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Abstract
Understanding the interface between DNA and nanomaterials is crucial for rational design and
optimization of biosensors and drug delivery systems. For detection and delivery into cells, where high
concentrations of cellular proteins are present, another layer of complexity is added. In this context, we
employ polyethylene glycol (PEG) as a model polymer to mimic the excluded volume effect of cellular
proteins and test its effect on DNA adsorption and hybridization on gold nanoparticles (AuNPs) and
graphene oxide (GO), both of which show great promise for designing intracellular biosensors and drug
delivery systems. We show that PEG 20,000 (e.g. 4%) accelerates DNA hybridization to
DNAfunctionalized AuNPs by 50-100%, but this enhanced hybridization kinetics has not been observed
with free DNA. Therefore, this rate enhancement is attributed to the surface blocking effect by PEG
instead of the macromolecular crowding effect. On the other hand, DNA adsorption on citrate-capped
AuNP surfaces is impeded even in the presence of a trace level (i.e., parts-per-billion) of PEG, confirming
PEG competes with DNA for surface binding sites. Additional insights have been obtained by studying
the adsorption of a thiolated DNA and a peptide nucleic acid. In these cases, the steric effects of PEG to
impede adsorption are observed. Similar observations have also been made with GO. Therefore, PEG
may be used as an effective blocking agent for both hydrophilic AuNP and for GO that also contains
hydrophobic domains.
This document is the Accepted Manuscript version of a Published Work that appeared in final form in
Langmuir, copyright © American Chemical Society after peer review and technical editing by
publisher. To access the final edited and published work see http://dx.doi.org/10.1021/la302799s
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Introduction
Interfacing DNA with various nanomaterials has produced a diverse range of functional hybrid materials
for numerous applications, including drug delivery,1-3 biosensor development,4-9
bioelectronics,10,11 enzyme immobilization,12,13 and nanotechnology.14,15 DNA carries the functional
roles of molecular recognition and can also act as an antisense agent.1,16 Gold nanoparticles (AuNPs) and
graphene oxide (GO) are two representative nanomaterials for interacting with DNA. They are similar in
the sense that both effectively adsorb single-stranded (ss) DNA.17-21 At the same time, both
possess strong fluorescence quenching ability and good thermal and electric conductivity.22,23 Despite
these similarities, their surface properties are quite different. AuNPs are hydrophilic while GO is planar
with hydrophobic carbon-rich domains.24
Two methods have been used to interface DNA with AuNPs or GO. For covalent attachment, a
thiolated DNA strongly adsorbs onto AuNPs via the thiol-Au chemistry and amino-modified DNA can
form an amide bond with the carboxyl on GO.23,25 For the other approach, ss-DNA is tightly adsorbed
onto both nanomaterials,18-21 where AuNPs adsorb DNA bases via strong chemical bonding interactions
while GO adsorbs DNA via aromatic stacking and hydrophobic interactions.17 Such adsorption has also
been used in biosensor development,18-21,26-33 PCR optimization,34 and materials
synthesis.35,36
A recent research direction is to use these hybrid materials for cellular and in vivo systems. For
example, both mRNA and metabolites have been detected using DNA-functionalized AuNPs and GO.3740

Since the environment inside a cell is very different from common buffer solutions, biosensors

optimized in buffer may not work optimally in cells. While pH, temperature and ionic strength can be
made to be comparable, effects caused by biomacromolecules are often neglected. For example, proteins
and nucleic acids occupy 20-40% of a live cell’s volume, resulting in the following two effects. First,
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these biopolymers might compete for surface binding sites, thus blocking the interaction between
immobilized DNA and the surface. Second, they may create a macromolecularly crowded environment,
affecting the thermodynamics of reactions producing an excluded volume change such as DNA
hybridization.41,42
To further develop biosensors for intracellular assays, experiments need to be carried out in the
presence of model polymers to simulate the cellular environment. Polyethylene glycol (PEG) is a
commonly used artificial crowding agent; many biochemical reactions including protein folding and
DNA melting are strongly affected by PEG.42-44 It needs to be pointed out that PEG is used mainly to
mimic only the excluded volume effect of proteins and not their chemical properties. Most previous work
on the DNA/PEG interaction has measured the melting transition of free DNA and related thermodynamic
properties. We recently reported that the associated nanoparticles could further influence DNA stability.
For example, PEG was able to increase the melting temperature (Tm) of DNAfunctionalized AuNPs much
more than that of free DNA, which was attributed to a larger excluded volume change brought by
AuNPs.45 However, the kinetic aspect of DNA hybridization and adsorption onto nanomaterials has not
been systematically evaluated in the presence of PEG. Compared to thermodynamic properties, kinetic
studies are more directly related to biosensor signal generation. In this work, we investigate DNA
adsorption kinetics onto both unmodified and DNA-functionalized AuNPs and GO, revealing that PEG
slightly increases the rate of DNA hybridization. In addition, PEG is adsorbed by unmodified AuNP and
GO, impeding DNA adsorption, suggesting that PEG can be potentially used as a surface blocking agent.

Materials and Methods
Chemicals. All the DNA samples were purchased from Integrated DNA Technologies (Coralville, IA)
and were purified by standard desalting. Thiolated DNA was first activated using 4×TCEP at pH 5 acetate
buffer (50 mM) for 1 h. The peptide nucleic acid (PNA) sample was purchased from Biosynthesis Inc.
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(Lewisville, TX) and dissolved in 0.1% trifluoroacetic acid. HAuCl4 and tris(2carboxyethyl)phosphine
(TCEP) were from Sigma-Aldrich. AuNPs (13 nm) were synthesized based on the standard citrate
reduction procedures and its concentration was estimated to be ~10 nM.46 Thiolated DNA (Thiol-DNA,
see Table 1) functionalized AuNPs were prepared based on the established salt aging protocol. 46 All the
unmodified PEG samples were purchased from VWR. FAM-labeled PEG 10,000 was purchased from
Nanocs Inc. (New York, NY). GO was purchased from Advanced Chemical Suppliers (Medford, MA).
Sodium citrate, sodium chloride, and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonate (HEPES) were
purchased from Mandel Scientific (Guelph, ON). MilliQ water was used for all experiments.
Covalent functionalization of GO with fluorescent ssDNA. The conjugation reaction was carried out
for 3 h at room temperature under magnetic stirring in a glass vial with a final volume of 500 μL
containing 100 μg/mL GO, 2 μM amino-modified probe DNA (FAM-DNA-NH2), 10 mM EDC HCl
(freshly prepared), 25 mM NaCl and 25 mM MES (pH 6.0). The GO-DNA complex was washed
extensively to remove non-covalently attached DNA as detailed in a previous publication.47 Finally the
complex was dispersed in buffer (25 mM HEPES buffer, pH 7.6, 150 mM NaCl, 1 mM MgCl2) and stored
at 4 °C with a final GO concentration of 100 μg/mL.
DNA hybridization to AuNPs and GO. DNA hybridization kinetics was studied by reacting
3 FAMDNA with AuNPs functionalized by Thiol-DNA. The fluorescence decay accompanying
hybridization was monitored using a plate reader (Tecan Infinite F200Pro, Ex: 485 nm; Em: 535 nm).
After monitoring the fluorescence of 90 µL of 10 nM 3’FAM-DNA with a certain amount of PEG in
buffer (150 mM NaCl, 20 mM HEPES, pH7.6) for 1-2 min, 10 µL of Thiol-DNA functionalized AuNPs
(10 nM) were quickly added and mixed in each well, followed by kinetic monitoring. The fluorescence
decay rate was fit to pseudo first order reaction model. The hybridization kinetics on GO was monitored
in a similar way, where added DNA (24-mer cDNA) was not fluorescent but GO was covalently
functionalized with FAM-DNA-NH2. Therefore, this hybridization was indicated by the increase of the
4

fluorescence signal because the formation of duplex DNA could position the FAM away from the GO
surface. In this experiment, the 2-min baseline was first obtained by measuring the fluorescence of the
GO-DNA complex (5 µg/mL GO) dissolved in buffer (150 mM NaCl, 20 mM HEPES, pH7.6) with 2%
PEG 400. Following the addition of 20 nM 24-mer cDNA, a kinetic measurement was performed.
Free DNA hybridization. The hybridization kinetics of free DNA (not associated with nanomaterials)
in the presence of PEG was performed in a 100 µL volume containing 10 mM HEPES buffer (pH 7.6),
150 mM NaCl and 10 nM FAM-DNA. 20 nM Quencher-DNA was added in the absence or presence of
different PEGs at room temperature. The fluorescence decrease over time was recorded by the plate
reader.
DNA, thiolated DNA and PNA adsorption. The procedure of DNA and PNA adsorption experiment
was similar to the hybridization experiment, except that AuNPs and GO were not functionalized with
covalently attached DNA. Specifically, in the 96-well plate, the adsorption kinetics was obtained by
measuring the fluorescence quenching after mixing 1 nM AuNP with 10 nM 5’FAM-DNA or FAMDNASH in buffer (60 mM NaCl, 5 mM HEPES, pH 7.6) containing PEGs of various MWs. Similarly, the
adsorption kinetics of PNA (7 nM) onto AuNPs (1 nM) or 5’FAM-DNA (10 nM) onto GO (2 µg/mL)
were monitored with the plate reader.
PEG adsorption and displacement. The FAM-labeled PEG 10,000 was dissolved in 90 µL of 5 mM
HEPES buffer (pH 7.6) with a final concentration of 4 nM (0.04 ppm) for baseline measurement.
Afterwards, 10 µL of 10 nM AuNPs were added with a final concentration of 1 nM to initiate the PEG
adsorption with quenched fluorescence. To study displacement, the FAM-PEG 10,000/AuNP complex
was purified by centrifugation and rinsed with 5 mM HEPES buffer for four times to remove the free
FAM-PEG. Then 100 nM PEG with different MWs were added into each well to study the displacement
of the adsorbed FAM-PEG by non-labeled PEGs.
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Table 1. DNA and PNA sequences and modifications used in this work.

Name

Sequence and modifications (from 5’ to 3’)

5’FAM-DNA

FAM-CACTGACCTGGG

FAM-DNA-SH

FAM-ATGCGGAGGAAGGTTTT-SH

FAM-PNA

FAM-CACTGACCTGGG

Thiol-DNA

TCACAGATGCGTAAAAAAAAA-SH

3’FAM-DNA

ACGCATCTGTGA-FAM

FAM-DNA

TCACAGATGCGT-FAM

Quencher-DNA

Iowa Black FQ-ACGCATCTGTGA

FAM-DNA-NH2

FAM-ACGCATCTGTGAAGAGAACCTGGG-NH2

24-mer cDNA

CCCAGGTTCTCTTCACAGATGCGT

Results and Discussion
Effect of PEG on DNA hybridization. We first measured the DNA hybridization kinetics with
DNAfunctionalized AuNPs (Figure 1A). The 3 FAM-DNA (FAM=6-carboxyfluorescein, see Table 1
for DNA sequence) was respectively dissolved in buffers containing 4% (w/w) PEG with MWs ranging
from 400 to 20,000 (4% PEG 400 = 100 mM; 4% PEG 20,000 = 2 mM). Hybridization was induced by
adding a small volume of Thiol-DNA-functionalized AuNPs to give a final AuNP concentration of 1 nM.
Since AuNPs can quench fluorescence, DNA hybridization was monitored by the decrease of
fluorescence signal. The sample without PEG showed a fluorescence decay rate of 0.11 min -1 (Figure
2A, black line). The hybridization kinetics was slightly faster in all tested PEGs with rates ranging from
0.14 to 0.20 min-1.
6

Figure 1. Schematic presentation of experiment design. (A) Hybridization of a FAM-labeled DNA with
a DNA-functionalized AuNP is faster in PEG. (B) The kinetics of free DNA hybridization is not affected
by PEG. Adsorption of DNA (C), thiol-modified DNA (D) and PNA (E) onto citrate-capped AuNPs is
slower in PEG. In all the systems, fluorescence decreases upon adsorption. The potential energy diagrams
for the adsorption reaction in the presence or absence of PEG are also shown. (F)
Schematics on the effect of PEG. The left half represents a bare AuNP with adsorbed PEG, blocking
DNA adsorption. In the right half, PEG adsorption reduces the interaction between DNA and AuNP
surface, leading to faster hybridization with cDNA.

For comparison, we studied free DNA hybridization using Quencher-DNA and FAM-DNA
(Figure 1B). Interestingly, all the fluorescence decay curves overlapped (Figure 2B) with a decay rate of
0.63 min-1, consistent with the report by Schoen et al. on molecular beacon hybridization in PEG.48 Based
on this observation, we reason that the macromolecular crowding effect might not be important on DNA
hybridization kinetics since the excluded volume change should be similar in the presence and absence
of AuNPs. Instead, we propose that PEG might block non-specific DNA/AuNP interactions and thus
accelerate DNA hybridization.

7

Figure 2. Kinetics of FAM-labeled DNA hybridization with DNA-functionalized AuNPs (A) or with
Iowa Black FQ-labeled Quencher-DNA (B) in 4% PEG of different MWs. The buffer contained 150 mM
NaCl, 5 mM HEPES, pH 7.6. AuNPs or Quencher-DNA was added after monitoring the baseline
fluorescence for a few minutes.

Effect of PEG on DNA adsorption. Our AuNPs were capped by weakly adsorbed citrate that can be
readily displaced by other molecules such as thiolated and even non-thiolated DNA.21 We and others
have studied this adsorption reaction in detail and have identified the important role of salt and pH.21,4951

We also reported that thiolated DNA can be attached to AuNPs in PEG51, but the effect of PEG on

non-thiolated DNA adsorption has not yet been investigated. In this study, mixing 1 nM citrate-capped
AuNPs with 10 nM 5’FAM-DNA resulted in an exponential decay of fluorescence with a rate of 0.94
min-1 in 60 mM NaCl (Figure 3A, black curve). Higher salt concentrations were not tested to avoid AuNP
aggregation. The adsorption kinetics in the presence of very dilute PEG (0.02%) was also measured. PEG
200 showed no effect on the adsorption kinetics but higher MW PEGs started to impede DNA adsorption.
With PEG 1000 and above, the fluorescence barely changed in the 15 min monitored, where the initial
fluorescence drop right after AuNP addition was mainly due to light extinction by AuNPs (e.g. inner
filter effect). More concentrated PEG solutions (e.g. 5% PEG 20,000) also completely inhibited DNA
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adsorption (data not shown). It needs to be pointed out that thiolated DNA can still be adsorbed even in
the presence of PEG.51

Figure 3. Adsorption onto citrate-capped AuNPs. (A) FAM-labeled DNA adsorption kinetics as a
function of PEG MW (PEG concentration = 200 ppm, or 10 μM for PEG 20,000 and 1 mM for PEG
200). PEG was mixed with AuNPs before the DNA was added. (B) Adsorption kinetics as a function of
PEG 20,000 concentration. 1 ppm PEG 20,000 = 50 nM. (C) Displacement study: 5’FAM-DNA was
mixed with AuNPs first and PEG 20,000 was added at the time point designated by the arrow. (D)
Adsorption of FAM-DNA-SH by AuNPs with PEG 20,000 (200 ppm). FAM-labeled PNA adsorption as
a function of PEG MW using 200 ppm PEG (E) and as a function of PEG 20,000 concentration (F).

This study indicates that PEG can block AuNP surface for non-thiolated DNA adsorption in a
PEG MW-dependent manner. Since the experiment was carried out using the same w/w PEG
concentration, the low MW PEGs had higher molar concentrations. Therefore, the stronger blocking
9

effect of higher MW PEGs can only be explained by their higher affinity to AuNPs. Binding between
PEG and the gold surface has been proposed to be through the ether oxygen.52,53 Although each monomer
unit might only bind weakly, a high affinity can still be achieved by polyvalent interactions. Next we
tested the effect of PEG concentration (Figure 3B). With 1 nM AuNPs, the blocking effect started to
occur with 25 ppb (1.25 nM) of PEG 20,000 and complete inhibition was achieved with ~0.5 ppm (25
nM). We previously measured the adsorption isotherm of FAM-labeled PEG 10,000 onto AuNPs, where
comparable results were obtained.51 The hydrodynamic radius of PEG 20,000 is ~ 5 nm. Based on
geometric calculation, each 13 nm AuNP can adsorb ~20 PEG 20,000 molecules. Therefore, the binding
affinity between high MW PEG and AuNPs is high, approaching quantitative adsorption.
Based on the impeded and even complete inhibited DNA adsorption by high MW PEGs, we next
tested whether PEG can displace adsorbed DNA. AuNPs and 5’FAM-DNA were first incubated for ~1 h
and then various concentrations of PEG 20,000 were added (Figure 3C). Little change in fluorescence
intensity was observed, suggesting that PEG cannot displace adsorbed DNA. Therefore, both PEG and
DNA might be adsorbed with a high affinity; the displacement of either one needs to overcome a high
activation energy barrier.
Effect of salt concentration. Since both DNA and AuNPs are negatively charged, DNA adsorption needs
to overcome an electrostatic energy barrier that can be reduced by adding salt.50 With adsorbed PEG,
DNA adsorption needs to overcome an additional steric barrier. With large PEGs, the range of this steric
barrier might overlap with the long-ranged electrostatic barrier to produce a much higher overall barrier,
which may explain PEG’s blocking effect. A potential energy diagram on the effect of
PEG is shown in Figure 1C. With a high concentration of high MW PEG (e.g >2% PEG 20,000), a new
AuNP stabilization mechanism based on depletion force arises,51 allowing AuNPs to be stably dispersed
in extremely high concentration of salt. With 1 M NaCl, we obtained an adsorption capacity of 69 ± 5
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5 FAM-DNA per AuNP after 2 h incubation in the presence of 4% PEG 20,000. High salt significantly
reduces electrostatic repulsion and only the steric barrier by PEG needs to be conquered.
This indicates that the adsorption affinity for DNA is higher than that for PEG since non-thiolated DNA
can still chemisorb onto AuNPs via DNA bases.17

Adsorption of thiolated DNA. To gain further insights into the effect of PEG, adsorption of a thiol and
FAM dual-modified DNA (FAM-DNA-SH) was tested (Figure 1D). For a fair comparison, the
NaCl concentration was still 60 mM in this experiment. The adsorption kinetic traces are shown in
Figure 3D, where the overall pattern was similar to that of the non-thiolated DNA. In the absence of
PEG, the adsorption was the fastest (rate = ~3.0 min-1). Retarded DNA adsorption was observed in a PEG
MW dependent manner, but no complete inhibition was observed. The rate of adsorption was only ~0.06
min-1 for PEG 2000 and higher, a drop of ~50-fold. This experiment indicated that DNA was able to
overcome both the electrostatic and steric barriers and approach the AuNP surface even with just 60 mM
NaCl. Without the thiol group, however, the DNA was likely to bounce back before it could be stably
adsorbed. With the thiol group, such collisions might result in stable adsorption. Therefore, thiolmodified
DNA has a higher sticking coefficient. Since the electrostatic repulsion is likely to be similar in the
presence or absence of PEG, this 50-fold decrease is attributed to the steric effect caused by PEG. Since
the molar concentration of PEG 20,000 is ten times lower than that of PEG 2000, although the former
binds more strongly, it has a lower molar concentration, leading to similar inhibition effects. The lower
MW PEGs do not bind to AuNPs strongly, showing little inhibition effect. The hydrodynamic diameter
of PEG 2000 is ~2.5 nm, and electrostatic repulsion is also taking place in this region (e.g. Debye length
= ~1.3 nm with 60 mM Na+) so that the two barriers can overlap (Figure 1C). PNA adsorption. To
further understand this impeded DNA adsorption, we tested a non-charged DNA analog, peptide nucleic
acid (PNA) (Figure 1E). There should be no electrostatic repulsion between PNA and AuNPs. Indeed,
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PNA adsorption was quite fast and fluorescence was stable after ~3 min in the absence of PEG (Figure
3E). Although PEG also impeded PNA adsorption in a MW dependent manner, the rate was still quite
fast for all the samples. Next we tested the effect of PEG concentration (Figure 3F) and fast adsorption
still occurred even in 1% PEG 20,000, suggesting that PNA could displace adsorbed PEG. The rate of
PNA adsorption in the absence of PEG was 2.2 min-1 and in the presence of PEG 20,000 was 0.31
min-1. This difference was only ~7 fold. For comparison, unmodified DNA was almost completely
inhibited and thiolated DNA was ~50-fold slower. Therefore, the steric effect caused by PEG was more
pronounced when the electrostatic barrier was high.
Based on these results, we plotted the potential energy diagram for the DNA/PNA adsorption
(Figure 1C-E). For DNA adsorption, PEG creates an additional steric energy barrier that overlaps with
the electrostatic barrier, leading to high adsorption activation energy. The attractive force for DNA
adsorption is from DNA base chemisorption with AuNP surface,17 which is short-ranged and can take
place only near the AuNP surface. In water, hydrophobic DNA bases are likely to be shielded. Even some
high energy DNAs could cross the barriers, but if the DNA cannot expose its base to form a stable
adsorption conformation, it will be bounced back. For thiolated DNA, although the activation energy
barrier is similarly high, it has much higher adsorption energy. Once close to the surface, the chance for
adsorption is higher. Finally, although the energy barrier for PNA is increased by PEG, its absolute value
is still small for the lack of electrostatic contribution.
PEG adsorption and displacement. The adsorption of PEG by planar gold, platinum and other metal
surfaces has been carried out using electrochemistry since PEG is a commonly used polymer additive in
electrolytic baths.52 Our results indicate that PEG is also effectively adsorbed by AuNPs. To provide
direct evidence for this adsorption we employed FAM-labeled PEG 10,000, which was indeed quickly
adsorbed by AuNPs (Figure 4A). To further understand PEG adsorption, after adsorbing FAM-labeled
PEG 10,000 onto AuNPs, 100 nM of non-labeled PEG was added (Figure 4B). Fluorescence increase
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indicative of displacement was observed only when PEG MW was greater than 8000. Therefore, PEG
adsorption is stronger with longer chains, consistent with the previous DNA adsorption experiment.
PEG cannot be displaced by DNA (Figure 3C), but can be displaced by PEG, suggesting the latter
displacement reaction has a lower activation energy, which is presumably due to the neutral charge
property of PEG.

Figure 4. (A) Adsorption kinetics of FAM-labeled PEG 10,000 by AuNPs (added at 1 min). (B)
Displacement of adsorbed FAM-labeled PEG 10,000 by non-labeled PEGs.

DNA adsorption onto GO. For DNA adsorption, graphene oxide (GO) shares many similar properties
with AuNPs. Both have negatively charged surface, are excellent fluorescence quenchers, and selectively
adsorb ss-DNA over ds-DNA.17 The major difference may be that AuNPs are hydrophilic but GO
contains hydrophobic carbon domains. First, we tested the adsorption of FAM-labeled PEG 10,000 by
GO (Figure 5A). The fluorescence was immediately quenched upon mixing, suggesting PEG adsorption.
This adsorbed PEG can be displaced by other PEGs (Figure 5B), which is also similar to that observed
for AuNPs. The kinetics of exchange was faster than that in AuNPs, suggesting that the
PEG adsorption and desorption activation energy barriers might be smaller with GO than with AuNPs.
Next, the effect of PEG on DNA adsorption was probed by adding 5’FAM-DNA to GO in the presence
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of 1 μM PEG 8000 (Figure 5C). While PEG significantly reduced the rate of DNA adsorption, complete
inhibition was not observed. Next we covalently attached amino and FAM dual-labeled DNA
(FAM-DNA-NH2) to GO using EDC as the coupling agent and monitored the hybridization kinetics with
24-mer cDNA (Figure 5D). The hybridization positioned the FAM away from the surface (but still
covalently linked) to increase fluorescence. The rate of hybridization was indeed faster in the presence
of PEG, similar to the case of AuNPs.

Figure 5. (A) Adsorption of FAM-labeled PEG 10,000 by GO. GO was added at 1 min. (B) Displacement
of FAM-labeled PEG 10,000 by non-fluorescent PEG 8000. PEG 8000 was added at 6.5 min. (C)
Adsorption of 5’FAM-DNA by GO in the presence or absence of PEG. (D) Reaction of 24mer cDNA
with GO containing covalently link FAM-DNA-NH2. (E) Fluorescence of the FAM-labeled PEG 10,000
mixed with AuNPs or GO as a function of temperature. (F) Temperature-dependent fluorescence of free
FAM-labeled PEG 10,000.

Thermal desorption. To further understand PEG adsorption, we performed thermal desorption
experiments. FAM-labeled PEG 10,000 was respectively adsorbed by AuNPs and GO. The samples were
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then loaded into a real time PCR thermocycler and temperature-dependent fluorescence was monitored
(Figure 5E). GO only showed fluorescence quenching at a rate similar to that for the free PEG (Figure
5F), indicating little desorption occurred up to 95 °C. For the PEG adsorbed on AuNPs, however,
desorption was observed above 70 °C. The fact that thermal desorption did not occur on GO may suggest
that PEG is adsorbed via the hydrophobic methylene groups on GO. Hydrophobic interactions are
stronger at higher temperature due to the breaking of hydrogen bonds. A good example is the lower
critical solution temperature (LCST) of polymer, above which polymers start to phase separate with
water. The LCST is greater than 100 °C for PEG 10,000.54 Therefore in the temperature range we tested,
PEG was still fully dissolved in water. Our experiment reflects that at high temperature, PEG is more
stable to be adsorbed by graphene rather than exposed to water.

Conclusions
PEG is a very useful polymer in biomedical science. It has been attached onto many nanomaterials to
achieve an anti-fouling effect. Early and well-established examples include liposome and polymer
nanoparticles. Recently, gold, graphene oxide, magnetic nanoparticles, quantum dots, and silica have all
been capped by PEG.55 The interaction between PEG and the surfaces are usually ignored and PEGs are
pictured as a globular polymer staying on top of the particle surface. We show here that the interaction
of PEG especially high MW PEGs with inorganic surfaces can be quite strong. This work has implications
and applications in the following aspects. 1) Nucleic acids can be used as a probe for surface science. We
first noticed the effect of PEG adsorption by AuNPs when performing the DNA adsorption experiment.
To fully understand this observation, we tested thiol-modified DNA and PNA to compare the effect of
adsorption strength and charge. With the advanced DNA synthesis technology, the property of DNA can
be precisely controlled so that they can interact with various surfaces. In this regard, DNA was used as a
probe to understand surface science. 2) Implications for drug delivery. Currently, DNA-functionalized
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nanomaterials have emerged as a new platform for drug delivery, and the role of DNA ranges from a
targeting ligand (e.g. cancer targeting aptamer), a detection probe (e.g. signaling aptamers and mRNA
probes), to an antisense agent. To increase the in vivo circulation time, PEG is often added. Our study
suggests that due to a lack of electrostatic repulsion thiolated PEG is likely to adsorb faster than thiolated
DNA if they mix with AuNPs together. To achieve good control on the ratio between PEG and DNA,
their ratio and the order of addition need to be carefully adjusted. 3) For analytical applications, since
PEG can bind to both hydrophilic and hydrophobic surfaces, it can be used as a cost-effective and
chemically inert blocking agent. DNA surface hybridization was slightly faster on both AuNP and GO
surfaces. Compared to bovine serum albumin (BSA), a commonly used blocking agent, the property of
PEG can be easily controlled by adjusting its MW. Most previous use of PEG as a blocking agent involves
covalent PEG attachment. We show that adding PEG in a way similar to BSA could also be effective in
blocking non-specific DNA binding interactions. Figure 1F summarizes the effect of PEG on DNA
adsorption and hybridization. 4) DNA hybridization inside a cell. One of the main motivations of the
work is to understand DNA hybridization kinetics in cellular environment, where concentrated proteins
and nucleic acids create a crowding environment. Our work showed that using PEG as a model polymer,
the free DNA hybridization kinetics was not affected. Moderate acceleration was observed for DNA
probes attached to AuNPs and GO, which was attributed to the blocking effect of PEG to reduce nonspecific probe/surface interactions. We can conclude that the macromolecular crowding effect alone does
not contribute much to DNA hybridization kinetics.
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