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a b s t r a c t

Whether graphene and graphene oxide (GO) would affect the activities of bacteria has been under
debate. Nevertheless, how graphene derivatives with biocompatible coatings interact with microor-
ganisms and the underlying mechanisms are important issues for nanobiotechnology, and remain to be
further explored. Herein, three new types of nano-GOs functionalized with polyethylene glycol (nGO-
PEGs) were synthesized by varying the PEGylation degree, and their effects on Escherichia coli (E. coli)
were carefully investigated. Interestingly, nGO-PEG (1:1), the one with relatively lower PEGylation de-
gree, could significantly stimulate bacterial growth, whereas as-made GO and the other two nGO-PEGs
showed no effect. Further analysis revealed that nGO-PEG (1:1) treatment significantly accelerated FtsZ-
ring assembly, shortening Phase 1 in the bacterial cell cycle. Both DNA synthesis and extracellular
polymeric substance (EPS) secretionwere also dramatically increased. This unique phenomenon suggests
promising potentials in microbial engineering as well as in clinical detection of bacterial pathogens. As a
proof-of-concept, nGO-PEG (1:1) treatment could remarkably enhance (up to 6-fold) recombinant pro-
tein production in engineered bacteria cells. To our best knowledge, this is the first demonstration of
functionalized GO as a novel, positive regulator in microbial engineering. Moreover, our work highlights
the critical role of surface chemistry in modulating the interactions between nanomaterials and
microorganisms.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, graphene and its derivatives with many unique
physicochemical properties have attracted tremendous attention in
various fields. In the fields of biomedical research, there have been
numerous reports demonstrating the use of graphene and its de-
rivatives as biosensing platforms [1e7], bio-imaging probes [8e11],
drug and gene delivery carriers [12e16], cancer therapy agents
[17e21], protein modulators [22,23], antibacterial agents [24e27],
as well as tissue engineering materials [28e30], achieving many
exciting results in recent years. How graphene-based nano-
materials would interact with different biological systems has thus
also been extensively investigated. It has been uncovered that raw
@suda.edu.cn (R. Peng).
graphene or graphene oxide (GO) without further modification
usually would impose disturbances on biological systems such as
dose-dependent or size-dependent toxicities, including genotox-
icity, to cells or animals [27,31e34]. However, when graphene or GO
is functionalized via appropriate surface modifications, their
toxicity could be remarkably reduced. It is now generally accepted
that the behaviors of graphene and GO in biological systems are
closely related to the size and surface chemistry of those materials.

Recently, the interactions between graphene derivatives and
microorganisms have also received substantial interests. Several
previous studies have demonstrated that GO could be used to kill or
inactivate bacteria via possible mechanisms including ROS gener-
ation, interaction of the sharp edges of GO sheets with bacterial cell
wall and cell membrane to disrupt cell integrity, and wrapping
bacteria with GO sheets to reduce their activities [25e27,35].
Moreover, Akhavan et al. reported that growth of bacteria on GO
could in turn reduce GO to bactericidal graphene [36]. On the
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contrary, a few reports have shown that GOwas able to increase the
growth or activity of certain bacteria [37e39]. In addition, little
effect of bare GO on bacteria has been also reported [40,41]. Such
differences in reported results may be due to the different experi-
mental conditions (e.g. differences in the preparation of GO sam-
ples, the size variations and chemical states of GO samples, as well
as culturing bacteria in the presence or absences of proteins).
Although the interactions between as-made GO with bacteria have
been explored, how nano-GO with biocompatible coatings such as
polyethylene glycol (PEG) conjugation would affect the activities of
microorganisms as well as the underlying mechanisms have been
rarely studied. Such questions raise important issues for nano-
technology in microbiology, and therefore need further attention.

In this work, we newly developed a series of PEGylated nano-
GOs (nGO-PEGs) and explored their interactions with genetically
engineered strains of gram-negative bacteria Escherichia coli
(E. coli), which have been extensively used in biological research,
microbial engineering, and industry. Three types of nGO-PEGs with
varying PEGylation degrees were synthesized by conjugation of GO
with 10 kDa amine-terminated six-arm-branched PEG (10k-6br-
PEG-NH2) at different feeding GO:PEG ratios (GO:PEG ¼ 1:1, 1:2.5,
1:5) using optimized procedure. Interestingly, nGO-PEG (1:1), the
onewith a relatively low level of PEGylation could greatly stimulate
bacterial growth, while no obvious effect on cell viability was
observed for either bare GO or nGO-PEGs with higher degrees of
PEGylation. Further analysis showed that nGO-PEG (1:1) could
significantly accelerate FtsZ-ring assembly process, shortening the
first stage of the bacterial cell cycle. Both DNA synthesis and the
secretion of extracellular polymeric substance (EPS) were dramat-
ically increased by nGO-PEG (1:1) treatment. More importantly, we
further demonstrated that nGO-PEG (1:1) could be utilized as a
novel, positive regulator to remarkably enhance the recombinant
protein production in bacteria, indicating its potential for further
applications in microbial engineering.

2. Experimental

2.1. Materials and reagents

PEG (10k-6br-PEG-NH2) was purchased from Sunbio Inc. (South
Korea). All other reagents were purchased from SigmaeAldrich (St.
Louis, MO, USA).

2.2. Preparation and characterization of GO and PEGylated GO
dispersions

GO was produced from graphite following a Hummers method
with slight modifications [22,42]. Before PEGylation, 1.8 g NaOH
was added into the 10 mL GO suspension (~1 mg/mL) and bath-
sonicated for 4 h, then neutralized and purified by rinsing and
filtration. Three types of PEGylated GO (feeding GO:PEG mass
ratios ¼ 1:1, 1:2.5, 1:5) were prepared by mixing 1 mg/mL GO
dispersion with 1, 2.5, 5 mg/mL of PEG. Following 30 min bath
sonication with the addition of 1 and 2 mg of N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC)
at 5 and 25 min, respectively, the solutions were stirred at room
temperature for overnight. Excess PEG and other reagents were
removed by ultra-filtration through 100 kDamolecular-weight cut-
off (MWCO) centrifugal filters.

Both as-made GO and nGO-PEGs were characterized by atomic
force microscope (AFM) analysis using a MutiMode V AFM (Veeco),
Fourier transform infrared spectroscopy (FT-IR) using a Hyperion
series FT-IR spectrometer (Bruker), and Dynamic light scattering
(DLS) on a Zen3690 (Malvern) at the scattering angle q ¼ 17�. The
concentrations of GO and nGO-PEGs were calculated using their
absorbance at 230 nm recorded using a UVevis spectrometer (mass
extinction coefficient of 65 mg mL�1 cm�1) [22]. The PEG contents
in nGO-PEG (1:1), nGO-PEG (1:2.5), and nGO-PEG (1:5), were
estimated to be 38.6%, 55.7%, and 60.8% respectively, using ther-
mogravimetric analysis (TGA, Supporting Information Fig. S1) as
previously reported [13].

The chemical states of nGO-PEG (1:1) were characterized using
X-ray photoelectron spectroscopy (XPS). nGO-PEG (1:1) nanosheets
exposed to E. coli cells in liquid Luria-Bertan (LB) medium (or
incubated in liquid LB medium without the presence of bacteria as
control) at 37 �C in the shaking incubator were separated and
washed three times with 1� PBS, and then characterized using XPS
with a monochromatic Al Ka source in ultra-high vacuum
(<10�7 Pa). The XPS peaks were deconvoluted by using Gaussian
components after a Shirley background subtraction.

2.3. Bacterial culture

E. coli cells (DH5a and BL21 (DE3)-pLysS) were cultured in liquid
LBmedium in a shaking incubator at 37 �C overnight. The overnight
culture was then re-inoculated (1:100) into fresh LB medium and
grown at 37 �C for 2e3 h till an optical density at 600 nm (OD600) of
0.5 was reached, bringing the bacterial cells into log phase.

2.4. Bacterial viability assay

Log phase E. coli cells were inoculated 1:10 in fresh LB medium
containing 1 � PBS or different nanomaterials as indicated in the
text, and grown for 2.5 h at 37 �C in the shaking incubator. The
cultures were then diluted and dispensed in 96-well plates. For
each culture, a well with LB medium containing the same amount
of nanomaterials but no E. coli cells was set as the blank, and the
metabolic activities of bacterial cells in these cultures were
analyzed using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay as described [40]. All
measurements were carried out in triplicate or quadruplicate.

Colony forming units (CFU) counting method was used to
analyze the numbers of viable bacterial cells in the above cultures.
Briefly, gradient dilutions of each culture were plated on LB-agar
plates in triplicate, followed by incubating at 37 �C for 16 h, and
the bacterial colonies formed were counted and photographed.

2.5. Time-lapse photography of bacterial growth and division

Time-lapse photography of bacterial growth and division was
carried out following a previous protocol [40,43] with modifica-
tions. Briefly, 1 mm-thick LB-agar pads with a flat, smooth surface
were prepared by plating 70 mL LB medium containing 3% (w/v)
agar between two clean round coverslips. Individual nGO-PEG (1:1)
treated E. coli cells (DH5a) were sandwiched between a glass bot-
tom cell culture dish and the LB-agar pad containing 20 mg/mL
nGO-PEG (1:1). Untreated E. coli cells were sandwiched using
normal LB-agar pad as control. The bacteria growth was monitored
and imaged using the confocal microscope (Leica TCS SP5) every
5 min while incubating at 37 �C in the temperature-control
accessory.

For real-time monitoring of FtsZ-ring dynamics and bacterial
cell cycle, DH5a cells were transformed with pCA24N-FtsZ-GFP, a
plasmid encoding a fusion of green fluorescent protein (GFP) to the
essential bacterial cell division protein FtsZ (FtsZ-GFP). The log
phase DH5a cells carrying pCA24N-FtsZ-GFP were induced by
isopropyl b-D-1-thiogalactopyranoside (IPTG; final concentration
1 mM) for 15 min allowing proper expression of FtsZ-GFP, and then
re-inoculated (1:100) into fresh LB with or without 20 mg/mL nGO-
PEG (1:1) (37 �C, 2 h) before sandwiching on LB-agar pads for
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imaging. For better imaging of the FtsZ-GFP, normal LB-agar pads
were used for both the control group and the nGO-PEG (1:1)
treated group.

2.6. DNA synthesis analysis

Bacterial DNA synthesis was analyzed by 5-ethynyl-2’-deoxy-
uridine (EdU) labeling method using Click-iT EdU Alexa Fluor Im-
aging Kit (Ruibo, Guang Dong, China) according to the
manufacturer's protocol. E. coli cells (DH5a) were labeledwith 1 mM
EdU for 30 min, and the EdU incorporation was analyzed by a flow
cytometer (BD). The relative EdU incorporation was calculated us-
ing the formula:△EdUincorporation ¼ (IT�Io)/(IC�Io) *100%, where I0:
blank, i.e. mean fluorescence intensity (MFI) of unlabeled cells; Ic:
MFI of control cells; IT: MFI of nGO-PEG (1:1) treated cells.

2.7. Morphological characterization of E. coli

E. coli cells (DH5a) were collected, washed twice with 1 � PBS,
and then fixed with 2.5% glutaraldehyde solution for 2 h. The
samples were dehydrated with sequential treatment of 50, 70, 85,
90, and 100% ethanol for 10 min, gold sputter-coated, and imaged
using a scanning electronic microscope (SEM, Quanta 200FEG, FEI)
[44].

2.8. EPS extraction and quantification

EPS on E. coli cell (DH5a) surface were extracted following a
formaldehyde-NaOH method [45]. The EPS polysaccharide content
was quantitated by Phenol-sulfuric acid method using glucose as
the standard [46]. The EPS protein content was measured by the
Bradford assay using bovine serum albumin as the standard [47].

2.9. Recombinant protein production

Expression of recombinant FtsZ-GFP in DH5a cells carrying the
high-copy plasmid pCA24N-FtsZ-GFP (T5-lac promoter) was
induced by addition of IPTG to a final concentration of 1 mM for 1 h.
Expression of recombinant GFP in BL21 (DE3)-pLysS cells carrying
the low-copy plasmid pET28a-GFP (T7-lac promoter) was induced
by addition of IPTG to a final concentration of 2 mM for 1 h. GFP
fluorescence was measured by flow cytometry.

2.10. Cell viability assay of mammalian cells

Raw cells and NIH3T3 cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum at 37 �C. Both types of cells were treated with indicated
concentrations of nGO-PEG (1:1) at 37 �C for 24 h. Their viabilities
were measured using MTT assay following the standard protocol.

3. Results and discussion

3.1. Preparation and characterization of functionalized GO
nanosheets

GO nanosheets were made from graphite by using an improved
Hummer's method [42]. 10k-6br-PEG-NH2 was conjugated to the
carboxyl groups on GO nanosheets via amide formation at different
feeding weight ratios (GO:PEG ¼ 1:1, 1:2.5, 1:5) to prepare nGO-
PEG (1:1), nGO-PEG (1:2.5), and nGO-PEG (1:5), respectively. As
revealed by AFM images (Fig. 1a), as-made GO nanosheets were
mostly single-layered with thickness of around 1 nm. After PEGy-
lation, the thickness of nGO-PEG (1:1), nGO-PEG (1:2.5), and nGO-
PEG (1:5) increased to around 2 nm, 2.5 nm, and 3 nm, respectively,
correlated with increasing levels of PEGylation on the GO surface.
The sheet sizes of these PEGylated GO nanosheets (20e40 nm)
were much smaller than that of as-made GO before PEGylation,
which should be attributed to the sonication during the PEGylation
step. PEGylation of GO was also demonstrated by FT-IR spectra
(Supporting Information Fig. S2) and zeta potential (Fig. 1b). As
expected, owing to the amino groups on the 10k-6br-PEG-NH2
polymer conjugated to GO, the zeta potentials of those samples
shifted from �40.1 mV for as-made GO, to �26.5 mV, �20.2 mV,
and �16.5 mV, for nGO-PEG (1:1), nGO-PEG (1:2.5), and nGO-PEG
(1:5), respectively (Fig. 1b). As shown in Fig. 1c, as-made GO,
although well dispersed inwater, would aggregate in LBmedium in
the presence of salts, whereas no noticeable aggregation was
observed for the three nGO-PEG samples under the same condi-
tions. This demonstrates that, even at the relatively low PEGylation
level (i.e. feeding weight ratio GO:PEG ¼ 1:1), PEGylation could
greatly improve the dispersibility of those nanosheets in physio-
logical solutions.

3.2. Surface chemistry-dependent stimulation of bacterial growth
by PEGylated GO

The effects of as-made GO and the three types of nGO-PEG on
E. coli cell viability were firstly analyzed using the MTT method. As
shown in Fig. 2a, without PEGylation, as-made GO showed barely
any effect on E. coli cell viability, consistent with our previous re-
ports [40,41]. The two nGO-PEGs with higher levels of PEGylation,
nGO-PEG (1:2.5) and nGO-PEG (1:5), as well as PEG polymer by
itself, also showed no effect on the viability of E. coli (Fig. 2a).
Interestingly, nGO-PEG (1:1) with the relatively low level of
PEGylation (feeding weight ratio GO:PEG ¼ 1:1) strongly increased
E. coli viability to around 180% at the concentration of 20 mg/mL. The
growth stimulating effect of nGO-PEG (1:1) was also confirmed by
CFU counting method (Fig. 2b and c). Consistent with the results
from the MTT assay, nGO-PEG (1:1) treatment could increase the
growth of bacteria in a dose-dependent manner (Fig. 2b).

Such surface chemistry-dependent stimulation effect on bacte-
rial growth is intriguing. Unlike the previous report regarding the
interaction of E. coli with GO could lead to reduction of GO [36],
exposure of nGO-PEG (1:1) to E. coli cells barely changed its O/C
ratio (Supporting Information Fig. S3), suggesting that the inter-
action between E. coli cells and nGO-PEG (1:1) might be different
from the interaction of E. coli cells with GO. Therefore, it is possible
that nGO-PEG (1:1) with a low PEG density on its surface may
provide a unique nano-bio interface between the nanomaterial and
the bacteria, and then affect the growth of bacteria via certain
mechanism(s). Higher levels of PEGylation maymake nGO to be too
inert and abolish its interaction with bacteria. The detailed mech-
anism(s) are still not fully understood. Nevertheless, we further
carefully investigated how nGO-PEG (1:1) would affect the bacteria
growth.

3.3. Significant shortening of the bacterial growth cycle by nGO-
PEG(1:1)

To further analyze the growth stimulating effect of nGO-PEG
(1:1), the real-time growth of E. coli cells were monitored. The
dilute suspensions of the E. coli culture after growth in liquid LB
medium with or without nGO-PEG (1:1) for 2 h were plated on
corresponding LB agar plates, and the cell growth were monitored
under a light microscope. In the presence of nGO-PEG (1:1), E. coli
cells grew much faster than the control did (Fig. 3), and the bac-
terial doubling times (on LB agar plates) were calculated to be
43 min and 75 min for nGO-PEG (1:1)-treated cells and the un-
treated ones, respectively.



Fig. 1. Characterization of GO and nGO-PEG nanosheets used in the study: AFM images and the corresponding depth profiles (a), Zeta potential (b), and dispersibilities in water and
LB medium (c) of GO, nGO-PEG (1:1), nGO-PEG (1:2.5), and nGO-PEG (1:5). Photos in (c) were taken after the solutions (20 mg/mL) were centrifuged at 21,000 g for 5 min. Scare bar
in (a) ¼ 200 nm. (A color version of this figure can be viewed online.)

Fig. 2. Effects of GO nanosheets with different surface modifications on bacterial growth. (a) E. coli cells were grew in liquid LB mediumwith either as-made GO, different nGO-PEG
nanosheets, or the corresponding PEG polymer for 2.5 h. Cells grew in normal liquid LB mediumwere used as control (ctr). Their viabilities were analyzed using the MTT method. þ
and þþ represent 10 and 20 mg/mL (b) CFU counting of viable bacteria in the cultures after being treated with indicated concentrations of nGO-PEG (1:1) at 37 �C for 2.5 h.
Representing photographs of bacterial colonies formed on LB-agar plates are shown in (c). Error bars represent the standard deviations (n � 3). *P < 0.05. (A color version of this
figure can be viewed online.)
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Given the dramatic shortening of the bacterial doubling time
upon nGO-PEG (1:1) treatment, one question arises as to whether
the entire cell growth cycle is shortened proportionally, or only
part(s) of the cell growth cycle are affected. To address this ques-
tion, E. coli cells expressing a fusion of GFP to the essential bacterial
cell division protein FtsZ (FtsZ-GFP) were used [43]. At the future
site of the septum of bacterial cell division, FtsZ protein assemble to
a ring-like structure, also called FtsZ-ring or Z-ring, which is
essential for bacterial cell division [48], and the GFP-tag allows us to
closely monitor the dynamics of FtsZ protein and FtsZ-ring. As
shown in Fig. 4a and b, according to the dynamics of FtsZ-ring, the
cell cycle of E. coli could be divided into threemajor phases: Phase 1
(P1), Phase 2 (P2), and Phase 3 (P3). P1 is the first stage, during
which FtsZ protein assembles into a ring structure at mid-cell
(Fig. 4a and b, I-II). During this phase, the bacterium replicates its
DNA and synthesizes proteins, preparing for subsequent steps. P2 is
the process of maturation of the septum and FtsZ-ring (Fig. 4a and
b, II-III, see the septum marked by a white arrow in III). FtsZ
maintains the dynamic ring structure during P2 and recruits
downstream proteins for the divisionmachinery. P3 is the last stage



Fig. 3. Real-time bacterial growth of E. coli cells. Control: E. coli cells were grew in normal liquid LB medium for 2 h, the culture was then diluted and plated on normal LB-agar pad;
Treated: E. coli cells were grew in liquid LB mediumwith 20 mg/mL nGO-PEG (1:1) for 2 h, then diluted and plated on LB-agar pad containing 20 mg/mL nGO-PEG (1:1). The bacterial
growth was monitored under a light microscope and imaged. Scale bar: 5 mm.

Fig. 4. Shortening of the bacterial growth cycle after nGO-PEG (1:1) treatment. Live cell fluorescence imaging (a) and a scheme (b) showing the dynamics of FtsZ-ring in a full cell
cycle of E. coli cells expressing FtsZ-GFP (green). The bacterial cell wall is demonstrated by a dashed line. The corresponding bright-field images were displayed at the up-right
corners in (a), with the septum of bacterial cell division marked by a white arrow. (I)/(V): Cell division completes and a new cell cycle starts; (II): FtsZ-ring stabilizes at mid-
cell; (III) Visible constriction of FtsZ-ring starts; (IV): FtsZ-ring contracts, then disassembles, concluded by cell separation. P1: Phase 1; P2: Phase 2; P3: Phase 3. (c) After E. coli
cells being treated with or without 20 mg/mL nGO-PEG (1:1) for 2.5 h, the length of each phase in the cell cycle were analyzed according to the dynamics of FtsZ-ring as shown in (a
& b). Error bars represent the standard deviations (n ¼ 20, *P < 0.05). (d) Incorporation of EdU into newly synthesized DNA in E. coli cells with or without 20 mg/mL nGO-PEG (1:1)
treatment was analyzed by flow cytometry. Error bars represent the standard deviations (n ¼ 3, *P < 0.01). (A color version of this figure can be viewed online.)

Y. Luo et al. / Carbon 103 (2016) 172e180176
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of the cell division cycle, in which FtsZ-ring contracts, and then
disassembles, concluded by daughter cell separation (Fig. 4a and b,
III-V). As shown in Fig. 4c, compared with untreated bacteria, E. coli
cells treated with nGO-PEG (1:1) showed substantially shortened
P1, whereas the other two phases P2 & P3 appeared unaffected,
suggesting that nGO-PEG (1:1) could affect the bacterial growth
cycle by expediting Z-ring assembly and therefore shortening the
first stage (P1), which is the preparation stage for later steps of cell
division.

Since one of the major events happen in P1 other than Z-ring
assembly is DNA replication, the effect of nGO-PEG (1:1) on new
DNA synthesis was investigated using a thymidine analog EdU [49].
As shown in Fig. 4d, in E. coli cells treated with nGO-PEG (1:1), the
incorporation of EdU in newly synthesized bacterial DNA increased
to nearly 5 fold of that in untreated cells, suggesting that the bac-
terial DNA synthesis could be greatly promoted by nGO-PEG (1:1),
consistent with the above findings showing shortened P1 in the
E. coli cell cycle (Fig. 4c).
3.4. Effects of nGO-PEG(1:1) on E. coli cell surface and EPS secretion

During bacterial growth, aside from DNA replication, cells also
synthesize large amount of macromolecules such as proteins,
nucleic acids, phospholipids, and polysaccharides. A portion of
these macromolecules are secreted to the environment as EPS,
either forming a layer of high-molecular weight compounds on the
cell outer surface, or being secreted to the growth medium [50,51].
To analyze the possible effect of nGO-PEG (1:1) on E. coli cell sur-
face, cells were grew in liquid LBmediumwith or without nGO-PEG
(1:1), and then imaged using SEM. As shown in Figure 5ae5d,
although both groups of bacteria were typically rod-shaped with
smooth and intact cell walls, compared with untreated cells, a
thicker layer of substance on the cell surface and increased cellecell
adhesion could be observed for cells treated with nGO-PEG (1:1).

The EPS on the bacterial cell surface was also extracted and its
main components were quantified. As shown in Fig. 5e, nGO-PEG
(1:1) treatment resulted in over 2- and 3-fold increase for poly-
saccharide content and protein content, respectively, giving an in-
crease of 2.6-fold for total EPS content, demonstrating largely
elevated EPS production and secretion, consistent with the SEM
Fig. 5. Effect of nGO-PEG (1:1) on EPS secretion. (aed) SEM images of E. coli cells without (a
the red rectangles in (a) and (c), respectively. Scale bar: 500 nm. Pairs of arrows indicate the
between the arrows in (d). (e) EPS on the bacterial cell surface was extracted, and the conte
deviations (n ¼ 3, *P < 0.05). (A color version of this figure can be viewed online.)
data. EPS can provide the matrix to support extracellular enzymes
in aquatic systems, protecting their activity and preventing them
from diffusing into the growth medium [51]. Given the critical role
of extracellular enzymes, which are essential for the decomposition
of organic nutrients in bacterial growth [50], the thickened EPS
layer on the nGO-PEG (1:1)-treated cell surface might generate a
more friendly microenvironment to facilitate cell growth.
3.5. Promising potential of nGO-PEG(1:1) in microbial engineering

The development of DNA recombination techniques since late
1970s enabled production of proteins of interests in host cells at all
scales [52]. Since then, recombinant protein production has
become more and more critical for both biomedical research and
industry, especially for pharmaceutical industry [53]. One of the
important roles of E. coli in microbial engineering is the extensive
use of genetically engineered E. coli cells as popular bacterial hosts
for the production of recombinant proteins [54,55]. The results
above have successfully demonstrated that nGO-PEG (1:1) could
greatly stimulate the growth of bacteria. This is a novel application
of functionalized GO in microbial engineering and could be used to
promote recombinant protein synthesis.

As a proof-of-concept experiment, expression levels of recom-
binant proteins under the influence of nGO-PEG (1:1) were inves-
tigated using two examples. The first example was the E. coli cells
used in the bacterial cell cycle analysis above, i.e. the DH5a cells
carrying a high-copy plasmid encoding FtsZ-GFP. As shown in Fig. 6,
under the same induction condition, compared with untreated
cells, the treatment of 20 mg/ml nGO-PEG (1:1) led to over 6-fold
increase in GFP fluorescence. Since the expression of recombinant
proteins may vary when using different hosts, expression vectors,
induction conditions, etc., we also applied the nGO-PEG (1:1)
treatment to another E. coli expression system as the second
example: BL21 (DE3)-pLysS [56,57], a genetically engineered E. coli
strain commonly used for protein expression, as the host; and
pET28a [56,58], a general expression vector (low-copy plasmid),
encoding GFP as the reporter. In this example, under the induction
conditionwe used, GFP was expressed at a much lower level (about
30%, data not shown) to that in the first example. Similar to DH5a
cells, the growth of BL21 (DE3)-pLysS cells could be stimulated by
& b) and with (c & d) nGO-PEG (1:1) treatment. (b) and (d) are the magnified images of
outer surfaces of two adjacent E. coli cells, and a clear layer of substance can be seen in-
nts of polysaccharides and proteins were quantified. Error bars represent the standard



Fig. 6. Significant increase in recombinant protein production upon nGO-PEG (1:1)
treatment. E. coli cells carrying either a low-copy plasmid or a high-copy plasmid
encoding recombinant GFP constructs were grew in liquid LB medium with or without
20 mg/mL nGO-PEG (1:1) followed by IPTG induction. Expression level of GFP was
recorded. Error bars represent the standard deviations (n ¼ 3, *P < 0.05, **P < 0.01). (A
color version of this figure can be viewed online.)
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nGO-PEG (1:1) as well (Supporting Information Fig. S4). As shown
in Fig. 6, in this low-protein-yield example, nGO-PEG (1:1) treat-
ment was still able to increase GFP expression to about 1.3-fold.
Both examples demonstrated the ability of nGO-PEG (1:1) in
enhancing recombinant protein production in E. coli hosts. Given
the important applications of recombinant proteins in biological
research and industry, and the demands for higher protein yield,
this functionalized GO nanosheets, nGO-PEG (1:1), might be
particularly promising in microbial engineering, for example, as an
efficient positive regulator for recombinant protein production.
3.6. Effect of nGO-PEG(1:1) on mammalian cells

Since nGO-PEG (1:1) can effectively stimulate the growth of
bacteria, which are prokaryotic cells, we further analyzed whether
it would affect the growth of eukaryotic cells. Two commonly used
cell lines, mouse embryonic fibroblast (NIH3T3) and mouse
Fig. 7. Effects of nGO-PEG (1:1) on viabilities of mammalian cells. NIH3T3 and
RAW264.7 cells were treated with increasing concentrations of nGO-PEG (1:1) for 24 h,
and cell viabilities were analyzed using MTT method. Error bars represent the standard
deviations (n ¼ 3).
mononuclear macrophage (RAW264.7) were used in the study. As
shown in Fig. 7, for both RAW264.7 cells and NIH3T3 cells, after
being treated with nGO-PEG (1:1) for 24 h at concentrations
comparable to those used in the E. coli study (10e30 mg/mL), only
about 10% increase in cell growth could be detected. Further
increasing of the nGO-PEG (1:1) concentration (up to 100 mg/mL)
could not promote cell growth, but rather resulted in certain levels
of cytotoxicity towards both cells. The observed cytotoxicity of
nGO-PEG (1:1) was slightly higher than those from previous similar
reports [59,60], likely due to its lower level of functionalization on
GO surface, whichmight be less sufficient to reduce the cytotoxicity
of GO.
4. Conclusion

In summary, three new types of PEGlyated GO nanosheets with
different levels of PEGylation were synthesized and their effects on
E. coli cells were carefully investigated. While bare GO and nGO-
PEGs with higher degrees of PEGylation exerted no appreciable
effect on the growth and viabilities of bacteria within our tested
dose range, nGO-PEG (1:1) with a relatively low PEGylation level
showed a rather robust stimulating effect on bacterial growth.
Further analysis revealed that such a unique growth-stimulating
effect of nGO-PEG (1:1) was associated with shortened P1 phase
in the bacterial cell cycle, during which significantly accelerated
FtsZ-ring assembly and DNA synthesis were detected. 2e3 fold
increase in EPS production was also revealed. As a proof-of-
concept, we further applied nGO-PEG (1:1) as a positive regulator
in microbial engineering, and demonstrated that the production of
recombinant proteins from bacterial hosts could be significantly
enhanced (up to 6-fold) upon treatment with nGO-PEG (1:1).
Although future work is required to further investigate the mech-
anism underlying the stimulation of bacterial growth and any po-
tential genotoxicity towards bacteria which might associate with
the stimulated growth and DNA synthesis, our work reveals that
the interactions between nanomaterials and microorganisms could
be closely associated with and regulated through their surface
chemistry and the nano-bio interfaces. In this case, specific PEGy-
lation on the GO surface could generate a unique interface for
interacting with bacteria. Nevertheless, this is to our best knowl-
edge the first report of functionalized GO as a novel, positive
regulator for bacterial growth, indicating its promising potentials in
microbial engineering as well as in clinical detection of bacterial
pathogens.
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