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ABSTRACT: Many homogeneous assays are complicated by the adsorption of
probe molecules by the surface of reaction vessels, which are often made of
polypropylene or polystyrene-based plastics. To solve this problem, many protein
and surfactant-based blocking agents are used. However, these blockers may
interfere with intended assays by sequestering transition-metal ions, inducing
protein denaturing, generating air bubbles or making pores in membranes. Coating
surfaces with polyethylene glycol (PEG) through covalent linkages has been proven
to be an effective method to minimize protein adsorption. However, this method is more difficult to apply on plastic surfaces and
is quite expensive. While unmodified PEG is often considered as a nonadsorbing polymer, in this Technical Note, we report that
PEG at very low concentration (ppm level) can still effectively block plastic surfaces. This method works for DNA, protein, and
liposome-based assays as long as the molecular weight of PEG is greater than 2000. PEG works because of multivalent
hydrophobic interaction from its repeating methylene units. This Technical Note will not only facilitate biosensor development,
but also enhance our understanding of the interaction between various molecules and plastic surfaces.

Two assay formats are commonly used for biosensor
development. One is to immobilize enzymes, antibodies,

or DNA probes on a surface (Figure 1A).1,2 Examples of such

include enzyme electrodes, immunoassays, and DNA micro-
arrays. To obtain an optimal performance, nonspecific
interactions with the surface must be minimized, which is
sometimes achieved by blocking agents (e.g., bovine serum
albumin (BSA) for nitrocellulose; mercaptohexanol or thiolated
polyethylene glycol (PEG) for gold surface, Figure 1B).3,4 In
the other assay format (i.e., homogeneous assay), all the
reagents are mixed in a vessel and reactions are intended to take

place only in the solution phase.5−11 Hydrophobic plastics such
as polystyrene and polypropylene are the most common
container materials for making disposable microplates and
microtubes. The interaction between biomolecules and surfaces
in homogeneous assays is often ignored. However, biomole-
cules may still be adsorbed by these surfaces (Figure 1C). This
may not significantly affect assay results at high biomolecular
concentration. At low concentration (e.g., ∼10−50 nM,
monolayer capacity), however, a large fraction of molecules
might be adsorbed by the container surface, producing false or
inconsistent results. This concentration range is now routinely
used, due in part to analytical instruments becoming more and
more sensitive. Therefore, surface adsorption seems to be an
increasingly important problem.
To block unintended adsorption, BSA and surfactants are

often employed. These molecules can effectively coat hydro-
phobic surfaces and expose hydrophilic head groups or protein
domains.12 However, they may interfere with assays, because of
their complex chemical structures.13,14 For example, protein-
based blockers compete for transition-metal co-factors,
complicate aptamer selections, and are expensive. Surfactants,
on the other hand, are quite toxic and may cause membrane
leakage or protein denaturation. Generation of air bubbles is
another adverse effect of these blocking agents.
PEG is an important antifouling polymer to prevent protein

adsorption,15−17 although PEG has also been reported to form
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Figure 1. Schematics of biomolecules interacting with surfaces and the
effect of blocking agents. (A) Biomolecular probes immobilized on the
surface may denature due to nonspecific interactions with the surface.
(B) Blocking the surface with molecules such as PEG via a covalent
linkage can minimize nonspecific surface interaction. (C) For reactions
in solution phase (homogeneous assays), the container surface might
also adsorb biomolecules, which can be avoided by blocking the
surface with modified PEG as shown in panel (D). (E) The strategy in
the current work of using unmodified PEG for blocking surfaces.
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complexes with certain proteins.18 For this purpose, PEG is
often covalently grafted onto a surface (Figure 1D) via thiol,19

polyamine,20 poly(acrylic acid),21 polylactide,22 dihydroxyl,23 or
streptavidin linkages.24 Unmodified PEG has the advantage of
being cost-effective and easy to use, but it is underexplored as a
surface blocker.25,26 We recently reported the use of PEG as a
stabilizer for nanoparticles,27−29 and PEG is also a commonly
used artificial crowding agent.30−32 With the common
perception that PEG is an antifouling molecule, unmodified
PEG seems to be a poor blocker. In this Technical Note, we
report that very diluted and unmodified PEGs can effectively
block plastic surfaces for homogeneous assays involving DNAs,
proteins, or lipids (Figure 1E).

■ MATERIALS AND METHODS

Chemicals. All the DNA samples were from Integrated
DNA Technologies, Inc. (Coralville, IA). All the phospholipids
were from Avanti Polar Lipids (Alabaster, AL). All the PEG
samples, low binding half volume black 96-well plates made of
polystyrene, and polypropylene microcentrifuge tubes were
from VWR. VIM-2 were overexpressed and purified following
the literature procedures.33 BSA, Triton X-100, and disodium
calcein were obtained from Sigma−Aldrich. Nitrocefin was
from TOKU-E (Bellingham, WA). FAM-labeled PEG 10K was
from Nanoce, Inc. (Boston, MA). All the salts and buffers were
from Mandel Scientific, Inc. (Guelph, ON, Canada).
DNA-Related Experiments. Unless otherwise noted, the

96-well plate was first carefully washed with ethanol and
deionized (DI) water and dried. In a typical experiment, 1 μL of
1 μM FAM-labeled DNA was added into 99 μL of HEPES
buffer (5 mM, pH 7.6) containing various concentrations of
NaCl (0, 50 mM, 100 mM, and 500 mM). The fluorescence
then was scanned for 3 h on a microplate reader by exciting at
485 nm (Infinite F200 Pro, Tecan). The same experiment was
then repeated by including a designated concentration of PEG
in the buffer before the DNA was added (10 min preincubation
time). To study the effect of PEG molecular weight (MW) and
concentration, 100 mM NaCl was used and the DNA was
FAM-T15.

VIM-2 Assays. In a typical assay, VIM-2 stock solution was
prepared at 10 μg/mL concentration in 50 mM HEPES buffer
(pH 7.6) in the presence of various blocking agents (BSA,
Triton X-100, or PEG). The samples were allowed to sit in
microcentrifuge tubes for a designated period of time to allow
adsorption by the tube wall before the assay. The final VIM-2
concentration was 12.5 ng/mL in the microplate for nitrocefin
assay (nitrocefin = 100 μM). The final reaction buffer was 50
mM HEPES (pH 7.6) with 100 μM ZnCl2.

Liposome-Related Assays. 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-
(1′-rac-glycerol), sodium salt (DOPG) and 1,2-dioleoyl-3-
trimethyl ammonium-propane (DOTAP) liposomes with 1%
rhodamine (Rh)-DOPE (1,2-dioleoyl-sn-Glycero-3-phosphoe-
thanolamine) was prepared by the standard extrusion method
through 100 nm pore described previously.34 The final
liposome concentration was 2.5 μg/mL dispersed in buffer
(100 mM NaCl, 10 mM HEPES, pH 7.6) in the 96-well plate.
The fluorescence was excited at 532 nm using the microplate
reader. The preparation of calcein-encapsulated DOPC lip-
osomes followed previously published protocols, and the
liposomes were purified using a Pd-10 desalt column.35 The
eluted liposome was diluted 500 times in the buffer and
transferred to the plate. For some experiments, we intentionally
used a new plate (unwashed) to keep the original surfactants to
show the liposome leakage effect. After 1 h, a final of 0.05%
Triton X-100 was added to fully rupture the liposomes.

PEG Adsorption. FAM-labeled PEG 10K was used to study
PEG adsorption. Various concentrations of PEG 10K were
added to 5 mM HEPES buffer with a final volume of 100 μL
(final [PEG] = 10, 20, 50, 100, and 200 nM). The fluorescence
was monitored for 1 h.

■ RESULTS AND DISCUSSION

DNA Assays. Nucleic acids, proteins, and lipids are among
the most commonly used molecules for biosensor develop-
ment. Herein, we study representative molecules from each
class. First, FAM-labeled 15-mer DNA homopolymers (10 nM)
were added to a disposable 96-well plate in the presence of

Figure 2. Variation of fluorescence signals of FAM-labeled 15-mer DNA in a 96-well plate with different concentrations of NaCl and DNA
sequences: (A) FAM-A15, (B) FAM-T15, (C) FAM-C15, and (D) FAM-G15. The same experiments were performed with 0.5% of PEG 20K: (E)
FAM-A15, (F) FAM-T15, (G) FAM-C15, and (H) FAM-G15.
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various NaCl concentrations. The stability of fluorescence
signal was monitored for 3 h. FAM-A15 has stable fluorescence
with up to 100 mM NaCl, while ∼60% fluorescence is lost with
500 mM NaCl (Figure 2A). FAM-T15 yields very unstable
signals; even 50 mM NaCl results in ∼80% loss (Figure 2B).
The initial fluorescence of FAM-C15 increases as the salt
concentration increases, but drastic quenching occurs with
more than 50 mM NaCl (Figure 2C). FAM-G15 gives the most
stable fluorescence, where fluorescence drops only ∼20% with
500 mM NaCl (Figure 2D). In general, adding NaCl appears to
push the DNAs toward the surface and mask fluorescence
signal. Note that the fluorescence was quite stable for all the
samples in the absence of salt. NaCl also affects the initial
fluorescence intensity of DNA, which is attributed to

fluorescence quenching by the bases and DNA changes
conformations as a function of salt concentration.36 The lack
of a stable fluorescence makes it difficult to perform related
assays. This set of experiments indicates that the polystyrene
surface is likely to be negatively charged, and NaCl screens the
electrostatic repulsion with negatively charged DNA. While
poly-T DNA adsorption is often very weak (e.g., on gold or
graphene oxide), its fast adsorption onto the plastic surface may
be attributed to the lack of internal structures and the bases are
exposed to interact with the plastic surface. Poly-G and poly-A
DNAs, on the other hand, are prone to form various secondary
structures in the presence of salt to shield its bases, leading to
more stable signal. Since salt is often required for DNA-based
assays, nonspecific adsorption of DNA poses an analytical

Figure 3. Variation of fluorescence signals of FAM-T15 in a 96-well plate in the presence of PEG with different molecular weights (MW): (A) PEG
200, (B) PEG 400, (C) PEG 1K, (D) PEG 2K, (E) 4K, (F) PEG 8K, (G) PEG 20K, and (H) PEG 35K.

Figure 4. (A) Kinetics of nitrocefin changing color in the presence or absence of VIM-2 (inset shows a photograph showing the color of nitrocefin
for these two samples). Activity of the VIM-2 enzyme after 30 min incubation in a plastic container in the presence of various concentrations of (B)
BSA, (C) Triton X-100, or (D) PEG 20K. Activity of the enzyme incubated with a certain concentration of (F) BSA, (G) Triton X-100, or (H) PEG
20K, as a function of incubation time. (E) Reduction of the enzyme activity, as a function of incubation time before reaction.
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challenge for biosensor development. In the presence of 0.5%
PEG 20K (i.e., MW = 20 000), none of the samples showed
fluorescence decrease with up to 500 mM NaCl (Figure 2E−
H). Therefore, PEG can be used as an effective blocker in this
case.
Next, we aim to push the limit of the MW and concentration

of PEG for achieving effective blocking. Since FAM-T15 has the
most pronounced adsorption by the plate, it was used for this
study. No effective blocking was detected with up to 0.1% PEG
200 (Figure 3A). Moderate blocking effect was achieved with
0.1% PEG 400 and complete blocking was achieved with 0.01%
PEG 1K. It is interesting to note that PEG 2K, 4K, 8K, 20K,
and 35K all exhibited a similar blocking effect (Figure 3D−H),
where 0.00001% PEG (0.1 ppm) failed to inhibit DNA
adsorption but 0.0001% PEG (1 ppm) and above showed full
stabilization of the fluorescence signal. Additional data with
smaller increases in PEG concentration are supplied in Figure
S1 in the Supporting Information. This experiment leads to
nontrivial conclusions. First, since a minimal PEG MW is
needed, the interaction between PEG and surface is likely
through multivalent weak forces on each repeating unit and
later we will show evidence for hydrophobic interaction. A PEG
chain of 2000 MW appears to be a stable attachment block,
which agrees with that reported in using PEG as an crowding
agent.37 Second, at a fixed w/w concentration, the number of
PEG 35K molecules is only ∼5.7% of that PEG 2K. Since both
can achieve a similar blocking effect, the polymer chains are in
effective contact with the surface.
Protein Assays. Many protein enzyme assays and related

drug screening take place in disposable plasticware. With high
activity, a low concentration of enzyme is sufficient for each
assay. Therefore, adsorption of enzymes by the assay container
may also result in large data variations. VIM-2 is an important
metallo-β-lactamase using Zn2+ as a co-factor.33 Nitrocefin is a
typical substrate for this assay, where its original color is light
yellow. After hydrolysis, the color is changed to orange due to
an absorbance increase at 482 nm (Figure 4A). Directly diluting
the enzyme in buffer without blocking agent results in a quick
reduction of its activity. If the rate of the color change is
plotted, we can see that the activity dropped to ∼15% of the
original value after incubating the diluted enzymes for 3 h in
polypropylene tubes before the assay is started (Figure 4E).
This is again attributed to the adsorption of the enzyme by the
plastic container.
To solve this problem, we compared a few blocking agents.

BSA is recommended for the VIM-2 assay,38 where the enzyme
activity is stable with more than 0.01% BSA (Figure 4B). We
tested up to 0.1% BSA, since even higher concentration of BSA
generates bubbles that complicate the assay. With 0.01% BSA,
the enzyme remained stable for the 3 h we tested (Figure 4F).
Triton X-100 is another blocking agent often used for enzyme
assays. In this particular case, we found that it has a stabilizing
effect at low concentration but becomes an inhibitor at higher
than 0.05% (Figure 4C). With 0.01% Triton X-100, the enzyme
is quite stable in 3 h (Figure 4G). Next, we tested PEG 20K,
where the enzyme showed the same high activity from 0.001%
to 1% (Figure 4D). With 0.1% PEG 20K, the activity is stable in
3 h (Figure 4H). Since PEG is not a surfactant, it does not
generate bubbles, even at high concentrations. It is also
interesting to note that the enzyme activity is ∼40% higher in
PEG than in BSA or Triton X-100. It might be related to the
minimal interaction between PEG and the enzyme. For

example, BSA might compete with VIM-2 for Zn2+ and Triton
might denature the enzyme at high concentrations.

Lipid Assays. Lipid-based assays often involve liposomes.
We respectively prepared rhodamine (Rh)-labeled DOPC
(zwitterionic), DOPG (anionic), and DOTAP (cationic)
liposomes, where they all showed 30%−40% adsorption by
the plate surface (Figure 5A−C, black traces). With 0.01% PEG

20K, effective blocking was achieved (red traces), even for
positively charged liposomes. Some coated surfaces may be
effective for blocking, but may induce other artifacts. For
example, we used a new “low binding” plate from the vendor
and the fluorescence of calcein-encapsulated DOPC liposomes
continued to increase in 30 min, when the majority of the
liposomes leaked since adding Triton X-100 did not induce
much further fluorescence enhancement (Figure 5D, black
trace). Note that we encapsulated 100 mM calcein in the
liposomes, resulting in self-quenched fluorescence. After
washing the same plate with ethanol and water, the same
liposome was very stable in 0.01% PEG 20K, where adding
Triton X-100 at 60 min induced a significant fluorescence
enhancement.

Adsorption of PEG. Since PEG is often considered to be a
nonadsorbing polymer, to confirm binding between PEG and
plastic surface, we used FAM-labeled PEG 10K. Similar time-
dependent fluorescence drop was observed, where equilibrium
was reached in a few minutes at high PEG concentration (e.g.,
200 nM or 2 ppm, Figure 6A, blue trace). It takes longer time
for lower PEG concentration to reach equilibrium, indicating
that the adsorption is a slow reaction (Figure 6B). Based on the
amount of fluorescence quenching, we obtained Langmuir
adsorption isotherm (Figure 6C), from which the capacity is
calculated to be 40 nM PEG 10K. With a volume of 100 μL, the
capacity is 2.4 × 1012 PEG 10K on the surface. The geometric
surface area of each plate well is estimated to be 1.05 × 10−4

m2. The occupied surface area of each PEG 10K molecule on
plate well surface then is 4.38 × 10−17 m2, yielding a diameter of

Figure 5. (A) Fluorescence signal of Rh-labeled (A) DOPC, (B)
DOPG, and (C) DOTAP liposomes with and without 0.01% PEG
20K. (D) Fluorescence signal of calcein-encapsulated DOPC lip-
osomes in a new surfactant-coated plate (black trace) and after
washing with ethanol and PEG (red trace). The arrow heads indicate
the time when Triton X-100 was added.
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6.6 nm, which agrees well with the expected size of this
polymer, supporting monolayer adsorption.39 PEG adsorption
is weakened by ethanol (see Figure S2 in the Supporting
Information), which is a strong evidence that hydrophobic
interaction plays a major role for PEG adsorption by plastic
surface. In addition, even 3 M NaCl cannot inhibit PEG
adsorption (see Figure S3 in the Supporting Information),
confirming that electrostatic interaction is not important.

■ CONCLUSIONS
In summary, we reported an exceptionally simple but very
effective method to block plastic surfaces. The reason for the
blocking effect is related to the adsorption of polyethylene
glycol (PEG) by the surfaces. It is quite striking that even 1
ppm of PEG is highly effective. Considering its simple chemical
structure compared with protein or surfactant-based blockers,
PEG at low ppm concentration is unlikely to interfere with
biochemical reactions. We believe this technical advance will
facilitate related biosensor and assay development work. At the
same time, it enhances our understanding on the interaction
between plastic surfaces and biomolecules.
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