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ABSTRACT: Surface modification with polyethylene glycol
(PEG; PEGylation) is a widely used technique to improve
nanoparticle (NP) stability, biocompatibility, and biodistribu-
tion profiles. In particular, PEGylation of silica surfaces and
coatings plays a pivotal role across various classes of NPs.
Despite the use of numerous protocols there is limited
fundamental understanding of the mechanisms of these
processes for NPs. Here, after reaction optimization for
particle stability, we employ fluorescence correlation and cross-
correlation spectroscopy (FCS, FCCS) on ultrasmall (<10
nm) fluorescent silica nanoparticles (SNPs) in water as a test
bed. We show unexpected fast reaction kinetics in successful
PEGylation observed even at nanomolar concentrations and
attributed this to instant noncovalent adsorption of PEG molecules to the SNP surface preceding covalent attachment. Further
studies of various reaction conditions enable the elucidation of process design criteria for NP PEGylation and surface
modification with functional ligands, which may be applicable to a broad range of NPs thereby accelerating progress in fields
ranging from biosensing to nanomedicine.

■ INTRODUCTION

The global market for nanomedicine is expected to grow with
an annual rate of 12.3% and reach a value of >170 billion in
2019.1 As one of the most promising nanomedicine candidates,
multifunctional organic−inorganic hybrid NPs have attracted
significant research attention worldwide for both imaging/
diagnostics and therapeutics.2−5 However, in order to
successfully translate hybrid NPs from the laboratory to the
clinic, PEGylation is an essential step to endow NPs with long-
term stability as well as favorable biodistribution and
pharmacokinetics (PK) profiles.6−8 In the past decade, silica
coating techniques have been established to stabilize inorganic
NPs in aqueous media without disturbing their physical
properties.9 Therefore, the PEGylation of silica surfaces and
coatings plays a pivotal role for nanomedicine applications
across various classes of nanomaterials, including dense10 and
mesoporous silica nanoparticles (SNPs),11,12 quantum dots,13

gold NPs,14,15 magnetic NPs,16 graphene,17 and carbon
nanotubes.18

Compared to the well-studied PEGylation of pharmaceut-
icals,19 e.g., proteins and peptides, the PEGylation of NPs
enabling desirable biodistribution and PK often remains
challenging due to the complexity of the interfacial reactions
between NP surfaces and ligand molecules.20,21 Despite the use
of numerous protocols to PEGylate specific NPs,22 little is
known mechanistically about how this process proceeds, which
in turn hampers the production of clinically translatable
nanomaterials. To that end, here we take advantage of highly

tunable silica sol−gel chemistry and use ultrasmall (<10 nm
diameter) fluorescent SNPs, referred to as Cornell prime dots
(C′ dots),10 as a test bed to study the PEGylation mechanism
of silica surfaces.23,24 Compared to larger NPs, ultrasmall SNPs
are more sensitive to surface reactions due to the enhanced
particle surface to volume ratio.25 Furthermore, using ultrasmall
SNPs it is possible to work with relatively short PEG ligands
(molar mass <1000 g/mol) for which the effects of different
polymer conformations on the particle surface are less
significant, thereby reducing the complexity of the kinetics of
attachment.26 Finally, work on ultrasmall SNPs is particularly
relevant as such <10 nm diameter particles have recently been
successfully translated into the clinic,27 and multiple human
clinical trials are currently ongoing.
Conventional techniques to characterize the result of NP

PEGylation reactions include dynamic light scattering (DLS),28

thermogravimetric analysis (TGA),29 nuclear magnetic reso-
nance (NMR) spectroscopy,30 and Raman analysis.31 These
techniques provide detailed information on PEG loading and
conformation on particle surfaces; however, little mechanistic
insight is gained about how a successful PEGylation process
proceeds. Fluorescence correlation spectroscopy, FCS, exploits
fluorescence fluctuations caused by diffusion of molecular
spices in a confocal setup to analyze their concentrations and
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mobility.32,33 Its dual-channel variant, fluorescence cross
correlation spectroscopy, FCCS, simultaneously monitors the
diffusion of two species with distinct fluorescence, and thus
further provides information on their binding and colocaliza-
tion (Figure 1).34 FCS and FCCS have been widely applied in
the field of biology to study, e.g., enzymatic reactions and
protein interactions.35,36 Their application in material science
remains limited,37,38 however, and is often confined to
polymers.39,40 Especially, the use of FCCS to analyze the
processes of nanomaterial fabrication has rarely been reported.
Here, after varying PEGylation reaction conditions to optimize
for particle stability, we labeled SNPs and PEGs with Cy5 and
ATTO488 fluorophores, respectively, and introduced FCS and
FCCS to interrogate details of the PEGylation pathway (Figure
1). We found fast reaction kinetics during successful
PEGylation unexpected for conventional silanol hydrolysis
and condensation which prevented NP aggregation in the
transition from electrostatic to steric stabilization. Effects were
attributed to an instant noncovalent association of PEGs and
SNP surfaces, observed even at nanomolar concentrations and
accelerating covalent attachment (Figure 1). Further studies on
various reaction conditions enabled the elucidation of reaction

design criteria for successful PEGylation, as well as NP surface
modification with functional ligands. Results highlighted that
NP surface modification reactions may involve multiple
processes driven by different interactions, whose understanding
is critical for optimal outcomes.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. All chemicals were used as received

without further purification. Dimethyl sulfoxide (DMSO), ethanol, (3-
aminopropyl)triethoxysilane (amine-silane), (3-mercaptopropyl) tri-
methoxysilane (thiol-silane), tetramethyl orthosilicate (TMOS),
ammonium hydroxide, and polyethylene glycol (PEG 400, molecular
weight 400 g/mol) were purchased from Sigma-Aldrich. 2-[Methoxy-
(polyethyleneoxy)propyl] trimethoxysilane (PEG-silane, molar mass
around 500 g/mol) was purchased from Gelest. Maleimido function-
alized Cy5 fluorophore was purchased from GE Healthcare. Amine
functionalized ATTO488 fluorophore was purchased from ATTO-
Tech. NHS ester functionalized PEGs, as well as heterobifunctional
PEGs functionalized with both NHS ester and maleimido, were
purchased from Quanta BioDesign. c(RGDyC) peptide was purchased
from Peptide International. DI water was generated using a Millipore
Milli-Q system.

Figure 1. Illustration of SNP PEGylation mechanism as characterized by FCS and FCCS. The SNP PEGylation process (bottom) was monitored by
FCS and FCCS (top right). In order to endow SNPs and PEGs with distinct fluorescence, they were labeled with Cy5 and ATTO488 fluorophores,
respectively. Upon the addition of PEG-silane into SNP solution, a fast noncovalent association of PEGs and silica preceded the condensation of
PEG-silane on SNP surface. The specific affinity between PEGs and silica accelerated the reaction kinetics thereby playing a key role in successful
PEGylation. In the molecular renderings, silicon, oxygen, carbon, hydrogen (only shown in inset on upper left, together with hydrogen bonds in light
blue), nitrogen, and sulfur atoms are color coded by purple, red, gray, white, blue, and yellow, respectively.
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Conjugation of Cy5-silane. Maleimido functionalized Cy5 was
mixed with thiol-silane in DMSO at molar ratio 1:25 and
concentrations of about 1 mM. The mixtures were left under nitrogen
overnight to label Cy5 fluorophore with silane through thiol−ene
reaction.
Conjugation of ATTO488-PEG. NHS ester functionalized PEGs

were mixed with amine functionalized ATTO488 fluorophore in
DMSO at molar ratio 1:1.1 and concentrations of about 10 mM. The
mixtures were left under nitrogen overnight to label PEGs with
ATTO488 fluorophores through amide bond formation.
Conjugation of c(RGDyC)-PEG-silane. Heterobifunctional PEGs

functionalized with NHS ester and maleimido groups (NHS-PEG-
mal) were first mixed with amino-silane in DMSO at molar ratio 1:1.1
and concentrations of about 10 mM. The mixtures were left under
nitrogen for 2 days to label NHS-PEG-mal with silane through amide
bond formation. Afterward, c(RGDyC) peptide was added into the
mixture at c(RGDyC):PEG molar ratio 0.9:1. The mixtures were left
under nitrogen for another day to further label mal-PEG-silane with
c(RGDyC) through thiol−ene reaction.
Synthesis of Ultrasmall Silica Nanoparticles. For the synthesis

of 4−5 nm silica nanoparticles, 0.02 mmol ammonium hydroxide was
added into 10 mL of DI water as base catalyst.10 A 0.43 mmol portion
of TMOS was added into the solution under vigorous stirring. The
stirring continued for 24 h at room temperature. If applicable, silane
conjugated Cy5 fluorophore, which was obtained through mixing
maleimido functionalized Cy5 and MTPMS in DMSO at molar ratio
1:25, was added together with TMOS for fluorescent SNP synthesis.
Afterward, specific amounts (see main text) of PEG-silane were added,
and the solution was kept stirring for another 24 h. If applicable,
c(RGDyC) functionalized PEG-silane was added right before the
addition of PEG-silane for the synthesis of cancer-targeting PEGylated
SNPs. Following that, the temperature was increased to 80 °C, and the
stirring was stopped. The reaction was left at 80 °C for 24 h. The
solution was finally cooled to room temperature and transferred into a
dialysis membrane tube (Pierce, molecular weight cutoff, MWCO
10 000) for dialysis. The dialysis tube was then immersed into 2000
mL of DI water, and the water was changed twice per day for 3 days to
clean the PEGylated SNPs. The particles were finally filtered through a
200 nm syringe filter (Fisher) and stored at room temperature for
further characterization. The molar ratio of the reactants was 1
TOMS:0.5 PEG-silane:1292 H2O. For the synthesis of particles with
varying PEG surface density, the PEG-silane concentration used in the
reaction was varied from 0 to 23.0 mM.
Zeta Potential Measurements. Zeta potential of the synthesized

PEGylated SNPs was measured with a Malvern Zetasizer Nano-SZ

operated at 20 °C. Samples were first concentrated using spinfilters
(GE Healthcare, 30k MWCO) by up to 10 times for the desired signal-
to-noise ratio. Details of the zeta potential measurement optimization
can be found in the Supporting Information. Each sample was
measured five times, and the results were averaged.

DLS Size Measurements. Hydrodynamic particle sizes and size
distributions were measured by DLS using a Malvern Zetasizer Nano-
SZ system operated at 20 °C. Each DLS sample was measured five
times, and the results were averaged.

TEM Measurements. TEM images were taken on a FEI Tecnai
T12 Spirit microscope operated at an acceleration voltage of 120 kV.
The TEM samples were prepared by dropping one droplet of the
PEGylated SNP solution onto a TEM grid (EMS, carbon film on
copper grids) and evaporation of solvent.

TGA Measurements. TGA was conducted using a TA Instru-
ments Q500 thermogravimetric analyzer. Before being subjected to
TGA, the synthesized PEGylated SNPs were first dried out from the
aqueous solution using a FreeZone freeze-dryer. During TGA
measurements, the temperature was first increased to 100 °C with a
ramp rate of 10 °C/min, and kept isothermal at 100 °C for 20 min to
remove the remaining water. The temperature was then increased up
to 600 °C with a ramp rate of 10 °C/min and kept isothermal at 600
°C for 60 min before the sample was cooled down to room
temperature.

FCS and FCCS Measurements. FCS and FCCS measurements
on the various Cy5-C′ dot and ATTO488-PEG samples were
conducted using a home-built FCS/FCCS setup. A 635 nm solid-
state laser was used as the excitation source for the red channel, and a
488 nm solid-state laser was used as the excitation source for the blue
channel. FCS and FCCS measurements usually require sample
concentrations in the nanomolar range.35 Therefore, in FCS
measurements the concentration of Cy5 fluorophores added into the
synthesis mixture was decreased to reduce the concentration of Cy5-
labeled SNPs to nanomolar. Small amounts of the reaction solution
were then aliquoted about every 1−2 min during the synthesis and
directly subjected to FCS measurements without further dilution to
monitor SNP growth. In FCCS measurements the concentration of
added Cy5 fluorophores remained unchanged as compared to the
procedures detailed in previous publications.10 Instead, the synthesis
solution was diluted in order to achieve the appropriate Cy5-C′ dot
concentration.

Conductivity Measurements. Conductivity measurements were
carried out using an Orion Star A215 pH/conductivity Benchtop
multiparameter meter. About 24 h after TMOS addition, the
conductivity probe was inserted into the reaction solution for

Figure 2. Long-term stability test and SNP stability transition. (a) Stability test of SNPs with varying surface PEG density in PBS buffer solution (see
similar plot with linear scale in Figure S3). (b) Comparison of average zeta-potential and surface PEG density of SNPs in water (no buffer)
synthesized at varying PEG-silane concentration. A gradual background color change indicates SNP stability. While the bare SNPs are
electrostatically stabilized via negative surface charges (red regime), the fully PEGylated SNPs are sterically stabilized (blue regime). SNPs with
surface PEG density in-between are unstable because electrostatic stabilization is greatly diminished while steric stabilization is not yet sufficient
(yellow regime in part b).
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recording the solution conductivity. After that, PEG-silane or
nonfunctionalized PEG was added. To monitor the PEGylation
reaction, the solution conductivity was recorded up until the high
temperature treatment step.
Estimation of PEG-silane and c(RGDyC)-PEG-silane Reaction

Conversion Percentage. The conversion percentage of PEG-silane
with or without c(RGDyC) functionalization was estimated by taking
the ratio of PEG-silane present in the final purified SNPs to the
amount of PEG-silane added into the synthesis. The amount of PEG-
silane (without cancer-targeting peptide functionalization) present in
the final purified SNPs was estimated from TGA (provides mass) and
FCS measurements (provides particle concentration). The amount of
c(RGDyC)-PEG-silane present in the final purified SNPs was
estimated by absorbance measurements.10

■ RESULTS AND DISCUSSION
A series of SNPs with varying surface PEG density were first
synthesized according to a previously reported method in
which PEGylation is an integral part of the synthesis strategy to
obtain narrowly size distributed particles.10 When the
concentration of PEG-silane was increased from zero to 23
mM, the number of PEG chains per particle and surface PEG
density gradually increased to about 70 PEGs/particle and 1.7
PEGs/nm2, respectively (Table S1). The Flory radius of PEGs
used in this study was about 1.7 nm, which was larger than the
0.8 nm PEG−PEG distance obtained from this surface PEG
density (Supporting Information). This is consistent with full
PEG coverage on the SNP surface with brush-like PEG
structure (Figure 1).41 Dynamic light scattering (DLS) and

transmission electron microscopy (TEM) studies suggested
that both the bare SNPs as well as the PEGylated SNPs with
1.7 PEGs/nm2 exhibited narrow particle size distributions and
homogeneous particle morphology (Figure S1). In contrast,
SNPs with intermediate surface PEG densities showed reduced
monodispersity due to insufficient surface PEG coverage
(Supporting Information, Figures S1 and S2).
The SNPs were further transferred into PBS buffer solution

for long-term stability tests. During the test period, small
amounts of sample solution were aliquoted for hydrodynamic
size measurements. The bare SNPs gradually aggregated in
buffer solution over a period of 20−30 days (Figure 2a) due to
the screening effect of surface charge by buffer salts.42

Interestingly, at the surface PEG density of 0.2 PEGs/nm2,
the SNPs aggregated immediately after being transferred into
buffer solution. As surface PEG density further increased to 1.0
PEGs/nm2, aggregation was greatly suppressed, but a gradual
increase of particle size was still observed suggesting a slow
aggregation process (Figure S3). In contrast, SNPs with higher
surface PEG density remained stable throughout the test period
(Figure 2a and Figure S3). From the results a surface PEG
density threshold for preventing SNP aggregation was
estimated to be about 1.2 PEGs/nm2. From the combination
of DLS, TEM, and zeta potential measurements, however, 1.7
PEGs/nm2 was identified as the ideal value to ensure well-
PEGylated SNPs with uniform morphology, as well as narrowly

Figure 3. PEGylation process as monitored by FCS and conductivity measurements. (a) Illustration of the focal volume of FCS/FCCS setup. As
fluorescence-labeled species diffuse through the focal volume, signal fluctuations are detected, and information on sample mobility and colocalization
is extracted from the correlations of these signal fluctuations. (b) Change of SNP size during formation (black curve) and PEGylation (red curve)
steps. (c and d) Evolution of particle size (c) and solution conductivity (d) as PEG-silane is added. (e and f) Evolution of particle size (e) and
solution conductivity (f) as nonfunctionalized PEG is added.
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distributed size distribution and zeta-potential (Figures S1 and
S2).10

These results indicated a SNP stability transition depending
on surface PEG density (Figure 2b). At neutral pH in water (no
buffer) the surface of bare SNPs is covered by deprotonated
silanol groups, and the resulting negative surface charge
prevents particle aggregation through electrostatic repulsion
(red regime in Figure 2b). On the other end of the scale the
SNP surface is covalently modified with a dense layer of PEGs.
Although the native surface charge is quenched, SNPs are now
sterically stabilized by a neutral PEG corona (blue regime in
Figure 2b). Between these two cases, when the surface PEG
density gradually increases from zero to 1.2 PEGs/nm2, the
SNPs go through a transition from electrostatic to steric
stabilization, as indicated, e.g., by a decrease in negative zeta-
potential (yellow regime in Figure 2b). In this transition
regime, SNPs lose long-range electrostatic stabilization due to a
decrease in deprotonated and charged surface silanol groups,
while the surface PEG density is not yet high enough to provide
short-range steric stabilization. The result is particle aggrega-
tion, leading to particle precipitation or at least a broadening of
the particle size distribution. It is interesting to note that the
SNPs most heavily aggregated for the very low surface PEG
density of ∼0.2 PEGs/nm2 (Figure 2a, and Figures S1 and S3).
This suggests that electrostatic repulsion between SNPs also
plays a key role in determining particle size during SNP
formation, in addition to the effects of the kinetics of silane

hydrolysis and condensation. Even a small decrease in SNP
surface charge density may disturb the system’s charge balance
and lead to particle aggregation.
Because of this stability transition, fast PEGylation kinetics is

highly desirable for the preparation of narrowly size dispersed
PEGylated SNPs. Otherwise, SNPs may aggregate before
enough PEGs condense onto the surface. In order to
understand the PEGylation kinetics in more detail, we
synthesized SNPs in water with Cy5 fluorophores covalently
encapsulated into the core, referred to as Cy5-C′ dots, and used
FCS to monitor the growth-terminating PEGylation reaction
(Figure 3a and Figure S4).10 In comparison to DLS, FCS uses
fluorescence for signal processing thereby excluding any
scattering noise from unreacted reagents, e.g., self-condensed
PEG-silane. It is therefore highly sensitive to size changes of
fluorescent SNPs during reactions. Additionally, it provides
multiple parameters from a single measurement, including
hydrodynamic size, concentration, and single-particle bright-
ness,37,43 and thus is ideally suited to reveal details of the
association between particles and PEG ligands.
Figure 3b shows the change of particle size throughout the

synthesis reaction over a period of about 2 days, including
initial growth (black) and termination via PEGylation (red)
steps (see Experimental Section for details). Bare Cy5-C′ dots
with diameter around 4 nm formed during a period of about a
day after injection of silica source, TMOS, and dye-silane
conjugate, consistent with DLS and TEM characterization

Figure 4. Association of PEGs and SNPs as characterized by FCS and FCCS. (a) Experimental designs. ATTO488-PEG/PEG (top), ATTO488 free
dye/PEG (middle), and ATTO488-PEG only (bottom) were added to diluted Cy5-C′ dot solutions, respectively, and the resulting mixtures were
subjected to FCS and FCCS measurements immediately after PEG addition. (b) Comparison of FCCS cross-correlation curves from all three
experiments in part a. (c) Comparison of FCS red and blue channel autocorrelation curves of Cy5-C′ dot solutions to which ATTO488-PEG/PEG
(top panel in a) and ATTO488 free dye/PEG (middle panel in a) were added, respectively. (d) Comparison of FCS red and blue channel
autocorrelation curves of ATTO488-PEG added to Cy5-C′ dot solutions with (top panel in a) and without (bottom panel in a) extra
nonfunctionalized PEGs.
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results (Figure S1). When PEG-silane was added to reach a
concentration of 23 mM resulting in a final surface PEG density
of 1.7 PEGs/nm2, the average hydrodynamic size quickly
jumped from 4 to 5.5 nm (Figure 3b and Figure S5), and then
stayed fairly constant at around 5.5−6 nm for the remainder of
the reaction time. The quick size increase was within the time
resolution of the experiments (∼1−2 min, Figure 3c). During
the same time fluorescence brightness per particle as well as
particle concentration from FCS remained constant (Figure
S6a,b), indicating that this immediate size increase following
PEG-silane addition was not caused by particle aggregation,
which in turn would lead to an increase in single particle
brightness and a decrease in particle concentration. In a
comparison of the size evolution of the SNP growth process via
silane hydrolysis and condensation (black part) with that of the
PEG-silane addition (red part) in Figure 3b, it is safe to
conclude that the fast size increase is not the result of the
condensation reaction between PEG-silane molecules and SNP
surface silanol groups (Figure S7).42 Instead, results point to an
instant noncovalent association between PEG-silane molecules
and SNPs. This interpretation is corroborated by in situ
solution conductivity measurements showing a drop right after
PEG-silane addition on a similar time scale suggesting the
screening of SNP surface charges via PEG-silane association
(Figure 3d).44

In order to further investigate the origin of this fast
association, the same experiments were performed using
PEGs without silane functionalization. Right after PEG
addition, a similar particle size increase of around 1 nm and
drop in conductivity were observed (Figure 3e,f and Figure S5),
while particle brightness and concentration stayed unchanged
(Figure S6c,d). Additional experiments further suggested that
the FCS derived size increase was not the result of a viscosity
increase caused by PEG addition (Figure S5c).45

We subsequently labeled PEGs with fluorophore ATTO488,
referred to as ATTO488-PEG (Figure S8), and used FCCS to
further analyze the noncovalent interaction between PEGs and
silica. The red channel of the FCCS setup monitored the
diffusion of Cy5-C′ dots, while the blue channel monitored the
diffusion of ATTO488-PEGs (Figure 1). When PEGs are
associated with SNPs, their diffusion through the focal volume
is synchronized, introducing correlated signal fluctuations in
both channels and thus a positive cross-correlation readout
(Figure 3a), providing further colocalization information on
PEGs and SNPs.34

The FCCS measurements require sample concentrations in
the nanomolar range,35 which is much lower than the
concentrations of SNPs (around 20 μM) and PEG-silanes
(around 23 mM) in the PEGylation protocol.10 Such low
reaction concentrations may change the association behavior
between PEGs and SNPs. In order to circumvent this problem,
we first diluted the original Cy5-C′ dot solution to about 30
nM concentration, to which a small amount of ATTO488-
PEGs was added to reach about 150 nM concentration.
Afterward, extra nonfunctionalized PEGs were added to raise
the overall PEG concentration to 23 mM (Figure 4a, top
panel). The final solution was immediately subjected to FCCS
measurements. The results showed a clear cross-correlation
readout (Figure 4b, light green line). The hydrodynamic size
obtained from the cross-correlation was larger than 5 nm,
indicating a highly specific detection of ATTO488-PEGs
adsorbed onto Cy5-C′ dots (Table S2). However, the signal
intensity of the cross-correlation was relatively weak as

compared to the signal intensity of the autocorrelations (Figure
4b,c). This indicates the presence of large number of
unattached PEGs during PEGylation, consistent with DLS
results (Supporting Information, Figure S9).
To further ensure the observed association of ATTO488-

PEGs and SNPs was not due to PEG functionalization with
dye, the same experiments were performed with ATTO488 free
dye instead of ATTO488-PEGs (Figure 4a, middle panel). The
corresponding red channel autocorrelation curve overlapped
with the one from the experiment using ATTO488-PEGs, both
of which resulted from the PEG-adsorbing SNPs (Figure 4c,
top red curves). In contrast, the blue channel autocorrelation
slightly shifted to the left, confirming the faster diffusion of
ATTO488 free dye as compared to that of ATTO488-PEG
(Figure 4c, bottom blue curves). Finally, for this case a
substantially weaker cross-correlation signal was detected
(Figure 4b, dark green line), whose resulting hydrodynamic
size was much smaller than what was expected from the SNP
size (Table S2). This suggested that this weak cross-correlation
was most likely due to leaking of fluorescence from the
ATTO488 fluorophore to the red channel, rather than the
specific colocalization of ATTO488 free dye and SNPs. The
lack of cross-correlation signal is consistent with ATTO488
fluorophore carrying a net negative charge leading to
electrostatic repulsive interactions with the negatively charged
SNPs.24 Although we observed a decreased signal-to-noise ratio
due to the interchannel cross-talk and the <100% conjugation
efficacy of the dyes, the obvious enhancement of cross-
correlation caused by PEG conjugation of ATTO488 dye
provided evidence of PEGs being adsorbed on SNP surfaces
(Figure 4b).
The same experiments were also performed without the

addition of extra nonfunctionalized PEGs, where both SNPs
and PEGs had nanomolar concentrations (Figure 4a, bottom
panel). After ATTO488-PEG addition, no increase of average
SNP size was detected via the red channel autocorrelation,
suggesting a substantial decrease of the amount of PEGs
adsorbed onto the SNP surface due to their low concentration
(Figure 4d). Despite the small amount of PEG adsorption, a
strong cross-correlation signal was again detected (Figure 4b,
orange line). This demonstrates that the association between
PEGs and SNPs happens even at extremely low concentration,
here close to the nanomolar regime. This association is due to
the specific affinity between PEGs and silica, most likely caused
by hydrogen bonding between the silanol groups on the SNP
surface and both the ether oxygens and hydroxyl end groups of
nonfunctionalized PEGs (Figure 1).46−48

The fast adsorption of PEGs to SNP surface quickly shortens
the average distance between the silanol groups of PEG-silanes
and the silanol groups on the SNP surface, thereby significantly
accelerating PEG-silane condensation (Figure 1). This
conclusion was supported by additional FCS experiments,
showing that adsorbed PEGs without silane functionalization
were released from the SNP surface upon dilution. In contrast,
no release of PEG-silanes was observed, even when the SNP
solution was greatly diluted immediately after PEG-silane
addition (Figure S10).
Fundamental knowledge of reaction pathways allows

educated design of process conditions. In order to elucidate
favorable experimental conditions for PEGylation assisted by
the noncovalent silica-PEG association described here, reaction
solvent composition and solution pH were varied before the
addition of nonfunctionalized PEGs to SNP solutions. Silica
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PEGylation reactions are typically conducted in water, alcohol,
or their mixtures. Interestingly, when the alcohol (here ethanol)
fraction of the solvent mixture increased to >20%, no
substantial size increase was detected anymore after PEG
addition (Figure 5a). These results suggest that alcohol
amounts >20% are sufficient to effectively suppress rapid
PEG adsorption. In contrast, PEG adsorption was relatively
insensitive to solution pH, with the association only being
suppressed at relatively high values above pH 11. These data
suggest that silica PEGylation reactions should be conducted at
low alcohol content and under basic pH values typical for
promoting silica condensation.
Our results indicate that a fast noncovalent association of

PEGs and silica accelerates the formation of covalent bonds
between PEG-silane and SNP surfaces, and therefore plays a
key role in successful PEGylation (Figure 1). For nanomedicine
applications of hybrid NPs this immediately raises the question
whether similar pathways are active when reactions involve
PEGs functionalized with specific targeting groups, e.g.,
peptides or antibodies. In order to address this question,
SNPs were surface modified with PEGs conjugated to cancer-
targeting peptides, c(RGDyC) (see insert in Figure 5c for
molecular structure model). Cyclic RGD is known to bind to
cell surface proteins (integrins), overexpressed, e.g., in
melanoma, and therefore is a relevant model peptide to
investigate these effects with.27 To that end peptide function-
alized and nonfunctionalized PEG-silanes were subsequently
added to the same SNP solution. Upon the addition of
c(RGDyC)-PEG-silane a similar instant increase of particle size
as for pure PEGs was observed suggesting the immediate
surface attachment of cancer-targeting groups to the SNP
surface (Figure 5c). Nonfunctionalized PEG-silane added to

cover the remaining SNP surface led to a second stepwise
particle size increase suggesting successful PEGylation (see
zoomed-in version of Figure 5c,d). The PEG−PEG distance of
the c(RGDyC) functionalized particles was estimated to be
about 0.8 nm and remained essentially unchanged as compared
to the particles without c(RGDyC) functionalization (Support-
ing Information, Figure S11). It was well below the Flory
radius, i.e., about 1.7 nm, indicating that the PEG chains
acquired brush-like conformations on the particle surface and
efficient PEGylation reaction was not affected by this additional
step.
It is important to note that further analysis indicated that the

conversion percentage of c(RGDyC)-PEG-silane was much
higher than that of PEG-silane and began approaching 100%
(insert in Figure 5d). This demonstrated an increased affinity to
the silica surface of the peptide functionalized over the pure
PEG-silane consistent with experience that peptides adsorb on
silica surfaces.49,50 The enhanced affinity facilitates surface
modification reactions of SNPs with PEG bound peptides and
may therefore substantially reduce manufacturing costs of
multifunctional pharmaceutical NPs by providing high reaction
yields.

■ CONCLUSIONS

The mechanistic details of NP PEGylation processes elucidated
in this paper suggest that noncovalent association between
ligand molecules, e.g., PEGs and PEG-peptide conjugates, and
NP surfaces can be used to facilitate NP surface modification
reactions through accelerating covalent attachment. This two-
step reaction process, i.e., first adsorption and then covalent
attachment, shares similarities with many biology processes. For
example, in protein translation tRNA-associated amino acids

Figure 5. Association of ligands and SNPs under different conditions. (a and b) Noncovalent association between SNPs and PEGs (without silane
functionalization) in aqueous solution with varying (a) volume faction of ethanol and (b) pH. The solution pH in part b was adjusted by varying the
concentration of ammonium hydroxide. The dashed lines indicate SNP size before PEG addition. (c) Change of SNP size throughout a reaction in
which c(RGDyC)-PEG-silane (insert) was added (green part) right before PEG-silane addition (red part) in order to surface modify the SNPs with
cancer-targeting ligands. (d) Zoomed-in view of part c to the reaction period around ligand addition (color code as in part c). Comparison of the
conversion percentage of PEG-silane versus c(RGDyC)-PEG-silane (insert in part d) suggests that the stronger affinity between c(RGDyC) peptides
and SNPs facilitated the surface modification reaction.
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are brought together first through specific hydrogen bond-
induced interactions between ribosome and mRNA before
covalent bond formation via dehydration. We expect these
findings to build a foundation providing rational process design
criteria not only for successful PEGylation, but also for NP
surface modification with functional ligands, important in fields
ranging from biosensing and bioimaging to nanomedicine.
Finally, the affinity between PEGs and silica may add to the
existing family of noncovalent interactions for the fabrication of
novel self-assembled nanomaterials.
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