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Therefore, the covalent immobilization of biomolecules on the 
surface of SiNPs represents the most promising approach to 
generate active biohybrid nanomaterials. 

 Unmodifi ed SiNPs are diffi cult to be used for covalent 
immobilization because they often reveal strong interactions 
with biomolecules, leading to the immediate formation of a 
dense monolayer, the so-called corona of biomacromolecules. 
This nonspecifi c adsorption not only changes the activity of 
biomolecules but also infl uences the particle fate in in vivo 
applications. [ 15 ]  The minimization of non-specifi c adsorption is 
therefore mandatory for engineering of novel bioactive nano-
materials. The installation of oligomeric or polymeric ethylene 
glycol (PEG) units on the particle’s surface, often referred to as 
PEGylation, is widely used to effi ciently suppress non-specifi c 
adsorption. However, this approach does not completely elimi-
nate biomolecule adsorption. [ 16,17 ]  Moreover, when suppres-
sion of non-specifi c adsorption is to be combined with targeted 
specifi c immobilization strategies, a dense PEG coating com-
promises the space for biomolecule immobilization, [ 18 ]  and 
the repulsive properties also interfere with effi cient interphase 
coupling reactions. As an alternative for PEGylation, zwitterion-
functionalized SiNPs containing both positively and negatively 
charged functional groups have been synthesized and this mod-
ifi cation indeed effi ciently suppressed particle aggregation, [ 19 ]  
and non-specifi c adsorption of proteins. [ 20,21 ]  However, these 
particles had an inert surface lacking reactive groups suitable 
for targeted bioconjugation. 

 We here report a general and versatile one-pot reaction 
strategy for the synthesis of multifunctional SiNP, which have 
tailored densities of three different functional groups on their 
surface to effi ciently suppress non-specifi c adsorption, and, at 
the same time, enable effi cient specifi c covalent immobilization 
of proteins. Through tailored composition of amino, phospho-
nate, and thiol groups, a zwitterion-stabilized particle surface 
is created, which not only effi ciently eliminates non-specifi c 
adsorption, but also provides reactive groups for the desired 
specifi c immobilization of biomacromolecules. Using two 
highly sensitive proteins, an FRET-based glucose-binding pro-
tein biosensor and a two-domain cytochrome P450 enzyme, we 
demonstrate that the surface of the newly developed SiNPs can 
be tailored to provide a microenvironment, which enables the 
maximum retention of the immobilized protein’s activity. Since 
these SiNPs are stable and mono-dispersed even after storage 
in biological buffers for months, we believe that they represent 
a suitable platform for the generation of a wide range of bioac-
tive nanomaterials. 

 Previous work on the synthesis of SiNPs has indicated that 
the installation of surface functionalities on SiNPs through suc-
cessive condensation steps with different organotrialkoxysilane 
reagents enables suitable control over particle size and prevents 

  The selective immobilization of biological macromolecules, such 
as proteins or oligonucleotides, on the surface of nanoparticles 
opens up a wide range of applications in the area of biocatal-
ysis, chromatography, biosensing, or drug delivery. [ 1–3 ]  Silica 
nanoparticles (SiNPs) are often used in life-sciences because 
they are readily available in various sizes, their surface can be 
functionalized with arbitrary components using established 
silane chemistry, their interior can be used for encapsulation 
of numerous compounds including small molecules, proteins, 
or nucleic acids for targeted application, and importantly, they 
reveal a very low cytotoxicity. It is therefore not surprising that 
SiNPs have already been used and are currently refi ned as 
intracellular drug delivery vehicles. [ 4 ]  In addition to encapsula-
tion, mere physicochemical adsorption, or, preferably, covalent 
immobilization techniques are usually considered for function-
alization of SiNPs with biomacromolecules. The adsorption of 
biomolecules on the surface of nanoparticles via electrostatic 
and/or hydrophobic interaction is the simplest approach, but it 
suffers from potential desorption and loss of biomolecules over 
time. While it is basic knowledge that each protein is different 
and usually needs very well-tailored conditions for successful 
immobilization on nanoparticles, beads, or any other substrate, 
interactions between proteins and the surface might also be 
strong enough to induce changes of the protein’s secondary 
or tertiary structure, thereby leading to complete loss of bioac-
tivity. [ 5–7 ]  Encapsulation of biomolecules is also diffi cult because 
most types of nanoparticles are synthesized in organic solvents 
incompatible with biomacromolecules. Hence, direct encapsu-
lating during particle formation usually leads to denaturation 
and concomitant loss of protein activity. As a consequence, only 
proteins with high stability, such as horseradish peroxidase, [ 8 ]  
green fl uorescent protein, [ 9,10 ]  or myoglobin, [ 11 ]  have so far 
been successfully encapsulated during particle formation. We 
will demonstrate below that these proteins are inappropriate 
models for testing biocompatible surface properties and mild 
immobilization methods due to their robust tertiary architec-
ture. Although stable lipases have been shown to be active 
after sol–gel immobilization, [ 12,13 ]  the incorporation of proteins 
even into the channels of porous nanoparticles [ 14 ]  suffers from 
the presence of diffusion barriers as well as potential leakage. 
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of functional groups because surface passivation occurs after 
isolation from the various reaction solutions. [ 22,23 ]  Likewise, 
the direct one-pot condensation with different organosilanes 
is challenging because the sequential addition of reagents 
can strongly disturb colloidal stability and lead to severe par-
ticle aggregation. [ 22,23 ]  Inspired by seminal work of Bagwe 
et al., [ 19 ]  we reasoned that the use of a microemulsion system 
should enable the installation of multiple surface functionali-
ties because individual nanoparticles are grown inside micelles, 
which function as separated reaction compartments ( Figure    1  ). 
Moreover, this approach has the advantage to produce highly 
uniform particles in the size range of 10–100 nm, which is 
favorable for biological applications. [ 24,25 ]  To experimentally 
investigate this strategy, cyclohexane, 1-hexanol, water, and sur-
factant Triton X-100 were mixed rigorously to produce a water-
in-oil micellar suspension and subsequently tetraethoxysilane 
(TEOS) was added as a silica source. Ammonia was used as 
a catalyst to induce hydrolysis and condensation of TEOS and 
to grow parent silica nanoparticles (SiNP-1, in Figure  1 ) inside 
the micelles. Subsequently, a mixture of 3-(trihydroxysilyl)propyl 
methylphosphonate (THPMP) and (3-trimethoxysilylpropyl) 
diethylenetriamine (DETAPTMS) organosilanes was added to 
modify the surface of SiNP-1 with negatively charged phospho-
nate groups and primary amino groups, respectively, thereby 
leading to formation of zwitterionic SiNP-2. Subsequent addition 
of 3-mercaptopropyltrimethoxysilane (MPTMS) led to forma-
tion of SiNP-3 bearing amino, phosphonate and thiol functional 

groups on their surface. The latter served as coupling groups 
for the installation of PEG units through thiol-maleimide cou-
pling to yield SiNP-4, which were then functionalized with pro-
teins-of-interest taking advantage of the particle’s surface amino 
groups and glutaraldehyde- or NHS-based chemistries. [ 26 ]   

 Initial studies on how different ratios of positively charged 
amino-silane DETAPTMS and negatively charged phospho-
nate silane THPMP affected the size, stability, and dispersity, 
as well as surface charge of SiNP-2 (Table S1, Supporting Infor-
mation) indicated that a volume ratio of THPMP:DETAPTMS 
= 4:1 was found to yield monodisperse particles (60 nm 
diameter, see also TEM images in Figure S1, Supporting Infor-
mation) with highest densities of amino and phosphonate sur-
face groups. Indeed, the measured amino groups concentration 
of 108 µmol g !1  is signifi cantly higher than that reported for 
surface modifi cation of SiNPs with amino groups (24 µmol g !1 ) 
using (3-aminopropyl)trimethoxysilane (APTMS). [ 19 ]  We specu-
late that this difference stems from the increased chain length 
of DETAPTMS (9 atom spacer between Si and NH 2 ) as com-
pared to APTMS (3 atom spacer). It is known that the extended 
chain length of DETAPTMS also increases the particle’s stability 
in aqueous solutions, [ 27 ]  and we found that SiNP-2 revealed a 
very high colloidal stability such that the particles remained 
monodisperse for >2 months in water or PBS buffer. 

 Following the synthetic route depicted in Figure  1 , reac-
tive thiol groups were then introduced in situ on the particle’s 
surface via hydrolysis and condensation of MPTMS to pro-
duce trifunctional particles SiNP-3. In initial attempts, MPTMS 
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 Figure 1.    Schematic illustration of the one-pot sequential synthesis of multifunctional SiNPs. Initial formation of bare SiNP-1 was followed by surface 
functionalization with mixtures of DETAPTMS and THPMP to generate zwitterionic SiNP-2 and subsequent addition of MPTMS to generate SiNP-3 bearing 
three different functional groups. The partial PEGylation using thiol-maleimide chemistry yielded SiNP-4 to create a microenvironment for specifi c 
covalent coupling of proteins through the particle's surface amino groups.
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was added simultaneously with THPMP and DETAPTMS, 
however, the obtained particles were prone to aggregation 
and revealed signifi cantly lowered concentrations of surface 
amino groups (Table S2, Supporting Information), presumably 
because the hydrolysis rates of MPTMS are higher than that 
of DETAPTMS under basic conditions. [ 28 ]  We speculate that, 
under the given conditions, the competing reaction between 
the three organotrialkoxysilanes yielded particles with high 
surface concentrations of thiol groups, which may be prone to 
oxidation and concomitant interparticle crosslinking through 
disulfi de bonds. Due to these negative results, we then tested 
whether addition of MPTMS subsequent to condensation of 
THPMP and DETAPTMS for 3 h leads to improved densi-
ties of amino and thiol groups, stability, and dispersity of the 
desired SiNP-3 particles. Indeed, optimization of the reaction 
conditions (Table S3, Supporting Information) led to SiNP-3 
particles with surface concentrations of reactive thiol groups as 
high as 127 ± 12 µmol g !1 . This density is close to the highest 
value ever reported for SiNPs. [ 29 ]  Importantly, the concentra-
tion of surface amino groups remained unchanged, as com-
pared to SiNP-2 particles. The obtained SiNP-3 were stable and 
remained monodispersed in degassed water and buffers but 

they aggregated over time, most likely due to oxidation by dis-
solved oxygen. As discussed below, this aggregation could be 
entirely suppressed by partial PEGylation of the surface thiol 
groups to yield SiNP-4, which were stable in 100 " 10 !3   M  PBS 
buffer for at least 2 months. 

 To investigate whether and how the synthesized SiNPs non-
specifi cally interact with proteins, we initially used the glucose 
biosensor FLIPglu600µ#13. [ 30 ]  This protein, in the following 
denoted as FLIP, is a heterotrimeric fusion consisting of glu-
cose binding protein (GBP) (colored gray in  Figure    2  A), which 
is genetically fused with an enhanced cyan fl uorescent pro-
tein (eCFP) (blue) and an enhanced yellow fl uorescent protein 
(eYFP) (yellow) at the N- and C-terminus, respectively. FLIP can 
be used to detect glucose because the two fl uorescent proteins 
(FPs) form a Förster-resonance energy transfer (FRET) pair. In 
the absence of glucose, GBP adopts a conformation wherein the 
FP domains are located in close proximity to each other, and an 
effi cient FRET occurs from eCFP ($ em,max  = 476 nm) to eYFP 
($ em,max  = 527 nm). Upon binding of glucose, FLIP changes 
its conformation into a closed form, which separates the FRET 
pair thereby decreasing the effi ciency of energy transfer. Hence, 
a gradual decrease in fl uorescence ratio ( I  527 / I  476 ) is observable 
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 Figure 2.    A) Schematic drawing of the glucose biosensor FLIP. Note that binding of glucose leads to the decrease of FRET from the fused eCFP to 
the eYFP domain of this fusion protein, thereby leading to a decreased fl uorescence intensity ratio ( I  527 / I  476 ). B) Fluorescence spectra obtained from 
the various SiNPs prepared in this study after incubation with FLIP and subsequent washing. For comparison the spectrum of unbound FLIP is shown 
in black. Note the SiNP-1 (red) and SiNP-3 (magenta) show a signifi cant non-specifi c adsorption of FLIP, while SiNP-2 (blue) and SiNP-4 (green, pre-
pared as described in entry 2, Table S4, Supporting Information) do not adsorb protein on their surface. C) Changes of hydrodynamic radii of SiNPs 
as a consequence of partial PEGylation (red) and FLIP immobilization (green). Note that the particles remain monodispersed. D) The functionality of 
SiNP-4-FLIP (red) as biosensor for glucose is indicated by the marked response to glucose, while FLIP adsorbed onto SiNP-1 (blue) completely lost its 
binding response capability (see also Figure S7, Supporting Information).
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Information). Since the FRET ratio is highly sensitive measure 
for even slight changes in secondary and tertiary structure of 
FLIP, this protein is ideal for studying any infl uences of dif-
ferently functionalized surfaces on the structure and activity 
of an immobilized protein. Moreover, FLIP brings with it the 
additional advantage that its binding onto particles can be sen-
sitively detected via direct measurements of the fl uorescence of 
eCFP.  

 To investigate the interactions of the synthesized SiNPs 
(Figure  1 ), we initially tested their capability to bind FLIP 
through non-specifi c adsorption (Figure  2 B). To this end, a solu-
tion containing 0.6 nmol FLIP was mixed with a solution con-
taining 10.0 mg mL !1  SiNPs and the mixtures were incubated 
for 30 min. The SiNPs were centrifuged, washed to remove 
unbound FLIP, and subsequently resuspended to facilitate 
analysis by fl uorescence spectroscopy. Bare SiNP-1 revealed a 
strong interaction with FLIP, and almost the entire protein was 
absorbed on the particles within 10 min. Extensive washing of 
the particles with PBS buffer did not remove the absorbed pro-
tein from particle’s surface. The fl uorescence spectrum of the 
adsorbed protein showed signifi cant differences to that of free 
proteins in solution (red and black lines in Figure  2 B, respec-
tively). This is an indication of severe changes in the protein’s 
structure after adsorption as confi rmed by activity tests, which 
clearly showed that FLIP adsorbed to SiNP-1 had completely 
lost its binding ability for glucose (Figure  2 D, blue line). Sim-
ilar adsorption studies were conducted with stable proteins, 
i.e., the enhanced green fl uorescent protein (eGFP) (Figure S3, 
Supporting Information), enhanced cyan fl uorescent protein 
(eCFP) (Figure S4, Supporting Information) and the enzyme 
horseradish peroxidase (HRP, Figure S5, Supporting Infor-
mation). All three proteins were readily adsorbed at SiNP-1, 
however, in contrast to FLIP, these proteins retained their 
functionality, as judged by characteristic fl uorescence proper-
ties (eGFP, eCFP) or catalytic activity (HRP). These fi ndings 
emphasize that proteins with a robust tertiary structure are not 
well suited for testing biocompatible surface properties. 

 Protein adsorption studies with SiNP-2 revealed low adsorp-
tion of FLIP (Figure  2 B, blue), presumably due to their zwit-
terionic surface properties, which can prevent adsorption of 
proteins. [ 20 ]  Installing thiol groups apparently increased the 
particle’s affi nity for FLIP, as indicated by the slightly higher 
amount of adsorbed protein in the case of SiNP-3 as com-
pared to SiNP-2 (Figure  2 B, magenta). To omit this unwanted 
binding, we coupled increasing amounts of methoxypolyeth-
ylene glycol maleimide (mPEG-mal) chains to the surface 
thiol groups using maleimide chemistry (Table S4, Supporting 
Information). Interestingly, we observed that even the cou-
pling of only 6% of the total numbers of available thiols with 
mPEG-mal was suffi cient to completely suppress the adsorp-
tion of FLIP (green spectrum in Figure  2 B). Importantly, 
amino group concentration on the surface of these SiNP-4 
particles remained almost unchanged after PEGylation, and 
both amino- and thiol-groups remained chemically acces-
sible, as indicated by their reaction with fl uorescamine and 
Ellman’s reagent, respectively. Notably, the particle’s stability 
also signifi cantly improved upon partial surface PEGylation. 
SiNP-4 were fully stable and remained monodisperse even 

after 2 months of storage in PBS buffer with NaCl concentra-
tions up to 500 " 10 !3   M . 

 To test whether the new particles are also suited for spe-
cifi c, covalent coupling of proteins, FLIP was immobilized on 
the surface of SiNP-4 using glutaraldehyde as a crosslinking 
reagent. To this end, SiNP-4 were treated with glutaraldehyde 
to install reactive aldehyde groups on the particle’s surface, 
and after removal of unreacted glutaraldehyde, the particles 
were allowed to bind FLIP in PBS buffer for 2 h. The reac-
tion between aldehyde groups on the particle and accessible 
lysine residues of FLIP leads to formation of Schiff bases, 
which were subsequently reduced to stable secondary amines 
using NaBH 3 CN. [ 26 ]  It is shown in Figure  2 C that DLS meas-
urements indicated an increase in hydrodynamic diameter of 
the resulting SiNP-4-FLIP, thereby providing initial evidence 
for the successful coupling of FLIP. Specifi cally, SiNP-3 had an 
average hydrodynamic diameter of 91 nm, PEGylated SiNP-4 
revealed an increased size of 101 nm and the protein tethering 
further increased this value to about 113 nm. Importantly, 
SiNP-4 were still monodispersed after protein immobilization 
(PDI = 0.076). Fluorescence spectroscopy analysis of SiNP-4-
FLIP revealed that the fl uorescence spectrum of the immobi-
lized protein is similar to that of the free protein in buffered 
solution (Figure S6, Supporting Information), suggesting that 
the immobilization did not adversely infl uence the structure of 
the protein. Interestingly, we also observed that FLIP cannot be 
immobilized on highly PEGylated SiNP-4 (prepared according 
to entry 6 in Table S4, Supporting Information), most likely due 
to steric hindrance and protein repellence of the densely PEG-
coated particle surface (Figure S6, Supporting Information). 

 To investigate whether the immobilized FLIP has indeed 
retained its activity, we investigated the binding ability of SiNP-
4-FLIP to function as a biosensor for glucose. As shown in 
Figure  2 D, the immobilized FLIP (red line) showed a binding 
response to different concentrations of glucose, which is 
similar as the free protein in buffer solution. In comparison, 
FLIP adsorbed on SiNP-1 by non-specifi c interactions (FLIP@
SiNP-1) completely lost its response capability (blue line in 
Figure  2 D, see also Figure S7, Supporting Information). The 
spectral response capability of SiNP-4-FLIP confi rmed that the 
activity of FLIP is preserved after immobilization on SiNP-4, 
suggesting that the immobilization on the tailored surface 
did not signifi cantly affect the conformational freedom of 
this highly delicate fusion protein. This result is remarkable 
because the glutaraldehyde-mediated immobilization can 
be considered as a relatively crude method where covalent 
cross-coupling occurs unselectively with accessible lysine resi-
dues of the protein. Therefore, the protein can be attached to 
the surface in a variety of conformations even through mul-
tiple fi xation points and all these different attachment modes 
will more or less impair the protein’s secondary and tertiary 
structure as well as its conformational fl exibility necessary to 
maintain its activity. 

 To avoid the aforementioned drawbacks of statistical cross-
coupling methods, directional binding approaches offer a much 
higher control on the orientation of immobilized proteins on 
solid surfaces because the protein is coupled only through 
a distinctive site, e.g., a single amino acid or a small epitope, 
thereby prohibiting damage of active sites and/or restrictions 
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in conformational freedom. [ 31 ]  Many of such techniques take 
advantage of fusion proteins bearing self-ligating protein tags, 
such as the so-called SNAP- [ 32 ]  or Halo-tag. [ 33 ]  The latter is a 
variant of a bacterial dehalogenase, which specifi cally forms a 
covalent bond with a small molecule chlorohexyl (CH)-ligand. 
To explore whether SiNP-4 are suitable carriers also for the 
directional immobilization of enzymes, we coupled NHS-acti-
vated CH-ligands to the particle’s amino groups ( Figure    3  A) and 
the resulting SiNP-4-CH were tested for specifi c binding of the 
bacterial cytochrome P450 enzyme BM3 genetically fused with 
a Halo-tag protein. The monooxygenase P450 BM3 (CYP102A1) 
from  Bacillus megaterium  is a 118 kDa protein composed of two 
domains, the reductase domain BMR, bearing FAD and FMN 
prosthetic groups, and the porphyrin domain BMP, containing 
the catalytic heme (protoporphyrin IX) group. This two domain 
protein is widely used in biocatalysis and has been applied, for 
instance, for the synthesis of drug metabolites and precursors 
of artemisinin and paclitaxel. [ 34 ]  Here, we genetically fused the 
BM3 variant A74G/F87A [ 35 ]  with a Halo-tag to obtain a 153 kDa 
enzyme capable to convert the fl uorogenic substrate 12-(4-tri-
fl uoromethylcoumarin-7-yloxy)dodecanoic acid. To facilitate 
site-selective immobilization of BM3 with SiNP-4-CH, the 
enzyme was allowed to bind to the particle’s surface for 2 h. Sub-
sequent to centrifugation and washing, the amount of covalently 
linked BM3-Halo was determined as 5.4 µg mg !1  of particles, 
being in the same range as FLIP (SiNP-4-FLIP, 3.6 µg mg !1 ). 
For comparison, the amount of physically adsorbed pro-
tein on SiNP-1 particles was slightly higher (6.6 µg mg !1  and 
4.5 µg mg !1  for BM3-Halo and FLIP, respectively), presumably 
due to the absence of PEG chains on the surface. The enzymatic 
activity of SiNP-4-CH-Halo was then tested by measuring the 
produced 7-hydroxy-4-trifl uoromethylcoumarin fl uorophore. 
Indeed, the observed increase in fl uorescence clearly indicated 
that the immobilized BM3 exhibited high activity, which was 
similar to that of free proteins in solution (Figure  3 B). Notably, 
almost no activity was observed in controls where the BM3 was 
physically adsorbed onto SiNP-1. Furthermore, immobilization 

of BM3 on SiNP-4 by statistical glutaraldehyde crosslinking led 
to rapid inactivation of the enzyme (data not shown). These 
results proved that the nanoparticles SiNP-4 developed in this 
study provide a suitable microenvironment for covalent attach-
ment of highly sensitive proteins.  

 In conclusion, we here describe a simple and effi cient 
method for the preparation of multifunctional SiNPs of about 
60 nm in diameter using a reverse micellar system in a one-pot 
reaction. Specifi cally, parent core particles were synthesized in 
a fi rst step within reversed micelles and, in the second step, an 
initial zwitterionic surface modifi cation was installed by in situ 
co-condensation of amino- and phosphonate-derivatized alkox-
ysilanes. In the third step, condensation of a thiol-derivatized 
alkoxysilane was added in situ to the micellar suspension to 
install reactive thiol groups on the surface of the nanoparticles. 
In the fi nal step, fractions of the reactive thiols were used for 
maleimide-based coupling of poly(ethylene glycol) chains. The 
resulting nanoparticles not only revealed uniform size, high 
colloidal stability, and low non-specifi c adsorption properties 
for proteins, but they also contained accessible and thus reac-
tive amino groups to enable covalent immobilization of proteins 
on their surface. We note that FTIR analyses of our particles 
revealed a very strong surface adsorption of water, which pro-
hibited the direct detection of amine, thiol, or ethylene-glycol 
groups as well as amide I and amide II bands of immobilized 
proteins (data not shown). 

 We applied two highly sensitive proteins to test the function-
ality of our new particles: the FRET-based glucose-biosensor 
FLIP, which requires distinctive conformational changes 
to be active, and the two-domain cytochrome P450 enzyme 
BM3, which requires multiple substrate binding and interdo-
main electron transport to be active. By taking into account 
controls with the aforementioned rock-stable model proteins 
and by applying two different coupling chemistries (statistical 
glutaraldehyde crosslinking and directional Halo-tag-based 
coupling), we could establish that our new particles provide 
a suitable microenvironment for covalent immobilization of 
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 Figure 3.    Directional immobilization of Halo-tagged BM3 to SiNP-4. A) Schematic illustration of the immobilization chemistry. NHS-activated chlorohexyl 
(CH)-ligands were initially coupled with the amino groups on SiNP-4 to yield SiNP-4-CH, which was then allowed to bind the Halo-tagged BM3. The 
BM3-catalyzed conversion of 2-(4-trifl uoromethylcoumarin-7-yloxy)dodecanoic acid shown on the left leads to formation of the fl uorescent product 
(excitation 410 nm, emission 510 nm). B) Enzyme activities of free, unbound, or SiNP-4-bound BM3-Halo (black and green line, respectively). Note 
that BM3 adsorbed on SiNP-1 (blue) shows no enzymatic activity.
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very delicate functional proteins. We therefore believe that 
these particles will be a useful platform for applications in bio-
catalysis or even biomedical diagnostics and therapy.  
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