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Abstract
Surface PEGylation is essential for preventing non-speciﬁc binding of biomolecules when silica
nanoparticles are utilized forin vivo applications. Methods for installing poly(ethylene glycol) on
asilica surface have been widely explored but varies from studyto study. Because there is a lack of
asatisfactory method for evaluating the properties of silica surfaceafter PEGylation, the prepared
nanoparticles are not fully characterized before use. In some cases, even non-PEGylated silica
nanoparticles were produced, which is unfortunately not recognized by theend-user. In this work,
aﬂuorescent protein was employed, which acts as a sensitive material forevaluating the surface
protein adsorption properties of silica nanoparticles. Eleven different methods were systematically
investigated for their reaction efﬁciency towards surface PEGylation. Results showed that both
reaction conditions (including pH, catalyst) and surface functional groups of parent silica
nanoparticles play critical roles in producing fully PEGylated silica nanoparticles. Great care needs to
be taken in choosing theproper coupling chemistry for surface PEGylation. The data and method
shown here will guarantee high-quality PEGylated silica nanoparticles to be produced and guide their
applications in biology, chemistry, industry and medicine.

1. Introduction
Due to their excellent biocompatibilities, biodegradation, and physical and chemical properties, silica
nanoparticles (SNPs) have drawn great attention in all
kinds of science [1–3]. They are optically transparent,
their size can be precisely controlled via manipulating
synthetic conditions, and their surface can be easily
functionalized viawell-established silane techniques.
All these features mean thatSNPsarea promising
material for applications in biology, medicine and
chemistry [4, 5]. However, bare SNPsaredifﬁcult
todirectly used in in vivo applications, since theyeasily adsorb biomolecules (such as proteins, DNA, etc)
on their surface, and form biomolecule–SNP constructs (often referred toas coronas). The formation
of coronas on SNPs strongly interferes withtheir fate
in vivo and may present potential toxicity to biological
systems [6, 7]. In order to solve this problem, SNP
© 2017 IOP Publishing Ltd

surface is often modiﬁed with poly(ethylene glycol)
(PEG), which not only prevents adsorption of proteins, but also improves particles’ biocompatibility,
circulating time, dispersity and stability in biological
media [4].
Surface PEGylation has been widely used in
designing SNP based functional materials for biomedical applications [8–12]. Prodi and coworkersused
pluronic polymers bearing PEG at both ends to
directly produce ultra-small PEGylated SNPs without
coupling reactions [13–16]. More generally, PEGylated SNPs are often produced via coupling chemistry,
which can be cataloged into two groups. One is making use of the free hydroxyl groups on thebare SNP
surface, whichreacts with silanol containing methoxypoly(ethylene glycol)(mPEG) to chemically modify
mPEG on theSNP surface [17–23], as shown in
scheme 1, reactions R1–R5. The other involves atwostep chemical coupling reaction (R6–R11). Firstly, the
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Scheme 1. Summary of methods used for SNP surface PEGylation, functional groups and coupling chemistry.

surface of thebare SNP is modiﬁed with reactive
groups, and then reacts with mPEG-bearing corresponding coupling groups to achieve surface PEGylation
[24, 25]. Both approaches have been widely used in
theliterature, and numerous reaction conditions have
been adapted to produce PEGylated SNP, which differfrom group to group. Since there is alack of simple
and sensitive methods for evaluating theSNP surface
properties after PEGylation reactions, there is no systematic investigation and comparison of studying
thereaction efﬁciency and behavior of PEGylated particles in biological media.
In this report, based on our early observation that
green ﬂuorescent protein (GFP) [26] does not exhibit
obvious ﬂuorescent property change before and after
absorption on SNPs (ﬁgure S1 in the supporting information,available at stacks.iop.org/MAF/5/024003/
mmedia), we have employed GFP as a model protein,
and made use of its ﬂuorescent properties to sensitively report protein adsorption on thePEGylated
SNP surface. By using this method, we have systematically compared the reaction efﬁciencies of eleven
different methods that are commonly used in SNP
surface PEGylation. Our results showed that great care
needs to be taken in choosing thecoupling chemistry
and reaction media, since both of them play acritical
rolein obtaining afully PEGylated surface. Some classical reactions, such as thecarbodiimide-mediated
coupling reaction, cannot successfully install mPEG
polymer on aSNP surface. This work will provide
researchers withclear guidance onchoosing the most
efﬁcient, and cost- and time-saving method for producing fully PEGylated SNPs for biological
2

applications. In addition, theresults presented here
also playa good guiding role in improving thebiomedical applications of other nanomaterials, including
quantum dots [27, 28], polymer particles [29, 30] and
semiconducting conjugated polymer dots [31].

2. Materials and methods
2.1. Chemicals and reagents
Tetraethyl orthosilicate (TEOS), 1-hexanol, Triton
X-100, (3-aminopropyl)trimethoxysilane (APTMS),
(3-glycidyloxypropyl) trimethoxysilane (GOPTS),
O-[(N-succinimidyl)
succinyl-aminoethyl]-O′methylpolyethylene glycol (NHS-mPEG, molecular
weight ∼ 750), methoxypolyethylene glycol amine
(NH2-mPEG, molecular weight ∼ 750), poly(ethylene
glycol) methyl ether thiol (SH-mPEG, molecular
weight ∼ 800), poly(ethylene glycol) methyl ether
maleimide (mPEG-mal, molecular weight ∼ 2000), N(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC), N-hydroxysulfosuccinimide
sodium salt (sNHS), triethylamine (TEA) and sodium
ﬂuoride (NaF) were bought from Sigma-Aldrich. N(trimethoxysilylpropyl) ethylenediaminetriacetic acid
(EDTAPTMS), and 3-[methoxy(polyethyleneoxy)
propyl]trimethoxysilane (6–9 PE-units, mPEG–
silane) were purchased from ABCR. Fluorescamine
and (3-mercaptopropyl) trimethoxysilane (MPTMS)
were purchased from Alfa Aesar (thermo-ﬁsher).
Glutaraldhyde (50% in water) was obtained from
VWR. Green ﬂuorescent protein was obtained from
Merck. All chemicals are used as-received without
further puriﬁcation. Phosphate buffer was prepared
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from sodium dihydrogen phosphate dehydrate and
disodium hydrogen phosphate dehydrate, and used
throughout all experiments. The 0.1 mol l−1 Na2CO3
solution with pH at 10 was used to couple the NH2mPEG onto epoxy-functionalized SNPs.
2.2. Synthesis of SNPs
SNPs were synthesized using thereverse micelle
method [32]. Typically, 7.60 ml cyclohexane, 1.80 ml
1-hexanol, 1.80 ml Triton X-100 and 0.40 ml bidistilled water were mixed rigorously to form a
microemulsion. 100 μl of TEOS and 100 μl of 28.0%
ammonia was then added andthe mixture was stirred
for 24 h at room temperature. Acetone was used to
break themicelles and SNPs were harvested using
centrifugation. The obtained bare SNPs (referred toas
SNP-0) were washed at least three times using ethanol
and two times with distilled water, and dispersed in
water at a concentration of 10.0 mg ml−1.
2.3. Surface functionalization of SNPs with reactive
groups
Amino-, carboxyl- and thiol-functionalized SNPs
were prepared directly in the reverse micelle synthetic
media. SNP-0 was ﬁrstly produced as previously
described. Without breaking themicelle and puriﬁcation process, 50 μl TEOS was directly added into the
synthetic media, and the mixture was stirred further
for 30 min. The addition of 10 μl APTMS, or 5 μl
MPTMS, or 50 μl EDTAPTMS in the mixture enabled
theSNPsurface to be functionalized with amino
(SNP-1), carboxyl (SNP-2) or thiol (SNP-3) groups,
respectively. The mixture was further stirred for 24 h
at room temperature, and theobtained nanoparticles
were centrifuged and washed three times with ethanol.
Finally, these particles were dispersed in ethanol at a
concentration of 10.0 mg ml−1.
Surface modiﬁcation of epoxy groups wasconducted in separate steps [33]. The SNP-0 were produced as described above. After puriﬁcation, SNP-0
was redispersed in ethanol at aconcentration of
10.0 mg ml−1. Then, 10 ml SNP-0 was added
to27.5 μl TEA and 60 μl GOPTS. The mixture was
stirred at 50 °C for 20 h. The epoxy-functionalized
SNPs (referred toas SNP-4) were centrifuged and
washed using ethanol–water (volume ratio 1:1) mixture for at least three times. The puriﬁed particles were
redispersed in ethanol–Na2CO3(volume ratio 1:1)
solution at a concentration of 10.0 mg ml−1.
2.4. SNPsurface PEGylation
2.4.1. PEGylation of SNP-0 using silane-mPEG
SNP-0 wascentrifuged and redispersed in the following solutions: absolute ethanol only, ethanol containing 2.8% ammonia, ethanol–water (volume ratio 9:1)
mixture, ethanol containing 10% water and 2.8%
ammonia, and ethanol containing 10% water and
6.0 mmol l−1 NaF, respectively. The concentration of
3

SNP-0 waskept at 10.0 mg ml−1. Various amounts
(0–20 μl) of silane-mPEG were added in each media,
and the solutions were stirred at room temperature
for 24 h.
2.4.2. PEGylation of SNP-1
The amino groups on SNPs can react with either
active-ester or other amino groups in mild conditions.
For the active-ester coupling, typically1.0 ml
10.0 mg ml−1 SNP-1 wasdispersed in absolute ethanol, and 0.6 μl TEA was added in the dispersion. This
was followed by adding various amount (0–50 μl) of
NHS-mPEG at aconcentration of 500 mM in DMSO
andthe mixture was stirred at room temperature for
24 h. The produced PEGylated SNPswerepuriﬁed via
washing thoroughly with PBS buffer. SNP-1 can also
react with NH2-mPEG using glutaraldehyde as the
cross-linker. Typically, 1.0 ml 10.0 mg ml−1 SNP-1
was redispersed in 1.0 ml PBS buffer, and the suspension was added to 250 μl 50% glutaraldehyde in water.
The mixture was stirred at room temperature for
1.0 h. The resulting nanoparticles were washed using
PBS bufferthree times to remove excess glutaraldehyde, and redispersed in 1.0 ml PBS buffer.Various
amounts (0–400 μl) of NH2-mPEG (50 mg ml−1 in
PBS buffer) were added, and the mixture was stirred at
room temperature for 24 h. After that, 1.0 ml 0.4 M
glycine was added to the mixture to block unreacted
aldehyde groups, and 400 μl 60 mM sodium cyanoborohydride was added to reduce the imide bond to a
stable C–N bond.
2.4.3. PEGylation of SNP-2
The PEGylation of SNP-2 was attempted via the classic
two-step EDC–NHS reaction [33]. Typically, 1.0 ml
10.0 mg ml−1 SNP-2 was centrifuged and redispersed
in pH 6.0 MES buffer, and the particle suspension was
added to20.0 mg EDC and 20.0 mg sNHS. The
mixture was shaken at room temperature for 1.0 h,
followed byquickly washing with MES bufferthree
times and redispersing in 1.0 ml pH 7.4 PBS buffer.
Various amounts (0–400 μl) of NH2-mPEG
(50 mg ml−1 in PBS buffer) wereadded into the
particle suspensionand reacted for 3.0 h at room
temperature.
2.4.4. PEGylation of SNP-3
1.0 ml 10.0 mg ml−1 SNP-3 was washed twice with
PBS buffer containing 2.5 mM TCEP to reduce
disulﬁde bonding, and redispersed in the TCEP
containing buffer. Various amounts (0–400 μl) of
Mal-mPEG (50 mg ml−1 in DMSO) was added in the
particle suspension, and reacted for 24.0 h at room
temperature.
2.4.5. PEGylation of SNP-4
SNP-4 can react either with NH2-mPEG or SH-mPEG
to produce PEGylated SNPs. The reaction conditions
differ only that NH2-mPEG needs to react with epoxy
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groups at higher pH, and SH-mPEG can react
efﬁciently with theepoxy group at neutral pH [33].
Typically, 1.0 ml 10.0 mg ml−1 SNP-4 was redispersed
in an ethanol–buffer mixture (volume ratio
1:1);aNa2CO3 buffer with pH 10.0 was used to couple
NH2-mPEG, and aPBS buffer at pH 8.0 was used for
coupling SH-mPEG. Various amounts (0–500 μl) of
50.0 mg ml−1 NH2-mPEG or SH-mPEG wereadded
to the particle suspension, and the reaction took place
at 50 °C for 20 h.
2.5. Physical adsorption of GFP
After PEGylation, all particles were washed with
pH 7.4 PBS bufferat least ﬁve times and redispersed in
this buffer at a concentration of 10.0 mg ml−1. Typically, 0.5 ml SNPs weremixed with 0.5 ml 20 μM
GFP, and the mixture was incubated at room temperature for 2.0 h with mixing. After incubation, the
particle suspension was centrifuged and washed with
PBS bufferat least ﬁve times. The ﬂuorescence from
the adsorbed GFP on theSNPs was measured using a
Hitachi F7000 ﬂuorescence spectrometer. The
amount of physically adsorbed GFP was calculated
from acalibration curve. The standard calibration
curve was obtained by spiking standard GFP solutions
with completely PEGylated SNPs at a concentration of
10.0 mg ml−1.

3. Results and discussions
In this work, SNPs weresynthesized following the
reverse micelle approach, which has been proven to
produce SNPs with uniform size in the
range10–100 nm. SNPs within this size range are
highly desirable in biological applications. If their size
isbeyond 100 nm, they are too large to be ﬁltered out
by thekidney, while if they areless than 10 nm, they
cannot be recognized by reticuloendothelial systems
for rapid elimination [34]. The synthesized SNP-0 had
an average diameter of 60 nm, and weremonodispersed in aqueous solution, as shown in ﬁgure 1.
Unmodiﬁed bare SNP-0 has long been known to
strongly adsorb proteins and forms astable corona on
its surface [4]. The adsorbed proteins have a strong
interaction with theSNP surface and are difﬁcult to
detach from theSNP surface [35]. The protein
adsorption propertiesof SNPsareusually probed
using proteins such as BSA and HSA [6, 36, 37]. In this
case, SNP wasﬁrstly incubated with these proteins at a
known concentration and astable protein corona was
allowed toform on the particle surface. Then, the particle suspension was centrifuged, and theremaining
free proteins in the supernatant were quantiﬁed using
UV–vis measurements. The amount of adsorbed proteins on SNPs can be calculated by deducing the
remaining free protein in supernatant from theoriginal protein concentration. This method is very simple and easy to operate, but suffers from thepoor
4

Figure 1. Atransmission electron microscopic image of SNP0;the particles are mono-dispersed and have a uniform size
of ∼ 60 nm.

sensitivity of UV–vis measurements. A very low
amount of protein adsorption on SNPs is extremely
difﬁcult tomeasure. In the worst case, a certain
amount of unabsorbed proteins will precipitate along
with particles during centrifugation, which will magnify protein adsorption and lead to systematic error.
In order to improve the sensitivity of the assay and
greatly reduce measurement uncertainty, ﬂuorescent
proteins werechosen to study protein adsorption.
These proteins are rather stable and remained ﬂuorescent even after beingabsorbed on theSNP surface
[38]. This feature allows theadsorbed proteins tobequantiﬁed using ﬂuorescence measurements, and provides an ideal tool for studying protein adsorption
with high sensitivity. Unabsorbed ﬂuorescent proteins
can be easily removed during washing steps, and the
amount of adsorbed ﬂuorescent protein can be quantiﬁed directly via measuring ﬂuorescence intensity.
Because of the high sensitivity of ﬂuorescence measurements, ideally, even trace amount of adsorbed
ﬂuorescent protein can be quantiﬁed. In this work, we
chose GFPas the model protein since it is readily
available with high quality, offers excellent ﬂuorescent
brightness, and is highly stable in aqueous solution
[26]. The amount of adsorbed GFP on theSNPs can
be sensitively and quantitatively measured using GFP
ﬂuorescence, which provides a powerful tool forstudying the surface properties of nanoparticles.
As shown in ﬁgure 2, unmodiﬁed SNP-0 has a very
strong adsorption of GFP. The physically adsorbed
GFP are bound so strongly on the SNPs that ultrasonic
treatment cannot remove them from particle surface.
More importantly, they are still ﬂuorescent under UV
excitation and the green emission can be seen with
thebare eye. The amount of adsorbed GFP on SNPs
was measured and calculated via acalibration curve,
and the concentration of adsorbed GFP on theSNPs
was up to 502±32 nmol protein per gram
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Figure 2. GFP adsorption of PEGylated SNPs produced at different concentrations of mPEG–silane and in various reaction media
(R1: pure ethanol, R2: ethanol–ammonia mixture, R3: ethanol–water blend, R4: ethanol–ammonia–water mixture, R5: ethanol–NaF
blend).

(nmolg−1) of SNP. It has been reported that the formation of protein corona on SNPs will signiﬁcantly
alter the SNP surface properties, change their colloidal
stability, strongly inﬂuence their biological fate, and
may cause severe cytotoxicity [7]. Thus, it is mandatory to prevent protein adsorption on SNPs in most
biological applications, and SNP surface PEGylation
has been proven to be the most efﬁcient approach to
solving the problem. Various methods have been
developed to install PEG polymer on the surface
ofSNPs.
Since SNP-0 possess free –OH groups on their surface, a straightforward strategy for surface PEGylation
is tomake use of mPEG-bearing silane groups (denoted as mPEG–silane). The mPEG–silane can hydrolyzed into mPEG–silanol and condensed with
asurface hydroxyl group to covalently link mPEG on
theparticle surface. The method is very simple and
thereaction takes place at room temperature. However, direct surface PEGylation in the synthetic media
via a one-pot reaction has been proven to be very difﬁcult, since addition of mPEG–silane strongly disturbs
SNP colloidal stability and leads to severe particle
aggregation [39]. Thus, most of surface PEGylation
reactions are conducted in separated steps [40–42].
SNPs are ﬁrstly isolated from synthetic media, and
redispersed in a second reaction media after washing
steps. The mPEG–silanes are then hydrolyzed and
condensed with surface –OH groups on SNPs in the
second reaction media.
The selection of a proper reaction solution is very
important. TheSNPs should be mono-dispersed in
the second reaction media, and colloidally stable during surface PEGylation. The pH of themedia should
be carefully adjusted, since it determines the hydrolysis and condensation rates of mPEG–silane. In this
research, we have selected 5 typical solvents or solvent
5

mixtures that are commonly used for surface PEGylation, these including absolute ethanol [20], ethanol–
ammonia mixture,ethanol–water mixture [19], ethanol–water–ammonia blend [18], and ethanol–NaF
mixture [43]. The reaction efﬁciencies towards surface
PEGylation and surface properties after PEGylation
were systematically investigated. Dynamic light scattering method has been applied to characterize the dispersity of SNPs before and after PEGylation, and
results are summarized in table S1 in supporting
information.
Our ﬁrst attempt is to synthesize PEGylated SNP
directly in pure ethanol. From results shown in
ﬁgure 2, black line R1, it can be seen that the amount of
adsorbed GFP is signiﬁcantly reduced with increasing
amount of mPEG–silane. However, GFP adsorption
remained constant when the concentration of mPEG–
silane was above 2000 μmol g−1 (this unit refers to
μmol of PEGylation reagent per gram of particles),
andtheSNP surface obtainedcannot completely prevent protein adsorption. This may be due to the slow
hydrolysis and condensation rate of mPEG–silane in
pure ethanol, which induces incomplete mPEG coverage or the modiﬁed mPEG on theSNP surface is not
dense enough to completely eliminate GFP adsorption. The addition of 10% (v/v) water in ethanol
media greatly improves PEGylation efﬁciency
(ﬁgure 2, blue line R3), since thecatalytic amount of
water can signiﬁcantly promote hydrolysis and condensation of mPEG–silane [44]. Compared with the
reaction efﬁciency in pure ethanol, addition of the
same amount of mPEG–silane in theethanol–water
mixture produced SNPs with much better PEG coverage. GFP adsorption was completely prevented when
the concentration of mPEG–silane was over
3000 μmol g−1.
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The adjustment of thepH value of thereaction
media gives more promising results (ﬁgure 2, red line
R2). Ammonia was used as abase to catalyze hydrolysis and condensation of mPEG–silane, and its concentration in ethanol was set to 2.8% (v/v). The high
pH of thereaction media signiﬁcantly promotes
hydrolysis and condensation of mPEG–silane, and
greatly improves reaction efﬁciency. The addition of
asmall amount (1000 μmol g−1) of mPEG–silane in
this media produced PEGylated SNPsthatcan completely suppress protein adsorption. However, thefurther addition of water in this ammonia–ethanol
mixture did not improve reaction efﬁciency, which is
unexpected. SNPs produced in this water-containing
media (ﬁgure 2, magenta line R4) still have a strong
adsorption of GFP, although the adsorption of GFP is
greatly reduced compared with that of unmodiﬁed
SNP-0. The addition of anincreasing amount of
mPEG–silane did not improve reaction efﬁciency, and
theproduced particles still have obvious GFP adsorption even when the concentration of mPEG–silane was
up to 4000 μmol g−1. This may be due to the hydration of ammonia in water, which signiﬁcantly increase
the concentration of hydroxide ion, and leads to
increased media pH. Both thehydrolysis and condensation rates of mPEG–silane accelerated, and led to
randomly distributed mPEG groups on theSNP surface, which are not dense enough to completely suppress protein adsorption.
Fluoride ions can catalyze hydrolysis and condensation of silanes, which provides an alternative
approach for surface modiﬁcation [43, 44]. As shown
in ﬁgure 2, green line R5, compared with blue line R3
without NaF, the hydrolysis and condensation rate of
mPEG–silane in anethanol–water mixture containing
6.0 mM NaF was signiﬁcantly improved. The addition
of asmall amount (1000 μmol g−1) of mPEG–silane
in this media produces fully PEGylated SNPs, and protein adsorption was completely avoided. In addition,
NaF catalyzed silane chemistry also works quite well in
aqueous solution, which means thatSNP surface
PEGylation can be simply conducted in mild
conditions.
Another widely used approach for SNP surface
PEGylation is making use of reactions between reactive groups. This approach does not make use of the
free –OH groups on theSNP surface, but take advantages of silane chemistry, which can be used to modify
theSNP surface with reactive groupssuch as amino,
carboxyl, thiol and epoxy groups. The reactive groups
then react with mPEG-bearing consistent reactive
groups to form stable covalent bonds, and subsequently covalently couple mPEG on particle surface.
Among these reactive groups, theamino group is preferred because it is stable, and coupling chemistry can
be simply run in mild conditions. Amino groups can
be easily modiﬁed on the surface of theSNPsby adding amino-terminated silanes directly into the synthetic media [45]. These amino groups can then react
6

with mPEG-bearing amino or active-ester groups to
install mPEG on theSNP surface. For reactions
between amino groups on theSNPs and NH2-mPEG,
glutaraldehyde was used as a linker. The amino-modiﬁed SNP-1 was ﬁrst reacted with glutaraldehyde to
convert the surface amino groups into aldehyde
groups. It should be mentioned here that the amount
of glutaraldehyde should be high enough to prevent
inter-particle linkage. Otherwise, serious aggregation
and precipitation of SNP-1 will be observed. The
excess amount of glutaraldehyde was then removed
during washing steps. The aldehyde modiﬁed SNP was
then incubated with NH2-mPEG in PBS buffer solutionfor 24 h. The reaction between thesurface aldehyde group and theamino group on NH2-mPEG
produces a Schiff base, which was further converted
into astable C–N bond using NaBH3CN as a reducing
reagent. Unreacted surface aldehyde groups were
blocked using glycine. As shown in ﬁgure 3, red line
R6, the addition of 250 μmol g−1 of NH2-mPEG can
produce SNPs with fully covered mPEG, which completely avoids protein adsorption.
The amino groups on the SNP surface can also
react with highly reactive NHS ester. This reaction
takes place in mild conditions, including aqueous
solution. Since NHS-mPEG can also hydrolyze in aqueous solution, it is better to conduct the reaction in
non-aqueous solvents, such as ethanol. In most cases,
anorganic base, such as TEA, was ﬁrst added to maintain a basic environment, which ensures all surface
amino groups are reactive. Then NHS-mPEG was
added in theSNP-1 suspension, and reacts with surface amino groups to conjugate mPEG on theparticle
surface. As shown in ﬁgure 3, black line R7, the reaction is very efﬁcient to produce fully PEGylated SNPs.
The GFP adsorption was completely prevented when
only 250 μmol g−1 of NHS-mPEG was used. If the
reaction takes place in aqueous solution, we observed
that the reaction is also efﬁcient enough that the addition of 250 μmol g−1 of NHS-mPEG can produce fully
PEGylated SNPs. These results prove that the reactions
between amino groups on the SNP surface and the
corresponding reactive groups are efﬁcient enoughto
produce fully PEGylated SNPs in mild conditions.
Similarly, the surface of theSNPs can be functionalized with carboxyl groups using silane bearing carboxyl groups [46]. The silane EDTAPTMS was
selected since it possesses three carboxyl groups in its
molecular structure. More importantly, this silane is
highly negatively charged in aqueous solution, the
addition of EDTAPTMS does not cause a strong perturbation to the colloidal stability of the SNPs. Thus
the surface modiﬁcation of carboxyl groups can be
simply conducted directly in the synthetic media via a
one-pot reaction [46]. Because of theirnegative
charge, the synthesized carboxyl-modiﬁed SNPs
havevery good stability and aremono-dispersed in
aqueous solutions. The three carboxyl groups on each
silane are beneﬁcial to producing SNP-2 with densely-
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Figure 3. GFP adsorption of PEGylated SNPs produced via different coupling chemistry (R6: SNP-1 coupled with NH2-mPEG using
glutaraldehyde as alinker, R7: SNP-1 reacts with NHS-mPEG, R8: SNP-2 activated using EDC and reacts with NH2-mPEG, R9: SNP3 linked with mal-mPEG, R10: SNP-4 coupled with NH2-mPEG, and R11: SNP-4 reacts with SH-mPEG) using various amounts of
mPEG-bearing reagent.

packed reactive groups on their surface. However, the
surface carboxyl groups are not reactive enough to
directly couple with NH2-mPEG unless being converted into reactive esters, or the reaction took place
with the existence of dehydrating reagents. Carbodiimide (such as EDC) is commonly used to promote the
carboxyl-amino coupling reaction [33]. The carboxyl
groups can even be activated into reactive NHS ester
using the two-step EDC–NHS reaction. We tried
bothreactions according to standard protocols [33]
and the result is summarized in ﬁgure 3, green line R8.
We werevery surprised to observe that the surface
PEGylation was not successful. Even worse, GFP
adsorption wasnot prevented, but exhibited even
stronger adsorption,compared with that of SNP-2.
This may be due to the fact that the hydrolysis rate of
NHS ester on theparticle surface is much higher than
that of aminolysis [47]. Most of theactivated ester was
hydrolyzed before reacting with NH2-mPEG. The
increase of NH2-mPEG concentration in solution
does not improve the reaction efﬁciency, and all produced particles present strong adsorption to GFP.
Compared with the carbodiimide-mediated reaction, reaction between thethiol group and themaleimide group is very efﬁcient in aqueous solution. At
neutral pH, the reaction between maleimide and sulfhydryl proceeds at a rate 1000 times greater than its
reaction with amines [33]. The surface of theSNPs
was ﬁrst modiﬁed with thethiol group via a one-pot
reaction. Since thethiol group is not stable in air and
tends to oxidize into disulﬁde bonds in oxygen-containing media, reducing agent TCEP was used to break
thedisulﬁde bonds and convert themback into thefreethiol group. As shown in ﬁgure 3, blue line R9, the
reaction is so efﬁcient that theaddition of only
25 μmol g−1 Mal-mPEG can generate fully PEGylated
7

SNPs, and the adsorption of GFP was completely
eliminated.
Alternatively, theepoxy group is also commonly
used for bioconjugation. Surface modiﬁcation of
epoxy groups need to be conducted in separated steps
since this group is not stable in the SNP-0 synthetic
media. SNP-0 was ﬁrst puriﬁed from synthetic media
and redispersed in ethanol, and then GOPTS was
added in particle suspension. The hydrolysis and condensation of GOPTS was catalyzed by organic base
TEA, and the SNP surface was modiﬁed with epoxy
groups. The surface epoxy groups can react with
mPEG-bearing either amino or thiol groups. The former reaction takes place preferably at high pH (>10),
and the latter can be conducted inphysiological media
with neutral pH [33]. As shown in ﬁgure 3, R10 and
R11, both reactions can successfully produce fully
PEGylated SNPs, but thereaction between thesurface
epoxy group and SH-mPEG is more efﬁcient. Only
135 μmol g−1 of SH-mPEG is needed to produce fully
PEGylated SNPs, but ten times as much NH2-mPEG is
needed(>1350 μmol g−1).
In addition, surface PEGylation of SNPs signiﬁcantly improves particle stability in aqueous solutions, especially in biological solutions with high ionic
strength. Bare SNP-0 is not very stable in aqueous
solution, and tends to aggregate and precipitate when
thesalt concentration is increased to 10 mM. These
precipitated SNPs cannot be redispersed in aqueous
solution. The surface modiﬁcation of reactive groups
makes the situation even worse, and these particles are
very difﬁcult to disperse in aqueous solution. They
form serious aggregation in water and can only be dispersed in anorganic solventsuch as ethanol. The surface PEGylation signiﬁcantly improved particle
dispersity in aqueous solutions. After surface
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PEGylation, they are stable and mono-dispersed for at
least twomonths in 100 mM PBS buffer, as characterized using dynamic light scattering method (data not
shown).

4. Conclusion
In summary, we have developed a very sensitive
method forevaluating the reaction efﬁciency of SNP
surface PEGylation using ﬂuorescent protein. GFP
was used as a model biomolecule to study SNP surface
properties. Our results showed that most of thecurrently used approaches can successfully install adense
mPEG unit on theSNP surface and protein adsorption can be completely prevented. However, great care
should be taken to choose theproper reaction conditions and surface reactive groups. For unmodiﬁed
SNP-0, silanes bearing mPEG can be used for surface
PEGylation, and thepH and water content of thereaction media play a big role. Adding acatalytic
amount of water in organic media can signiﬁcantly
increase thereaction efﬁciency and produce fully
PEGylated SNPs. The addition of concentrated
ammonia in organic media can also greatly improve
reaction efﬁciency. However, the addition both of
ammonia and water in organic media does not further
improve thereaction efﬁciency, which is unexpected,
and theproduced SNPs still have strong protein
adsorption. Therefore, organic reaction media with
acertain amount of basic catalyst is the optimum
condition for PEGylating SNP-0.
Surface reactive groups on SNPs strongly inﬂuence thereaction efﬁciency towards PEGylation. We
werevery surprised to observe that carboxyl-modiﬁed
SNP-2 is very difﬁcult toPEGylate via the carbodiimide-mediated reaction, which is mainly due to themuch higher hydrolysis rate of reactive-ester than that
of aminolysis. Other reactive groups on theSNP surface (such as amino and epoxy) can react with the consistent groups to chemically link themPEG unit on
theSNPs, and the produced PEGylated SNPs can fully
avoid protein adsorption. Among all these reactions,
the most efﬁcient reaction is between thiol-modiﬁed
SNP-3 and mal-mPEG; only 25 μmol g−1 of MalmPEG was needed to produce afully PEGylated surface, and protein adsorption can be completely prevented. Although the reaction efﬁciencies of the other
reactions are signiﬁcantly lower, afully PEGylated
surface can be generated by adjusting the amount of
mPEG-bearing reactants. Thus, for coupling chemistry, reactions between maleimide and thiol, epoxy
and thiol group are the most efﬁcient ways for PEGylating thesilica surface, which are followed by reactions of either two amino groups or amino and
activated carboxyl groups. The results shown here will
give researchersclear guidance onproperly manipulating reaction conditions for producing fully PEGylated SNPs. Most importantly, the method using
8

ﬂuorescent protein to probe thesurface properties
provides a very sensitive approach to evaluating protein adsorption. Both the data and the method will
ensure fully PEGylated SNPs can be produced, and
these particles will have wide applications in biological, medical and chemical ﬁelds.
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