nanoparticles with flat
surfaces must be first modified to fit non-flat surfaces.56

Apart from this fundamental discussion regarding the nature
of the topography-induced interaction occurring on MSNs, it is
also important to consider the bio-effects that might manifest
from this phenomenon. In a realistic context of application of
MSNs, nanoparticles will interact with a huge variety of
biomolecules such as those present in the blood plasma, and
thus surface topography will influence on complex interactions
based on size and stereochemistry matching mechanisms.
These mechanisms result in the selectivity observed here in
SDS-PAGE experiments for the hard corona extracted from
MSNs after their incubation with blood plasma (see Figure 5).
In this way, it is evident that the context in which nanoparticles
are inserted exert a crucial role over their physicochemical
properties. Furthermore, the biofluid which nanoparticles
interact can completely modify the nanoparticle bio-effects
through the formation of the biomolecular corona, which has
important consequences for biomedical commercialization and
regulation of nanomaterials. Examples of this situation have
been reported recently by our group and others: the hemolytic
effect induced by spherical MSNs with positively and negatively
charged surfaces can be suppressed after their interaction with
blood plasma proteins;57 protein corona formed in cell culture
media can alter the molecular diffusion process occurring in the
pores of MSNs loaded with anticancer drugs, influencing on the
delivery of drugs into cells;58 and proteins from blood plasma
can inhibit the targeting of functionalized nanoparticles.59

5. CONCLUSIONS
In summary, we report here a surface topography-stereo-
chemical-selective interaction with colloidal silica nanoparticles
containing different topographies. Firstly it was observed that
the nanoparticle colloidal stability in the presence of alginate or
BSA is more strongly related with the surface topography than
the surface charge sign (i.e. positive or negative). While
spherical-like porous silica nanoparticles with positively and
negatively charged surfaces can be stabilized by alginate and
BSA through an electrosteric mechanism, positively charged
nanoparticles with irregular topography are stabilized through
the interaction with BSA but not with alginate. Furthermore, it
was evidenced that BSA has the ability to colloidally stabilize
both nanoparticles (i.e. spherical and irregular) through short-
range interactions that lead to a conformation change of the
protein that is reversible as they desorb from nanoparticles.
Further studies will definitely help to clarify the very peculiar
characteristics of this type of interaction. Evaluation through
fluorescent correlation spectroscopy, isothermal tritation
calorimetry, differential centrifugal sedimentation and computa-
tional methods could be used for reaching this goal.
When dispersed in a more complex biofluid such as blood

plasma, which contains a myriad of biomolecules (e.g. proteins)
with different sizes and conformations, this influence of surface
topography on the colloidal stabilization is suppressed, and
both spherical and irregular silica nanoparticles are stabilized
regardless of the surface charge sign (i.e. positive or negative).
In this way, one becomes evident that the role of topography
on the colloidal stabilization will be related with the very
context in which nanoparticles are applied. It was also observed
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that the group of proteins involved in this short-range
interaction that influences on colloidal stabilization is different
depending on the nanoparticle surface topography and the
surface charge. This means that the protein corona identity for
colloidal silica nanoparticles will vary according to these
parameters. However, for nanoparticles with irregular surface
topography, compared to spherical ones, it was evidenced a
smaller variation of the hard corona proteins as a function of
the surface charge (i.e. positive or negative).
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