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E
nzymes are biomacromolecules (usu-
ally proteins) that catalyze chemical
and biochemical reactions. They play

indispensable roles in living organisms, reg-
ulating almost all chemical reactions in-
volved in numerous biological processes,
such as signal transduction, gene expres-
sion, immune responses, metastasis, and
metabolism. Other than their in vivo roles,
enzymes are widely used in pharmaceutical
and medical fields, food and environmental
industry, biofuel area, as well as life science
studies.1,2 Therefore, regulation of enzyme
activity and stability is very important and
has always attracted great attention. Vari-
ous enzyme regulators, ranging from pro-
teins, peptides, and synthetic organic mole-
cules, have been discovered. Recently, nano-
materials evolve as promising alternatives
for enzyme modulation. Nanomaterials pro-
vide large surface areas for biomolecule ad-
sorption and can be engineered to present
multiple surface functional groups for inter-
acting with biomolecules, such as enzymes
and/or their substrates. Several types of nano-
materials, including gold nanoparticles,3�5

magnetite nanoparticles,6 alumina nanopar-
ticles,7,8 and porous silica structures,9�11

have been reported to show positive effects
on enzymes, yet mostly through enzyme
immobilization process.12,13

In the past few years, graphene and its
water-soluble derivative, graphene oxide
(GO), have attracted huge attention owing
to their interesting physical and chemical
properties and shown wide applications
in various fields including biotechnology
andbiomedicine.14�17 GO, in particular, pos-
sesses a single-layered, two-dimensional
(2-D), sp2 hybrid structurewith sufficient sur-
face groups, offering a unique double-sided,

easily accessible substrate for multivalent
functionalization and efficient loading ofmol-

ecules from small organic ones to biomacro-

molecules. We and other groups have already

shown the potential of functionalized GO in

gene and drug delivery,18�24 cellular imag-

ing,25,26 cancer therapeutics,27�35 biosens-

ing,36�41 as well as antibacterial agent.42,43

The toxicology of GO and its derivatives has
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ABSTRACT The understanding of interactions

between nanomaterials and biomolecules is of

fundamental importance to the area of nanobio-

technology. Graphene and its derivative, graphene

oxide (GO), are two-dimensional (2-D) nanomater-

ials with interesting physical and chemical proper-

ties and have been widely explored in various directions of biomedicine in recent years. However,

how functionalized GO interacts with bioactive proteins such as enzymes and its potential in enzyme

engineering have been rarely explored. In this study, we carefully investigated the interactions

between serine proteases and GO functionalized with different amine-terminated polyethylene

glycol (PEG). Three well-characterized serine proteases (trypsin, chymotrypsin, and proteinase K)

with important biomedical and industrial applications were analyzed. It is found that these

PEGylated GOs could selectively improve trypsin activity and thermostability (60�70% retained

activity at 80 �C), while exhibiting barely any effect on chymotrypsin or proteinase K. Detailed
investigation illustrates that the PEGylated GO-induced acceleration is substrate-dependent,

affecting only phosphorylated protein substrates, and that at least up to 43-fold increase could

be achieved depending on the substrate concentration. This unique phenomenon, interestingly, is

found to be attributed to both the terminal amino groups on polymer coatings and the 2-D

structure of GO. Moreover, an enzyme-based bioassay system is further demonstrated utilizing our

GO-based enzymemodulator in a proof-of-concept experiment. To our best knowledge, this work is

the first success of using functionalized GO as an efficient enzyme positive modulator with great

selectivity, exhibiting a novel potential of GO, when appropriately functionalized, in enzyme

engineering as well as enzyme-based biosensing and detection.

KEYWORDS: graphene oxide . nano-bio interfaces . enzyme engineering .
serine protease . trypsin
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also been reported in a number of in vitro and in vivo

studies, suggesting that the toxicity of GO is closely
associated with its surface coatings and sizes.44�48

Regarding the interactions between GO and bio-
macromolecules, such as enzymes, GO has been
reported in a few studies, mostly for biosensing,
as a matrix for immobilization of several enzymes,
including glucose oxidase,49�52 horseradish per-
oxidase,53�57 and hemoglobin.58 In a recent work,
De et al. uncovered that the activity of chymotrypsin
could be strongly inhibited by addition of as-made
GO.59 However, for further exploration and better
optimization of GO-based nanomedicine and nano-
biotechnology, one critical and fundamental ques-
tion still needs to be addressed yet has been
insufficiently studied thus far, that is, the detailed
effects of GO, especially its functionalized deriva-
tives, on active biomolecules such as enzymes and
proteins. Intensive work to investigate such effects
and interactions, as well as to understand their
regulating factors, is therefore of great importance
and highly desirable.
In this study, we started to explore the interactions

between functionalized GO and serine proteases, a

large family of enzymes with important biomedical
and industrial applications.2 Three well-characterized
serine proteases (trypsin,60 chymotrypsin,61 and pro-
teinase K62) with important biomedical and industrial
applications were chosen as models. GO conjugated
with two types of amine-terminated PEGs, 2 kDa PEG-
diamine (2k-l-NH2-PEG-NH2) and 10 kDa amine-
terminated six-arm-branched PEG (10k-6br-PEG-NH2),
were used in our experiments. Interestingly, we
found that both types of PEGylated GOs (GO-2k-l-
PEG-NH2 and GO-10k-6br-PEG-NH2) were able to
selectively improve the activity and thermostability
of trypsin, while exhibiting barely any effect on
chymotrypsin or proteinase K. Further analysis
showed that the improved trypsin activity was
substrate-dependent, affecting only phosphorylated
protein substrates. A series of subsequent investiga-
tions revealed the involving factors as both the
terminal NH2 groups on PEG coatings and the unique
2-D structure of GO. To our best knowledge, this is
the first report of using functionalized GOs as effi-
cient enzyme positive modulators while, more inter-
estingly, exhibiting great selectivity for their target
enzyme/substrate pair.

Figure 1. GOnanosheets used in the study: schemes (a), AFM images (b), anddispersibility inwater and PBS (c) of GO,GO-2k-l-
mPEG, GO-2k-l-PEG-NH2, and GO-10k-6br-PEG-NH2. Photo in (c) was taken after the solutions (0.08 mg/mL) were centrifuged
at 21 000g for 5 min.
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RESULTS AND DISCUSSION

Preparation and Functionalization of GO Nanosheets. GO
was prepared from graphite as previously described.33

Differently, PEGylated GO nanosheets (GO-2k-l-PEG-
NH2 and GO-10k-6br-PEG-NH2) were prepared from
GO sheets by covalent conjugation with 2 kDa PEG-
diamine (2k-l-NH2-PEG-NH2) and 10 kDa amine-
terminated six-arm-branched PEG (10k-6br-PEG-NH2)
via amide formation (Figure 1a), respectively, and
confirmed by infrared (IR) spectra (Supporting Infor-
mation, Figure S1). Atomic force microscope (AFM)
images showed that both types of PEGylated GO were
mostly single- or double-layered ultrasmall nanosheets
with a size range of 10�50 nm (Figure 1b). Highly
improved dispersibility in physiological solutions was
achieved after PEGylation, without showing any no-
ticeable aggregation in PEGylated GO samples after
being centrifuged in phosphate buffered saline (PBS)
at 21 000g for 5 min (Figure 1c).

Substrate-Dependent Effects of PEGylated GO Nanosheets on
Trypsin Activity. The effects of GO with or without PEG-
ylation on trypsin activity were first analyzed using a
general trypsin substrate casein. As shown in Figure 2,
without PEGylation, as-made GO significantly inhibited
enzyme activity, similar to the results in a previous
report.59 This is understandable and likely due to the
nonspecific binding of enzyme proteins on GO via

hydrophobic interactions. The active center in the
enzyme is then blocked or denatured, leading to the
dramatically decreased enzyme activity. Interestingly,
incubation of GO-2k-l-PEG-NH2 and GO-10k-6br-PEG-
NH2with trypsin showed no inhibitory effects at all, but
rather strongly accelerated the digestion of casein in a
concentration-dependent manner. No hydrolysis of
casein was detected when the two types of PEGylated
GOs were incubated with casein in the absence of
trypsin (Supporting Information Figure S2 and data not
shown), suggesting that the observed higher digestion
efficiency is attributed to the enhanced trypsin activity

by PEGylated GO nanosheets. In addition, GO-10k-6br-
PEG-NH2 showed a much higher ability for activity
enhancement than GO-2k-l-PEG-NH2 under the same
concentrations.

We next tested the effects of these PEGylated GO
nanosheets on trypsin activity using three different
substrates: two protein substrates hemoglobin (Hb)
and bovine serum albumin (BSA), as well as a small
molecule substrate NR-p-tosyl-L-arginine methyl ester
hydrochloride (TAME). However, different from the
casein case, both PEGylated GO nanosheets showed
barely any effect on the digestion of either Hb or BSA
by trypsin and even slight inhibitory effects on the
hydrolysis of TAME (Table 1), suggesting that they are
able to affect the activity of trypsin in a substrate-
dependent manner.

Specific Enhancement in Trypsin Digestion of Phosphopro-
teins by PEGylated GO Nanosheets. Since casein is a family
of phosphoproteins while Hb and BSA are not, we
next investigated whether substrate phosphorylation
played a role in the observed activity enhancement by
PEGylated GO nanosheets. Native whole casein con-
sists of threemajor members that can be distinguished
by electrophoresis: R-casein, β-casein, and κ-casein.63

Whole casein and dephosphorylated whole casein
(decasein) were subjected to trypsin digestion in the
presence and absence of GO-2k-l-PEG-NH2 or GO-10k-
6br-PEG-NH2, and digestion products as well as un-
digested substrates remaining in each reaction at
different time intervals (3 and 4 min) were separated
by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) followed by Coomassie Blue stain.
Dephosphorylation caused band shifts of R- and
β-casein to lower positions (Figure 3a, de-R- and de-β-
casein). A faint shifted band was detected for κ-casein,
probably due to inefficient dephosphorylation by alka-
line phosphatase. Consistent with results shown in
Figure 2, casein was digested much faster in the
presence of GO-2k-l-PEG-NH2 or GO-10k-6br-PEG-
NH2, as evidenced by the much fainter bands of
undigested remains at both time intervals (Figure 3b,
compare lane 5, lane 7 with lane 3, R- and β-casein;
Figure 3d, columns in pink), whereas decasein was

Figure 2. Effects of GO nanosheets with different surface
modifications on trypsin activity. Trypsin was incubated
with increasing concentrations of GO, GO-10k-6br-PEG-
NH2, and GO-2k-l-PEG-NH2, followed by enzymatic analysis
using casein as the substrate. As a control, GO nanosheets
were substituted by water. þ, þþ, and þþþ represent 30,
40, and 80 μg/mL of GO nanosheets in the analysis reac-
tions, respectively. Error bars represent the standard devia-
tion (n g 3). *P < 0.000001, **P < 0.00002.

TABLE 1. Effects of PEGylated GO Nanosheets on Trypsin

Digestion of Different Substratesa

substrate

functionalized

GO nanosheets

concentrations of

GO(μg/mL)

trypsin activity

(%)

TAME GO-10k-6br-PEG-NH2 40 81.7 ( 8
GO-2k-l-PEG-NH2 80 78 ( 11

Hb GO-10k-6br-PEG-NH2 40 95.6 ( 3.4
GO-2k-l-PEG-NH2 80 108 ( 2

BSA GO-10k-6br-PEG-NH2 40 100 ( 5.6
GO-2k-l-PEG-NH2 80 97 ( 4.9

a Trypsin activity (%) in each reaction was normalized to that in the corresponding
control reaction.
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digested in relatively similar rates regardless of PEG-
ylated GO addition (Figure 3c, compare lane 4, lane 6
with lane 2; Figure 3d, columns in orange). The ob-
served quicker disappearance of R- and β-casein was
not due to possible adsorption of themonto PEGylated
GO since, in mock reactions (Supporting Information
Figure S2), the SDS-PAGE sample preparation using 2 X
Laemmli buffer64 before electrophoresis abolished all
protein interactions as well as any possible protein�
GO interactions. Although digestion of κ-casein and
de-κ-caseinwas hard to analyze due to the interference
from partially digested casein members, the results
obtained from R- and β-casein clearly demonstrated
that both PEGylated GO nanosheets could specifically
accelerate trypsin digestion of phosphorylated protein
substrates.

Effects of PEGylated GO Nanosheets on Other Serine Pro-
teases. Trypsin belongs to the serine protease family, a
large family of enzymes that represents almost one-
third of the known proteases and performs a variety of
critical physiological and cellular functions.65 There-
fore, the effects of GO-2k-l-PEG-NH2 and GO-10k-6br-
PEG-NH2 on other serine protease activities were ana-
lyzed, as well. Two typical serine proteases with similar
catalytic mechanisms to trypsin were investigated:
chymotrypsin from the same subfamily as trypsin
(chymotrypsin-like serine protease),65 and proteinase
K from subtilisin-like subfamily.62 As shown in Figure 4,
both GO-2k-l-PEG-NH2 and GO-10k-6br-PEG-NH2 slightly
impeded the digestion of casein by chymotrypsin (less
than 10%), while it had little if any effect on proteinase
K activity, indicating that the stimulatory effect on

Figure 3. Specific acceleration of trypsin digestion of phosphoproteins by PEGylated GO. (a) Whole casein and depho-
sphorylated whole casein (decasein) separating on 12% SDS-PAGE followed by Coomassie Blue stain. (b,c) Time course of
trypsin digestion of whole casein (b) and decasein (c) in the absence or presence of GO-2k-l-PEG-NH2 or GO-10k-6br-PEG-NH2.
The digestion reactions were stopped at different time intervals (3 and 4 min), and the digestion products as well as
undigested substrates remaining in each reaction were separated on 12% SDS-PAGE followed by Coomassie Blue stain.
Positions of full-length R-casein, β-casein, κ-casein, de-R-casein, de-β-casein, and possible de-κ-casein are indicated by
arrows. All other bands were digestion products. (d) Quantification of the percentage of undigested remains of R-casein and
de-R-casein from (b) and (c).

Figure 4. Effects of GO nanosheets with different surface modifications on chymotrypsin (a) and proteinase K (b) activities.
The indicated enzyme (chymotrypsin or proteinase K) was incubatedwith increasing concentrations of GO, GO-2k-l-PEG-NH2,
and GO-10k-6br-PEG-NH2, followed by enzymatic analysis using casein as the substrate. As a control, GO nanosheets were
substituted by water; þ, þþ, and þþþ represent 30, 40, and 80 μg/mL of GO nanosheets in the analysis reactions,
respectively. Error bars represent the standard deviation (n g 3).
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trypsin is not a general phenomenon for all serine
proteases, even those who share very similar catalytic
mechanisms. Since chymotrypsin and trypsin are
closely related to each other with a high degree of
similarity in their primary amino acid sequences and
overall tertiary structures,66,67 their distinct responses
to PEGylated GO nanosheets suggest a high possibility
that the PEGylated GO-mediated activity enhance-
ment may be trypsin-specific.

Dissecting the Functional Elements of PEGylated GO Nano-
sheets Involved in Trypsin Activity Stimulation. Surface
modification of nanomaterials normally alters the ex-
isting surface functional groups and/or introduces
new ones, thus enabling enhanced or even new proper-
ties and/or functions. The opposite effects of GO and
PEGylated GO nanosheets on trypsin activity suggest
an important contribution from the PEGylation, which
altered the nano-bio interfaces and could affect pro-
tein binding. We next wondered if the amino groups
on PEG coatings would affect the specific enzyme

stimulatory capability of PEGylated GO. Acetic anhy-
dride (AA) was incubated with GO-10k-6br-PEG-NH2

to block its NH2 groups. Given the poor solubility of
GO-10k-6br-PEG-NH2 in organic solvents, the block-
ing reaction had to be carried out in the aqueous
phase, resulting in only partial blocking of amino
groups. Nevertheless, partially blocked GO-10k-6br-PEG-
NH2 (GO-10k-6br-PEG-NH2-AA), as evidenced by its zeta-
potential dropping to between those of GO and GO-10k-
6br-PEG-NH2 (Table 2), was able to enhance trypsin
activity, but with a 40% decrease in efficiency (Figure 5a)
when compared with unblocked GO-10k-6br-PEG-NH2,
correlating well with the zeta-potential data.

Given the low blocking efficiency, another ap-
proachwas employed. The samemethod for preparing
GO-2k-l-PEG-NH2 was used to conjugate 2 kDa mono-
amine-terminated PEG (2k-l-mPEG-NH2) to GO nano-
sheets, obtaining GO-2k-l-mPEG, which contains no
free amino groups. Compared to GO-2k-l-PEG-NH2,
GO-2k-l-mPEG completely lost the ability to enhance

TABLE 2. Zeta-Potentials of GO and Differently Functionalized GO Nanosheets Used in Figure 5a

sample GO GO-10k-6br-PEG-NH2 GO-10k-6br-PEG-NH2-AA GO-2k-l-PEG-NH2 GO-2k-l-mPEG

zeta-potential �40.2 ( 3.68 �8.67 ( 0.477 �26.8 ( 1.27 �28.6 ( 1.20 �33.0 ( 3.26

Figure 5. Involvement of functional groups and the structure of sp2 nanomaterials in the selective stimulation of trypsin.
Trypsin treated by PEGylated GO nanosheets with different functional groups as indicated in the text (a), the corresponding
PEG polymers (b), or PEGylated SWNTs (d), and chymotrypsin treated by PEG polymers (c) were subjected to enzymatic
analysis using casein as the substrate. TheGO concentration in (a) was 30μg/mL.Materials concentrations in (b�d):þ andþþ
represent 150 and 200 μg/mL for PEGs (b,c), while 30 and 40 μg/mL for oxidized SWNTs (d), respectively. Error bars represent
the standard deviation (n g 3). *P < 0.001, **P < 0.05.
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trypsin activity (Figure 5a), further implicating the
involvement of amino groups.

Since these functional amino groups are not di-
rectly conjugated to the GO surface, but present on
PEG coatings, one question arises as to whether the
observed strong stimulatory effect on trypsin activity is
really a novel function of PEGylated GO, or merely the
intrinsic properties of the two NH2-PEG polymers. To
address this question, equivalent amounts of 2k-l-NH2-
PEG-NH2 and 10k-6br-PEG-NH2 as used in the prepara-
tion of NH2-PEGylated GO nanosheets were incubated
with trypsin, and their effects on trypsin activity were
analyzed. As shown in Figure 5b, both 2k-l-NH2-PEG-
NH2 and 10k-6br-PEG-NH2 were able to increase the
trypsin digestion of casein by 15% (P < 0.001). Again,
10k-6br-PEG-NH2-AA was prepared by incubating 10k-
6br-PEG-NH2 with AA, except this time in dichloro-
methane to enhance the blocking efficiency. Neither
10k-6br-PEG-NH2-AA nor 2k-l-mPEG-NH2 exhibited any
effect on trypsin activity. Taken together, the results
show that the two coating polymers, 2k-l-NH2-PEG-
NH2 and 10k-6br-PEG-NH2, can in fact act through their
amino groups to enhance trypsin activity by them-
selves, but only to a rather limited extent, much lower
than that of PEGylated GO. In addition, the fact that
these two NH2-PEG polymers had little effect on the
digestion of casein by chymotrypsin (Figure 5c) indi-
cates that they might be responsible for the observed
specificity toward trypsin rather than chymotrypsin.

Although unmodified GO showed strong inhibitory
effect on trypsin activity, the different levels of en-
hancement by PEGylated GO and NH2-PEG polymers
imply certain involvement of GO nanosheets. This is
also suggested by the fact that SWNT-10k-6br-PEG-
NH2, prepared by substitution of 2-D GO nanosheets
with 1-D oxidized SWNTs, was able to enhance trypsin
activity only to an extent similar to that of 10k-6br-PEG-
NH2 (Figure 5d).

Specific Protection of Trypsin against Thermal Denaturation
by PEGylated GO. We further analyzed the effects of
PEGylated GO on the thermostability of trypsin. As
shown in Figure 6a, when incubated with trypsin at
high temperatures (70 and 80 �C), both GO-2k-l-PEG-
NH2 and GO-10k-6br-PEG-NH2 were able to efficiently
protect trypsin from thermal denaturation above 70 �C,
while coating polymers alone (2k-l-NH2-PEG-NH2 and
10k-6br-PEG-NH2) showed little protection. Since we
have shown that PEGylated GO can enhance trypsin
activity, to ensure the observed high retention of
trypsin activity truly represents the result of protection,
a series of control experiments were performed, where
trypsin was heat denatured first, then its retaining
activity was analyzed in the presence of either PEG-
ylated GO or NH2-PEG polymers (Figure 6b). None of
them was able to rescue the enzymatic activity after
denaturation, proving that the two types of PEGylated
GO can indeed interact with trypsin and greatly

enhance its thermostability. Similar to the stimulatory
effect on trypsin activity, this thermal protection is also
specific for trypsin, not for chymotrypsin (Figure 6c).
Despite that, they are two independent events, de-
monstrated by the overall protection of trypsin against
heat denaturation regardless of the substrates used in
subsequent enzymatic activity analysis (Figure 6a and
Supporting Information Figure S3).

Enzyme Kinetics Analysis and a Hypothesis of the Stimulatory
Effect of PEGylated GO on Trypsin. We have shown that two
types of PEGylated GO, GO-2k-l-PEG-NH2 and GO-10k-
6br-PEG-NH2, can interact with trypsin, efficiently pro-
tecting it from thermal denaturation up to 80 �C and
selectively accelerating the digestion rate of highly
phosphorylated protein substrates. Although the exact
mechanismof howPEGylatedGOs interact with trypsin
and function as its thermal stabilizer remains to be
discovered at this point, we engaged a series of
enzyme kinetics analysis to investigate how they act
as a selective accelerator for highly phosphorylated
substrates.

Trypsin specifically cleaves peptide chains after
lysine (Lys) and arginine (Arg), two amino acids com-
monly found in proteins. Therefore, the digestion of
protein substrates by trypsin is usually not an idealized
single-substrate reaction, but rather a complex reac-
tion involving multiple cleavage sites flanked by var-
ious amino acid sequences that generate various
microenvironments, and also a multistep process
which results in a number of smaller peptide fragments
appearing as both the intermediates and products.
Nevertheless, we started to investigate the effect of

Figure 6. Specific thermal protection of trypsin by PEG-
ylated GO nanosheets. PEGylated GO nanosheets (40 μg/
mL) or the corresponding NH2-PEG polymers (200 μg/mL)
were added to trypsin solutionbefore (a) or after (b) thermal
denaturation at indicated temperatures for 5 min, and the
retaining enzymatic activity was analyzed using casein as
the substrate. (c) PEGylated GOs (40 μg/mL) were added to
chymotrypsin solution before thermal denaturation at in-
dicated temperatures for 5min, and the retained enzymatic
activity was analyzed using casein as the substrate. Error
bars represent the standard deviation (n g 3).
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substrate concentration (denoted as [S]) on the initial
velocity (v) of the digestion, a classical kinetics analysis.
As shown in the velocity curve as a function of [S] (v by
[S] plot, Figure 7a), for trypsin digestion of Hb, v
increased with increasing Hb concentrations. In con-
trast, for digestion of casein, the highly phosphorylated
substrates, the velocity curve rose to a peak and then
declined as casein concentration increased, resem-
bling the kinetics of substrate inhibition, a common
phenomenon occurring in about 20% of enzymes,68,69

and indicating casein as an inhibitory substrate for
trypsin. In the substrate recognition step before the
cleavage, the positively charged side chains of Lys and
Arg must be attracted to the “catalytic pocket” (S1
pocket) of trypsin through electrostatic interaction
with the negatively charged aspartic acid (Asp) located
at the bottom of S1.70,71 Therefore, the negative
charges of phosphate groups on phosphoprotein sub-
strates (e.g., casein) would impair the binding of Lys/
Arg to the S1 pocket and thus might in turn cause the
observed inhibitory effect at higher [S].

The presence of high concentration 10k-6br-PEG-
NH2 in the trypsin digestion of casein only slightly
increased the reaction v (Figure 7b, blue line). Addition
of GO-10k-6br-PEG-NH2 in the reaction, on the other
hand, dramatically increased the velocity at low [S]
(5- and 43-fold increase at the peak value for 10 and
40 μg/mL GO-10k-6br-PEG-NH2, respectively), but to
our surprise, both curves rapidly declined after rising
to the peak as [S] went up, suggesting a significant
substrate inhibition effect (Figure 7b). Since our pre-
vious results (Figures 2, 3, and 5) were all carried out at
2500 μg/mL casein concentration, we apparently very
much underestimated the stimulatory effect of PEG-
ylated GO. It is worth noting that for the reaction con-
taining 200 μg/mL casein as substrate (Figure 7b, black
arrow), its v was almost impossible to be accurately
measured due to rapid completion of the reaction within
thefirst fewseconds in thepresenceof 40μg/mLGO-10k-
6br-PEG-NH2. Therefore, a conservative estimate would

be that at least up to43-fold acceleration inducedbyPEG-
ylated GO could be achieved depending on the substrate
concentration.

We further explored the multistep reaction kinetics
by analyzing the progress curve over 0�60min period.
For the trypsin reaction, twophaseswith distinct slopes
(average reaction rates) were observed while the sub-
stratewas still at saturating levels (Figure 7c, black line),
and the reaction switched to a slower rate (about 20%
of that in phase I) when entering phase II. One plausible
explanation is that these two phases probably reflect
another aspect of the enzyme�substrate recognition
during the process. At the early stage of digestion
(phase I), a long peptide chain with multiple cleavage
sites would favor the recognition of neighboring sites
by the enzyme finishing the previous round of clea-
vage. The length of peptide intermediates shortens as
the reaction goes on, until it reaches the point that it
is too short to encompass multiple sites, and the
enzyme�substrate recognition will be dominated by
random diffusion, resulting in a slower rate (phase II).
Compared with the free trypsin reaction, a similar two-
phase progress curve was recorded for the reaction
with 10k-6br-PEG-NH2, just exhibiting a slightly larger
slope in phase I, whereas interestingly, addition of
PEGylated GO in the reaction caused disappearance
of the low-rate phase II, further speeding up the
digestion process (Figure 7c).

After a careful comparison of the above results and
those from Figures 2, 3, and 5, we came up with a
hypothesis shown in Figure 8. For phosphoprotein
substrates, NH2-PEG polymers may act through their
positively charged amino groups to neutralize the
negative charges on the substrate and thus make it
slightly more accessible to trypsin, showing a weak
stimulatory effect on substrate recognition. PEGylated
GO nanosheets with free amines could further amplify
this effect, and the 2-D structure of GO may be unique
to offer condensed and ordered PEG structures on
its surface, providing a friendly nano interface for

Figure 7. Enzyme kinetic analysis of trypsin. (a) Effects of substrate concentration ([S]) on the initial velocity (v) of trypsin
digestion (v by [S] plot). The progress curve (every 5�15 s) of each digestion of casein (black) or Hb (orchid) of indicated
concentrationswas recorded for vmeasurement. (b) Plot of vby [S] of trypsin digestion of casein in the absence or presenceof
indicated concentrations of 10k-6br-PEG-NH2 or GO-10k-6br-PEG-NH2 (abbreviated as PEG and GO-PEG in this figure,
respectively). The red dashed line represents an uncertain portion of the curve, due to the fact that the corresponding
reaction (200μg/mL casein as substrate, black arrow)was completedwithin thefirst few seconds,making it almost impossible
for accurate vmeasurement. (c) Progress curves (0�60 min) of reactions containing 2500 μg/mL casein as substrate (dashed
circle in (b)). The amount of products was analyzed by Lowry assay as usual and represented by OD680.
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interaction with both trypsin (Figure 6, by a yet un-
known mechanism) as well as the substrate and later
intermediates (likely through the free amines and
peptide phosphate groups). Whereas for SWNTs with
1-D structure, the local PEG packing may be less
condense, resulting in less effective trypsin activation.

At low [S], the packing of substrate onto PEGylated
GO would help turn the recognition step into a rela-
tively organized manner by pulling the enzyme and
the substrate close to one another. As [S] increases, an
increasing number of substrate molecules will be
packed onto PEGylated GO. This may impair the inter-
action between PEGylated GO and the enzyme, result-
ing in the subsequent dramatic drop of v observed in
Figure 7b. For the disappearance of phase II in PEG-
ylated GO-assisted reaction (Figure 7c), our proposed
explanation is that, during the reaction process, PEG-
ylated GO would continue to pack generated inter-
mediates, preventing them from releasing into the
solution (free diffusion). Taken together, our kinetics
assays have shed some light on the possible mechan-
isms, yet further work needs to be done to confirm this
hypothesis.

Promising Potentials of Functionalized GO Nanosheets. Our
findings demonstrated that GO nanosheets can be
functionalized to serve as selective enzyme modula-
tors, and the interactions of PEGylated GO with bio-
macromolecules can be regulated through and are
closely associated with their surface and interface
chemistry. Therefore, GO nanosheets, when appropri-
ately designed and engineered, could be used as
modulators for certain enzymes, affecting their activity
and/or stability, and thus affecting the subsequent

reactions. This is a novel application of GO in enzyme
engineering other than enzyme immobilization and
could be used to improve the selectivity and sensitivity
in enzyme-based biosensing, to widen the detection
condition, such as wider temperature range, or even to
develop newmethods for bioassays and biochemistry.

As a proof-of-concept demonstration, GO-10k-6br-
PEG-NH2 was explored in a simple and quick estima-
tion of phosphoprotein contents in mixed protein
samples. The design is based on the fact that addition
of GO-10k-6br-PEG-NH2 in trypsin proteolysis reactions
will selectively accelerate the digestion of phospho-
proteins, therefore, a difference in digestion rate be-
tween reactions with and without GO-10k-6br-PEG-
NH2 addition should be observed for phosphopro-
tein-containing samples. As shown in Figure 9, using
this method, after a 10 min trypsin digestion, we were
able to detect the presence of as low as 2% phospho-
proteins in mixed samples by analyzing the digestion
rates in the presence and absence of GO-10k-6br-PEG-
NH2, and the difference (represented by ΔOD) re-
mained directly proportional to the phosphoprotein
content in the range covering up to 100% (Figure 9 and
data not shown).

In addition to the simple demonstration described
above, given the important applications of trypsin in
biological research and industry, the enhanced thermo-
stability by PEGylated GO could be particularly useful
since this would enable efficient selection of trypsin
over other proteins and enzymes at high tempera-
tures. For example, during the large-scale purifica-
tion of trypsin from porcine or bovine pancreas, an
additional short treatment of crude extracts at high

Figure 8. Schematic representation of a hypothesis that PEGylated GO nanosheets interact with trypsin and act through
electrostatic interactions to facilitate phosphorylated protein substrates entering the catalytic pocket of trypsin.
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temperatures in the presence of PEGylated GO could
greatly promote the separation of trypsin from the
extracts and enhance purification efficiency sincemost
tissue proteins, including many pancreatic proteases
that affect trypsin stability, will quickly be denatured
while trypsin is protected by PEGylated GO.

Last but not the least, PEGylated GO could also be
useful for other trypsin applicable and phosphoprotein-
related analysis, such as mass spectrometry based
phosphoproteomics,72,73 a branch of proteomics identi-
fying and characterizing phosphorylated proteins. Pro-
tein phosphorylation is one of the most important post-
translational modifications in the cell and plays critical
roles, enabling precise control and regulation of essential
processes in cell cycle and differentiation. Although 30%
of all cellular proteins are thought to be phosphorylated
withover 500000estimated sites of phosphorylation,74,75

protein phosphorylation in a living cell is often transient
and dynamic, and inmost cases, for a given protein, only
a small portion of it is phosphorylated, resulting in the
often low abundance of phosphoproteins. Therefore,
enriching phosphopeptides for phosphoprotein identifi-
cation and studies of phosphorylation dynamics is still a
major concern in phosphoproteomics, where trypsin is
themost commonlyusedprotease in samplepreparation
for mass spectrometry. Addition of PEGylated GO to

trypsin proteolysis reactions could selectively favor the
digestion of phosphoproteins, thus enriching the low-
abundant phosphopeptides for more efficient mass
spectrometry identification, which in turn could promote
better understandingof cellular dynamics andassociated
diseases.

CONCLUSION

In this study, the effects of two types of PEGylated GO
nanosheets with free amines (GO-2k-l-PEG-NH2 and GO-
10k-6br-PEG-NH2) on three important serine proteases
(trypsin, chymotrypsin, and proteinase K) were investi-
gated. Addition of either PEGylated GO nanosheets
significantly improved trypsin activity and thermostabil-
ity (60�70% retained activity at 80 �C), while showing
barely any effect on chymotrypsin or proteinase K. Both
the dephosphorylated and unphosphorylated sub-
strates demonstrated that the improved trypsin activity
is substrate-dependent, affecting only phosphorylated
protein substrates. Either blocking the functional amino
groups or replacing 2-D GO with 1-D SWNT abolished
the stimulatory effect, suggesting the involvement of
both the terminal amines on polymer coatings and the
unique 2-D structure of GO. Detailed enzyme kinetics
analysis revealed that PEGylated GO functions at both
the initiation step and later steps along the reaction
process, and that at least up to 43-fold of reaction accel-
eration induced by PEGylated GO could be achieved
depending on the substrate concentration. On the basis
of the above results, a hypothesis is proposed. Further-
more, as a proof-of-concept demonstration, a simple
and fast phosphoprotein assay exploiting GO-10k-6br-
PEG-NH2 was developed. Although further work is re-
quired to investigate the hypothesis and themechanism
of thermostability improvement, our work highlights
that the interactions of nanomaterials with biomacro-
molecules, in general, can be regulated through and are
closely associated with their surface chemistry or nano-
interfaces. Nevertheless, this is to our best knowledge
the first report of functionalized GO nanosheets as
efficient enzyme positive modulators with great selec-
tivity, suggesting not only promising applications of
PEGylated GO in trypsin applicable life science studies
and industry, but also a great and novel potential of
functionalized GO nanosheets in enzyme engineering
and enzyme-based biosensing and bioassays.

EXPERIMENTAL SECTION

Reagents. 10k-6br-PEG-NH2 was purchased from Sunbio Inc.
(South Korea). 2k-l-NH2-PEG-NH2 and 2k-l-mPEG-NH2 were pur-
chased from Jiaxing Biomatrix Inc. (Jiaxing, China). All other
reagents and enzymes were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Preparation and Characterization of GO, Oxidized SWNT, PEGylated GO,
and PEGylated SWNT Dispersions. GO and PEGylated GOs were

prepared as previously described.19 Briefly, GO was produced
from graphite following a Hummers method with slight
modifications.76 Three types of PEGylated GOs (GO-10k-6br-
PEG-NH2, GO-2k-l-PEG-NH2, and GO-2k-l-mPEG) were prepared
from mixtures of 1 mg/mL GO dispersion with 5 mg/mL
indicated PEG polymers. Following 55 min bath sonication
(with the addition of 2 and 3mg of N-(3-dimethylaminopropyl)-
N0-ethylcarbodiimide hydrochloride (EDC) at 5 and 35 min,
respectively), reactions were stirred at room temperature

Figure 9. Detection of phosphoprotein in mixed protein
samples. Samples with various phosphoprotein contents
were digested by trypsin in the absence or presence of 40
μg/mL GO-10k-6br-PEG-NH2 (abbreviated as GO-PEG in this
figure), and the amount of digestion products were ana-
lyzed by Lowry assay as usual. For control, sample with no
phosphoprotein (0%) was used.ΔOD = (OD(sampleþGO‑PEG)�
ODsample) � (OD(controlþGO‑PEG) � ODcontrol). Inset: photo of
four representative digestions: (1,2) samples with 5% phos-
phoprotein contentwere digested by trypsin in the absence
(1) or presence (2) of GO-PEG; (3,4) samples with 40%
phosphoprotein content were digested by trypsin in the
absence (3) or presence (4) of GO-PEG.
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for 2 h, and additional EDC was added to reach a final concen-
tration of 1.2 mg/mL, then kept stirring for another 12 h. Excess
PEG polymers were removed by filtration through Amicon Ultra
centrifugal filters with molecular weight cutoff (MWCO) of
100 kDa (Millipore, Carrigtwohill, co. cork, Ireland) and repeated
water washing.

Oxidized SWNTs were prepared from pristine SWNTs
(Shenzhen Nsnotech Port Co. Ltd.) following the exact prepara-
tion method of GO (by KMnO4, H2O2, and H2SO4) to ensure
similar oxidation level to GO. PEGylated SWNTs (SWNT-2k-l-PEG-
NH2 and SWNT-10k-6br-PEG-NH2) were prepared using oxi-
dized SWNT and indicated PEG polymers following the exact
PEGylation method of PEGylated GO as described above.

The concentrations of functionalized GOs and SWNTs were
calculated using their absorbance at 230 nm (mass extinction
coefficient of 65mgmL�1 cm�1)32 and 808 nm (mass extinction
coefficient measured to be 28.4 mg mL�1 cm�1), respectively.
All functionalized GOs and SWNTs were characterized by AFM
analysis using a MutiMode V AFM (Veeco), FT-IR using Hyperion
series spectrometer (Bruker), andDLS on a Zen3690 (Malvern) at
the scattering angle of θ = 17�.

Blocking of Terminal Amino Groups. GO-10k-6br-PEG-NH2 (0.2
mg/mL) was incubated with 6% AA in the reaction containing
30 mM NaHCO3, 20 mM EDC, and 20 mM PBS at room
temperature for 4 h. The reaction was adjusted to pH 8.0 with
NaHCO3, and additional EDC was added to reach a final con-
centration of 25 mM, followed by further incubation for 4 h.
Excess AA was removed by filtration through Amicon Ultra
centrifugal filters (MWCO = 100 kDa) as described above.

The terminal amino groups of 10k-6br-PEG-NH2 were
blocked by mixing 50 mg of 10k-6br-PEG-NH2 with 2% AA
and 10% pyridine in dichloromethane for 12 h. The reaction
solution was blow-dried by nitrogen and then resuspended in
water. Following further purification by dichloromethane ex-
traction, dichloromethane was removed by spin-dry, and the
final product 10k-6br-PEG-NH2-AA was dissolved in water and
freeze-dried.

Enzymatic Activity Assay. The catalytic activity of trypsin on
small molecule substrate TAME (7.5 mM) was carried out using
the modified spectrophotometric method as described.77 Tryp-
sin digestions of protein substrates, casein, Hb, and BSA
(Supporting Information Table S1), were carried out as de-
scribed with slight modifications.5 Briefly, 20 μg/mL (0.86 μM)
trypsin was incubated with different nanomaterials or water as
indicated in the text at room temperature (25 �C) before
incubation with 2500 μg/mL denatured protein substrate in
20 mM PBS (pH 8.0). Each reaction was digested at 40 �C for 10
min, and then terminated using 0.2 M trichloroacetic acid. The
amount of digestion products (short tyrosine-containing
peptides) was determined by the Lowry method.78

Catalytic activities of chymotrypsin and proteinase K were
measured using the same method as described above, except
that proteinase K digestion was carried out in 10 mM CaCl2,
50 mM Tris-HCl (pH 7.5).

For visualization of trypsin digestion of casein and decasein,
casein was dephosphorylated by FastAP (Fermentas) according
to manufacturer's instruction. Reactions were incubated at
40 �C for 3 and 4 min and stopped by addition of 2 X Laemmli
buffer. Digestion products and undigested substrates remained
in each reaction were separated on 12% SDS-PAGE gels fol-
lowed by Coomassie Blue stain.

Enzyme Kinetic Analysis. For v measurement, digestion reac-
tions were carried out using 20 μg/mL trypsin as described
above. Progress curves (initial reaction stage) of each diges-
tion of increasing concentrations of substrates (100, 200, 250,
500, 750, 1250, and 2500 μg/mL) were recorded every 1�15 s
(vary depending on [S] and nanomaterial used). Value of
v was calculated using the equation v (μg mL�1 min�1) =
change in concentration of tyrosine (μg mL�1)/elapsed
time (min).

Long-term progress curves (over the 0�60 min period) of
trypsin digestion reactions were recorded using the same
method as described above, except that 2500 μg/mL casein
was served as the substrate in all reactions.
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