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A
facile noncontaminating water dis-
infection approach is in worldwide
demand, and approximately, 750

million people around the world have no
or little access to clean water.1,2 The 2015
Global Risk Report published by the World
Economic Forum (WEF) has recently identi-
fied that clean water scarcity is the most
serious risk facing the world at large.3 Many
current water disinfectant agents effectively
annihilate pathogenic microorganisms in

drinking water but are generally toxic them-
selves or may produce side products that
are harmful to human health.4 For example,
strong oxidizing agents such as hypochlor-
ite and ozone commonly used in water
disinfection produce harmful byproducts
which can be carcinogenic, mutagenic, or
teratogenic. Other disinfectants such as
chlorine, phenol, peroxides, and silver nano-
particles, which generally work by solvation
into the biocontaminated water, are toxic to
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ABSTRACT Water disinfection materials should ideally be broad-spectrum-

active, nonleachable, and noncontaminating to the liquid needing sterilization.

Herein, we demonstrate a high-performance capacitive deionization disinfection

(CDID) electrode made by coating an activated carbon (AC) electrode with cationic

nanohybrids of graphene oxide-graft-quaternized chitosan (GO-QC). Our GO-QC/AC

CDID electrode can achieve at least 99.9999% killing (i.e., 6 log reduction) of

Escherichia coli in water flowing continuously through the CDID cell. Without the

GO-QC coating, the AC electrode alone cannot kill the bacteria and adsorbs a much smaller fraction (<82.8 ( 1.8%) of E. coli from the same

biocontaminated water. Our CDID process consists of alternating cycles of water disinfection followed by electrode regeneration, each a few minutes

duration, so that this water disinfection process can be continuous and it only needs a small electrode voltage (2 V). With a typical brackish water

biocontamination (with 104 CFU mL�1 bacteria), the GO-QC/AC electrodes can kill 99.99% of the E. coli in water for 5 h. The disinfecting GO-QC is securely

attached on the AC electrode surface, so that it is noncontaminating to water, unlike many other chemicals used today. The GO-QC nanohybrids have

excellent intrinsic antimicrobial properties in suspension form. Further, the GO component contributes toward the needed surface conductivity of the CDID

electrode. This CDID process offers an economical method toward ultrafast, contaminant-free, and continuous killing of bacteria in biocontaminated water.

The proposed strategy introduces a green in situ disinfectant approach for water purification.

KEYWORDS: water disinfection . capacitive deionization . cationic . contact-active . antimicrobial . graphene oxide .
quaternary chitosan
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humans.5�8 Further, multi-drug-resistant bacteria that
are difficult to treat are on the rise.9,10 At present, there
is great demand for new disinfection techniques which
meet higher safety standards but are still effective
toward a broad spectrum of pathogenic microbes.
However, it has been challenging to develop novel
agents which effectively kill a broad spectrum of
bacteria with zero/negligible contamination to the
water needing disinfection.
A new class of antimicrobial agents based on a

contact-active mechanism that kills microbes on con-
tact by physical disruption of the anionic microbe
cytoplasmic membrane has attracted widespread
interest;11�13 these molecules which are typically cat-
ionic polymers or peptides are thought to be less
susceptible to microbe resistance than are conven-
tional antibiotics.14,15 However, many contact-active
antimicrobial agents are also toxic as charge-based
killing is generally indiscriminately effective against
both bacterial and mammalian cells. We have pre-
viously discovered that cationic polysaccharides have
generally lower toxicity and similar effectiveness com-
pared to non-saccharide-based antimicrobial peptides
and polymers.16,17 Nevertheless, for water disinfection,
it would be ideal to avoid adding disinfecting chemi-
cals to the water to be treated. Ideally, the disinfection
process would be continuous rather than batch,
membrane-free, and consume little energy. It is chal-
lenging to find such a process.
Contact-active cationic particles made by tethering

cationic polymers or peptides onto particle surfaces
are a new type of antimicrobial agent.18,19 The parti-
culate form of a cationic antimicrobial agent may be
more effective than the solution form as the charges
are concentrated. Further, the particle may impart
unique functional properties to the resulting compo-
site. Graphene oxide (GO), a single-atom-thick two-
dimensional (2D) material with micron-scale lateral
dimension, appears to be an attractive carrier substrate
due to its large specific surface area. For the GO�catio-
nic polymer hybrid, the polymer also serves a supple-
mentary role as a dispersion agent to individually
disperse the nanohybrid particles in water to maxi-
mally expose the tethered charges. With the large GO
surface area, we may easily increase the grafting
density to increase the killing efficacy and stability of
the nanohybrid. Previous antimicrobial graphene/
GO-based antimicrobial agents are composite mate-
rials which release the biocides (e.g., Ag ions, phos-
phonium salts, etc.) into solution.20�26 Recently, a
GO�polylysine nanohybrid was made by physically
adsorbing the cationic polylysine onto GO, but the
polylysine can be desorbed into the aqueous
environment.27 The possible release of the active anti-
microbial agents from GO makes the previous GO-
based composites not ideally suited for disinfecting
water, and they may pose an environmental hazard

with long-term use.28 Further, the nanoscale thickness
of the GO-based nanohybrid makes its suspension in
water relatively stable and its recovery from water
highly challenging. Also, it is not practical to recover
GO-based composites after dispersion into large water
volumes by filtration or centrifugation.
On the other hand, capacitive deionization (CDI) has

shown great promise for the deionization of ions from
brackish water.29�31 It is a continuous-flow process
that employs alternating cycles of ion electrosorption
to remove ions from the aqueous solution followed by
ion desorption from the electrodes to regenerate the
latter. The electrodes are usually carbon-based mate-
rials, and a low electrical potential (usually 2 V) is
typically applied during the ion capture. The CDI
deionization process is attractive because of its low
power requirement, high regeneration potential, use
of nonhazardous chemical in the pre/post-treatment
stages, and it is membrane-free. CDI is already applied
to water desalination by removing ions from aqueous
solutions flowing past two oppositely charged elec-
trodes.32,33 Bacteria also have negatively charged sur-
faces, but they are much larger than the salts typically
removed by a normal CDI process. There is a recent
report on the application of CDI for water disinfection
using commercially activated carbon cloth electrodes
but the bacteria were not killed but only adsorbed on
the electrodes, and the reported degree of removal
(not killing) was only 82.8( 1.8%, that is, less than 1 log
reduction; the bacteria loading investigated was also
moderate (104 CFU mL�1).34

We report herein a novel contact-active graphene
oxide-graft-quaternized chitosan (GO-QC)-coated acti-
vated carbon (AC) electrode for ultrahigh disinfection
performance via a capacitive deionization disinfection
(CDID) process (Figure 1). First, we synthesized GO-QC
nanohybrid particles by covalently grafting cationic
QC, specifically dimethyldecylammonium chitosan
(DMDC), onto GO (Figure 1a). The GO-graft-cationic
polysaccharide has both good antimicrobial and good
hemolytic properties (Table 1). The GO-QC in water
shows broad spectrum antimicrobial activity against
three clinically significant pathogens and minimum
bactericidal concentrations (MBCs of 5�30 μg mL�1)
even lower than those of the QC polymer alone
(16�60 μg mL�1) or GO (>5000 μg mL�1) alone. Field
emission scanning electron microscopy (FESEM) and
adenosine triphosphate (ATP) leakage tests were also
carried out in order to investigate the antimicrobial
mechanism of the GO-QC nanohybrid.
Second, by coating a thin GO-QC particulate layer on

the AC electrodes, our CDID process displays an ultra-
fast, contact-active, efficacious microbicidal effect.
Under test conditions of ultrahigh E. coli loading
(106 CFUmL�1) in flowing water, our CDID can achieve
more than 99.9999% (i.e., 6 log reduction) bacteria
killing; the AC electrodes without the disinfecting
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GO-QC layer cannot kill bacteria but can remove some
of them from water but with much lower efficiency,
that is, less than 1 log reduction. Noteworthy, the AC
electrode coated with QC alone in a continuous film
form is nonconductive and cannot be used for the
CDID process. We also showed that the GO-QC/AC
electrode has very good disinfection capacity for bio-
contaminated water with different NaCl concentra-
tions (100 and 200 mg L�1) in the range typically
found in brackish water. After some saturation with
bacteria, the GO-QC/AC electrode can be desorbed of
killed bacteria by flushing the electrodes with pure

water under 0 V cell potential between the disinfection
cycles (Figure 1b). The CDID cell can be run for at least
10 consecutive cycles of bacteria killing alternated by
bacteria desorption for the ultrahigh bacteria loading.
With a lower (104 CFU mL�1) but still relevant bacteria
loading to brackish water, the GO-QC/AC electrode can
continuously achieve 99.99%bacteria killing for at least
5 h. The GO-QC-coated layer shows some electrical
surface conductivity with finite measurable resistivity
of 4.83 ( 0.78 MΩ sq�1, in contrast to the insulating
QC polymer alone (with infinity resistivity), so that the
GO-QC-coated AC electrode construct is conductive

Figure 1. (a) Chemical structure of quaternized chitosan and synthesis schematic of the GO-QC nanohybrid by an amine
coupling reaction in the presence of 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS). (b) Schematic of capacitive deionization disinfection and regeneration of the GO-QC/AC electrode for the continuous
disruption of the anionic microbial envelopes, which leads to microbe cell death.
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enough to be used as an electrode. Also, the large
surface/volume ratio of GO facilitates its fixing on the
electrode with a small amount of binder, which pre-
vents contamination of the water flowing through the
CDID cell. We show that the GO-QC/AC electrode can
be used to realize an energy-efficient and continuous
process to disinfect biocontaminated water with no
observable leaching into or contamination of the
water.

RESULTS AND DISCUSSION

Quaternized chitosan (QC, specifically dimethylde-
cylammonium chitosan) was synthesized as previously
described.16 Briefly, chitosan (82% deacetylated) was
N-alkylated with decanal and then methylated with
methyl iodide (Supporting Information Figure S1).24

The synthesized QC has a quaternization degree of
56% and molecular weight of 38 kDa (Supporting
Information Figure S2). Separately, GOnanoflakeswere
chemically exfoliated from natural graphite powder
following Hummers method,35,36 which is known to
introduce abundant oxidized functional groups, in-
cluding carboxyl groups.37 The GO nanoflakes have
an average thickness of about 1 nm and an average
diameter of 746( 308 nm (Figure 2a,b and Supporting
Information Figure S3a,b). Then a series of GO-QC
derivatives were synthesized with designed weight
ratios of GO to QC varying from 1:1 to 1:10 (w/w)
(Table 1) via the reaction of �COOH on GO and the
residual �NH2 on QC (Figure 1a).
The AC electrode was fabricated in a manner similar

to that for a normal CDI electrode according to pre-
vious reports (see Materials and Methods).38 To pre-
pare the disinfecting GO-QC layer, a mixture of GO-QC
and polyvinylidene fluoride (PVDF) in the ratio of 9:1
(w/w) was dissolved in N,N-dimethylformamide (DMF)
solvent and mixed into a uniform slurry. The GO-QC/
PVDF slurry was cast on top of an AC electrode (10 cm
� 10 cm). After the solvent was dry, the electrode was
immersed into DI water to remove the bubbles inside
the coating layer and was then ready for use.

Figure 1b shows the architecture and application of
our novel GO-QC/AC electrode. Two QC-QC/AC elec-
trodes each with a disinfecting surface coating of the
GO-QC nanohybrid were placed parallel to each other
and assembled into a CDID cell. Bacteria-contaminated
water was pumped through the space between the
two GO-QC/AC electrodes. With the application of a
small potential (2 V), the bacteria in the flowing water
were electrically attracted onto the positive electrode
due to the negative charges on their cell envelope and
then killed by the GO-QC nanohybrid coating when in
physical contact. The electrodes can be regenerated
and cleared of bacteria by switching off the voltage
and passing non-biocontaminated water through the
cell for rinsing.
Figure 2a and Supporting Information Figure S3

show that both GO and GO-QC nanohybrids are in-
dividual nanoflakes. Atomic force microscopy (AFM)
imaging of the GO-QC (1:5) (Figure 2b) indicates that
the average thickness is increased to about 2 nm, while
the average diameter of the GO-QC (1:5) nanohybrid is
not much changed (573( 160 nm) by the QC grafting.
Figure 2c displays Fourier transform infrared (FTIR)
spectra of pristine GO, QC, and a typical GO-QC (1:5).
The peak at 1535 cm�1 in the GO-QC spectrum, which
is absent in theGO spectrum, corresponds to the newly
formed �NHCO� bond between GO and QC, corro-
borating that QC molecules have been grafted onto
the GO through an amide linkage. In the spectrum of
QC, there is also a weak peak at 1535 cm�1, which is
due to the incomplete deacetylation of chitosan. In
addition, X-ray photoelectron spectroscopy (XPS) anal-
ysis further confirmed the covalent bonding ofQConto
GO (Supporting Information Figure S4).
Thermogravimetric analysis (TGA) (Figure 2d) of GO

indicates that 4% of its weight is lost below 100 �C,
which is attributable to evaporation of adsorbed
water.39 The major weight loss of GO was observed
between 165 and 215 �C, which is likely caused by
thermal degradation of oxygen-containing groups
present.40 In contrast, QC has less than 2% weight loss

TABLE 1. Minimum Bactericidal Concentrations and Hemolytic Activities

A B C

MBC (μg mL�1)/selectivitya

no. materials GO/QC ratio determined by TGA E. coli (Gram �) S. aureus (Gram þ) C. albicans (fungi) HC50 (μg mL
�1)

1 QC (DMDC) 60/250 30/500 16/938 15000
2 GO >5000/<0.4 >5000/<0.4 >5000/<0.4 1250
3a GO-QC (1:1)b 1:0.54 310/8 160/16 160/16 2500
3b GO-QC (1:2.5) 1:1.04 80/63 40/125 20/250 5000
3c GO-QC (1:5) 1:2.07 30/333 10/1000 5/2000 10000
3d GO-QC (1:10) 1:2.20 30/333 10/1000 5/2000 10000
4 nCS >2500 >2500 >2500 >3850

a Selectivity = HC50/MBC.
b Design ratios.
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below 100 �C but 35% weight loss between 210 and
250 �C, which is due to the cleavage of substituent
groups and decomposition of glucopyranose rings.41

The weight loss curve of GO-QC has two stages which
can be attributed, respectively, to the major losses of
GO (165�195 �C, Stage I) and QC (210�250 �C, Stage
II). From the weight losses in these two main regimes,
the actual weight ratios of GO to QC can be inferred,
and these values differ from the GO/QC design ratios
(Table 1). For the design GO/QC reactant weight ratios
of 1:1 to 1:5, the measured GO/QC ratios were, respec-
tively, 1:0.54 to 1:2.07, indicating that around 50% of
design QC molecules were successfully grafted onto
GO nanoflakes. However, for the design GO/QC weight
ratio of 1:10, themeasured GO/QC ratio determined by
TGA was 1:2.20, indicating that only 22% of QC was
grafted onto GO nanoflakes. The measured GO/QC
ratio plateaus at around the design ratio of 1:5 because
of the limited amount of carboxyl groups on GO
nanoflakes. The near complete reaction of carboxyl
groups onGOwith highQCdesign ratio was confirmed
by acid�base titration (see Materials and Methods).

Three clinically significant microbes, specifically
E. coli (Gram-negative bacterium), Staphylococcus au-
reus (Gram-positive bacterium), and Candida albicans

(fungus) were chosen as model pathogens to test the
antimicrobial activity of GO and GO-QC. Figure 3a
shows that GO has poor bacteria- and fungi-killing
efficacy of <40%. The QC polymer has excellent anti-
microbial activities toward both bacteria and fungi,
with respective % kills for these three microbes of
97.5 ( 2.1%, 96.9 ( 2.5%, and 98.8 ( 1.2%. Among
the GO-QC nanohybrid series, dramatically higher
antimicrobial activities against the three model patho-
gens compared to those with pristine GO were ob-
served for the two formulations with higher QC con-
tents (Figure 3a). With GO-QC (1:5), the respective %
kills for the three microbes are 93.6 ( 4.2%, 97.8 (
1.8%, and 99.3( 0.4%, similar to those of QC (p > 0.05,
no significant difference). For GO-QC (1:10), the corre-
sponding % kills are 93.7 ( 1.9%, 98.4 ( 1.5%, and
98.2 ( 1.7%, which are similar to those of GO-QC
(1:5) (p > 0.05, no significant difference). It appears
that the antimicrobial activities plateaued beyond

Figure 2. (a) FESEM image of GO and GO-QC (1:5). (b) AFM image of GO and GO-QC (1:5) with the thickness determination.
(c) FTIR spectra of GO, QC, and GO-QC (1:5). (d) TGA curves of (i) GO, (ii) GO-QC (1:5), and (iii) QC at a heating rate of 10 �C/min
under nitrogen protection.
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GO-QC (1:5), corroborating the plateauing of the
actual GO/QC ratios inferred from TGA measurements
(Table 1). The time dependence of the killing of
E. coli was also investigated (Supporting Information
Figure S5). The % kill by QC and GO-QC reached nearly
100% after 4 h, while the % kill of GO increased more
gradually and plateaued beyond 12 h at around
70þ% kill.
The MBCs of GO, QC and GO-QC were also deter-

mined (Figure 3b and Table 1). The control materials,
pristine GO and negatively charged chitosan (nCS), did
not show bactericidal activity at concentrations up to
5000 and 2500 μg mL�1, respectively. The QC solution
showed good antimicrobial activity with MBCs of 60,

30, and 16 μgmL�1 for E. coli, S. aureus, and C. albicans,
respectively. The GO-QC (1:5) nanohybrid exhibited
improved MBCs in the range of 5�30 μg mL�1, which
were lower than those of QC polymer alone. The MBC
results of the GO-QC nanohybrids were superior to
those of QC polymer solution alone, which is contrary
towhat is usually achievedwith surface immobilization
of the polymer.42 The MBCs plateaued with 1:5 and
1:10 GO-QC, corresponding to the behavior of the %
kill. The combination of QC with GO in a nanohybrid
enhances the microbicidal potency synergistically.
The time dependence of the killing curve of GO-QC

of E. coli in DI water andNaCl (100 and 200mg L�1) was
also investigated (Figure 3c). The % kill by GO-QC (1:5)

Figure 3. (a) Killing rate of microbes after incubation with GO, QC, and GO-QC series (100 μg mL�1) for 1 h at 108 CFU mL�1.
(b) Minimumbactericidal concentrations. (c) Antimicrobial activity of GO-QC (1:5) (100 μgmL�1) in DI water andNaCl solution
(100 and 200 mg L�1). (d) Selectivity (HC50/MBC). (e) In vitro cytotoxicity study of fibroblast cells cultured with 100 μg mL�1

GO-QC (1:5). The cell viability was determined by cell counting kit-8 (CCK-8) assay; tissue culture polystyrene was used as the
control (p > 0.05, no significant difference). (f) Live/dead assay (using calcein-AM and ethidium homodimer-1) of fibroblast
cells cultured (i) without and (ii) with 100 μg mL�1 GO-QC (1:5) for 7 days.
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reached nearly 100% after 1 h in both DI water and
NaCl solutions. The presence of salt ions has little
effect on the E. coli killing, indicating the possible
utility of GO-QC for disinfection of brackish water.
The antimicrobial activity in the presence of other
NaCl concentrations and other salts, including KCl,
MgCl2, and CaCl2, is shown in Supporting Information
Figure S6.
The GO-QC series generally have 50% hemolysis

concentrations (HC50) (Table 1), which are intermediate
between those of the two individual components,
QC and GO.43 Both high QC content formulations of
GO-QC (1:5 and 1:10) and QC show high HC50 values of
10 000 and 15 000 μg mL�1, respectively, much higher
than that of pristine GO (1250 μg mL�1). As shown in
Figure 3d, the selectivities (defined as HC50/MBC) of
GO-QC (1:5) for S. aureus andC. albicans (1000 and 2000)
are significantly improved compared to those of QC
alone (500 and 938) and are much improved compared
to those of GO. The significant hemolytic activity of
GO has been previously reported and is due to the
sharp edges of pristine GO which are expected to be
harmful to mammalian cells.44 We have previously
shown that chitosan derivatives, such as QC in this
report, have low hemolytic activity and low toxicity
to mammalian cells.45 The QC molecules surrounding
the GO-QC nanohybrid likely function as a biocompa-
tible protection layer which lowers the frequency of
physical damage to mammalian cells by the GO sub-
strate, so that GO-QC shows a much improved HC50
compared with pristine GO. We also found GO-QC to
have good in vitro biocompatibility. Human fibroblast
cells (FibroGRO, Millipore) exposed to GO-QC (1:5)
(100 μg mL�1) in vitro are as viable as on tissue culture
polystyrene (TCPS) dish control (Figure 3e, p > 0.05, no
significant difference). The in vitro live/dead test shows
many live cells after lengthy exposure to GO-QC (1:5)
(Figure 3f).

A schematic diagram of our CDID process for disin-
fection of bacteria-contaminated water and regenera-
tion of GO-QC/AC electrodes is shown in Figure 4. The
biocontaminated solution was pumped into the CDID
cell, where a small voltage (2 V) was applied onto the
parallel GO-QC/AC electrodes (Step I, Figure 4). As the
solution passed through the space between the elec-
trodes, the ions were absorbed onto the electrodes
with the opposite potential; bacteria, in this example,
E. coli, were attracted to the positive electrode because
of their negatively charged cell envelopes. On contact
with the GO-QC, the E. coli were killed. As more sus-
pension passed through the cell, the electrodes be-
came saturated with bacteria. Electrode saturation was
detected by the presence of bacteria in the outflow
liquid. Before that point, the regeneration process was
started and the electrode polarity was turned off,
and regeneration water was pumped into the CDID
cell to remove the dead bacteria accumulated on the
GO-QC/AC electrode surface (Step II, Figure 4). After
regeneration, the cell was then switched back to
disinfection mode to treat more biocontaminated
water.
Figure 5a shows a FESEM of the surface of an AC

electrode (the control). We also attempted to use a QC
coating on top of the AC electrode to effect disinfec-
tion. However, theQC formed a dense continuous layer
on the AC electrode and blocked all the pores between
the individual AC particles (Figure 5b), making the
QC/AC composite insulating and nonfunctional as an
electrode (Table 2). GO-QC nanohybrids form a porous
surface coating on top of the AC electrode (Figure 5c,d),
which allows the solution to reach the AC and current
to pass between the electrodes. The GO-QC layer is
also somewhat conductivewith finite surface resistivity
of 4.83( 0.78 MΩ sq�1 so that the GO-QC/AC compo-
site can function as an electrode (Table 2). A small
amount (10% based on total solid content) of PVDF

Figure 4. Schematic of the continuous water purification and disinfection (Step I) and regeneration (Step II) of the CDID
system.
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binder was mixed into the GO-QC to prevent dislodge-
ment of the nanohybrid from the electrodes into the
water, which is highly undesirable. Only a small quan-
tity of binder was needed as the large GO surface
enables the GO-QC to be securely bound by PVDF to
the AC particles below (Figure 5e,f), and the GO-QC

nanohybrid appears to be still freely available for killing
bacteria.
The GO-QC/AC electrode was first applied for fast,

ultrahigh log reduction of microbes in biocontami-
nated deionized water. Even with ultrahigh bacteria
loading (106 CFU mL�1), the GO-QC/AC electrode
(Figure 6a) can maintain high log reduction of 6.68 (
0.15 (i.e., >99.9999% kill) continuously without any
regeneration in the first 20 min; no live E. coli was
detected at the outlet despite the high loading of
bacteria at the inlet (>106 CFU mL�1). E. coli solution
was pumped into the CDID cell at the flow rate of
1 mL min�1, and the voltage was only 2 V. E. coli
were mostly captured onto the surface of GO-QC/AC

Figure 5. FESEM images for the fabricated disinfecting nanohybrid electrode: (a) pristine AC electrode, (b) QC/AC electrode
(c,d) GO-QC/AC electrodes, and (e,f) high-magnification junctions of GO-QC to AC bound by binder (PVDF).

TABLE 2. Resistivity of CDID Electrodes with Different

Coating Layer

no. samples average (Ω sq�1) standard deviation

1 AC electrode (control) 48 12
2 GO-QC/AC electrode 4,834,500 778,331
3 QC/AC electrode ¥ (nonconductive) not applicable
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electrode, and clean water flowed out of the CDID cell.
After 60 min, the log reduction was still 2.45 ( 1.37,
whichmeant the% kill was 98.5( 1.4%. However, with
an uncoated AC electrode, the best log reduction of
CDID was only 0.76 ( 0.05 (i.e., % removal was 82.8 (
1.8%) with the same bacteria loading; the bacteria
stuck to the AC electrodes were not dead when we
cultured them on agar plates. Compared with the
typical uncoated AC electrodes used normally for the
CDI process, the GO-QC/AC CDID electrodes have an
excellent % kill of E. coli. The superior disinfection
achieved with our CDID process is due to the thin
GO-QC layer.
For a typical CDI process to continuously remove

ionic species, the electrodes need to be continuously
regenerated, and usually, the ion adsorption and
electrode regeneration are conducted alternatingly.
Recyclability of our GO-QC/AC CDID electrode was also

investigated by alternating the voltage from 0 to 2 V at
the start of the disinfection step and then switching from
2 to 0 V at the start of the regeneration step. As shown
in Figure 6b, the CDID cell maintained its high micro-
bicidal activity with microbe log reduction maintained
at around 6.68 ( 0.15 order for over 10 consecutive
cycles of alternate disinfection followed by electrode
regeneration even with the ultrahigh bacteria loading
(106 CFU mL�1). Separately, it is noteworthy to mention
that no UV peaks characteristic of GO were detected
in the exit water after it was flushed into the cell for 1 h
(Supporting Information Figure S7), confirming durable
attachment of the GO-QC coating to the electrode.
We next evaluated the lifetime of our CDID cell

with a moderate bacteria loading (104 CFU mL�1) that
is relevant to brackish water.46�48 By running the
cell with alternating cycles of 4 min bacteria capture
followed by 6 min bacteria desorption, our CDID cell

Figure 6. GO-QC/ACCDID cell performance: (a) disinfection performance plot of AC (reference) andGO-QC/AC electrodes and
(b) regeneration efficiency of GO-QC/AC electrode. (a,b: E. coli concentration is 106 CFU mL�1). (c) Disinfection performance
plot of GO-QC/AC electrode with lower E. coli concentration of 104 CFU mL�1. (d) Desalination capacity of AC and GO-QC/AC
electrode inNaCl solution (100 and200mgL�1) (E. coli concentration is 0 CFUmL�1). (e) Disinfectionperformanceplot of CDID
with GO-QC/AC electrodes in DI water and NaCl solution (100 and 200 mg L�1). (f) Regeneration efficiency of CDID with
GO-QC/AC electrode in DI water and NaCl solution (100 and 200 mg L�1). (e,f: E. coli concentration is 106 CFU mL�1).
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canmaintain >99.99% kill (i.e., 4 log reduction) of E. coli
for at least 5 h (Figure 6c).
We also evaluated the salt removal efficiency of our

GO-QC/AC CDID cell (Figure 6d). Our GO-QC/AC elec-
trode still retains the initial interconnected porosity of
AC with a highly disinfecting GO-QC layer at the top.
The laterally large GO-QC nanohybrids form a particu-
late coating atop the regular porous activated carbon
electrode without penetration into the voids to cause
malfunctioning of the electrode. Our GO-QC/AC elec-
trode still has a reasonable salt removal efficiency of 66
and 63%, respectively, in noninfected NaCl solution
(with 100 and 200 mg L�1) compared to AC CDID cell
controls with 73 and 69% efficiency, respectively
(Figure 6d). The high salt removal efficiency confirms
that our GO-QC/AC electrode could be successfully
used for biocontaminated brackish water.
The disinfection of salty water with our CDID cell was

also carried out in 100 and 200 mg L�1 NaCl solutions
with ultrahigh bacteria loading (106 CFU mL�1). With
Naþ and Cl� ions, the time that the cell can achieve
99.9999% E. coli killing without any regeneration de-
creased slightly from 20 to 16 min (Figure 6e). The
accumulation of Cl� ions near the GO-QC layer may

reduce its effective cationicity and decrease the killing
efficiency. However, with the regeneration cycle in-
cluded (Figure 6f), the microbicidal activity of the cell
was maintained at almost 10 cycles as for deionized
water (Figure 6b), as the salts could probably be
successfully removed.
We first studied the intrinsic killing mechanism of

GO-QC in suspension. FESEM of the morphological
changes of E. coli cells after contact with QC, GO, and
GO-QC (1:5) solution/dispersion (100 μg mL�1) indi-
cates that these materials kill the bacteria by contact-
active physical disruption (Figure 7a and Supporting
Information Figure S8a). QC-treated E. coli cells
(Figure 7a(ii)) show wrinkled cell surfaces compared
to the smooth surfaces of untreated control cells
(Figure 7a(i)). GO-treated E. coli cells, on the other
hand, are found to have physical defects at the two
ends of the cell (arrows in Figure 7a(iii)), which is likely
to be produced by the sharp edges of GO nanoflakes.
GO-QC (1:5)-treated cells show even more drastic
morphological changes compared to those treated
with QC or GO: distinct areas of damage (or holes) on
the cells can be clearly seen (arrows in Figure 7a(iv)),
and the cell envelopes appear severely collapsed,

Figure 7. (a)Morphology of E. coli (i) untreated control, treatedwith (ii) QC, (iii) GO, and (iv) GO-QC (1:5) at 100μgmL�1 for 1 h.
(b) ATP leakage induced by QC and GO-QC (1:5). (c) ζ-Potential of GO, QC, and GO-QC series. (d) In the fluorescence study, the
bacteria (E. coli) pellet separated by centrifugation was stained after contact with QC solution but not stained after contact
with GO-QC. Both GO-QC and QC molecules were conjugated with a fluorescence dye (Texas Red-X).
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suggesting physical damage as well as loss of cell
contents into the environment. Disruption of the cell
membrane can be verified by detecting ATP released
into the extracellular environment, stained with a
BacTiter-Glo luminescence kit. As shown in Figure 7b,
there is significant increase in luminescence after
contact with QC and GO-QC, corroborating the FESEM
observation of wrinkled cell surfaces that is suggestive
of membrane disruption and cell content leakage.
Thus, the FESEM study and ATP leakage assay support
that the GO-QC nanohybrid effectively disrupts micro-
bial membranes, causing cell death.
We hypothesize that the improved MBC (and selec-

tivity) of theGO-QCnanohybrid compared to either GO
or QC is contributed by the higher areal charge density
that QC immobilized on GO presents to the cell wall,
compared with what exposure to solution QC can
produce. The ζ-potential measurements were used
to evaluate the charge of the materials (Figure 7c).
GO and nCS are negatively charged (�45.8 ( 1.9 and
�4.0 ( 1.5 mV, respectively), but the GO-QC nano-
hybrid is cationic. The ζ-potentials of 1:5 and 1:10
GO-QC (43.4 ( 1.2 and 44.5 ( 1.0 mV, respectively)
are even higher than that of QC (20.0 ( 4.2 mV),
confirming the hypothesis that the QC molecule is
present at higher areal concentration on the GO-QC
surface compared to being evenly distributed in QC
solution. By comparing the ζ-potentials of the different
GO-QC nanohybrid (Figure 7c) to their respectiveMBCs
(Table 1), it is apparent that the MBC improves with
increased positive charge, with the best MBC achieved
with GO-QC (1:5 and 1:10) possessing the highest
positive charge of around þ45 mV. The high QC areal
concentration on the GO-QC nanohybrid makes
electrostatic-induced disruption of the microbe cyto-
plasmic membranemore effective, thereby decreasing
the MBC values to below those of pure QC. Figure 7d
shows via fluorescence study that there are significant
differences in the penetration modes of the two mate-
rials (QC versus GO-QC) into bacterial cells (E. coli). Both
GO-QC and QC were conjugated with a fluorescence
dye (Texas Red-X), and then the labeled materials were
incubatedwithbacteria. (The conjugation ofGO-QCwith
Texas Red was confirmed by dark-field and fluorescence
microscopy; Supporting Information Figure S8b). After
1 h incubation, the bacteria were separated by cen-
trifugation (2000g, 10 min) and observed under a
fluorescence microscopy. Bacteria incubated with
QC-Texas Red were stained red with the fluorescence
dye, while the GO-QC-Texas Red did not stain the cells
(Figure 7d). We hypothesize that both the free QC in
solution and the grafted QC in GO-QC penetrate the
cell surface but with different modes. Free QC mol-
ecules in solution form are absorbed into the bacterial
cell wall and electrostatically bind with the anionic cell
envelope so that they cannot be removed by cen-
trifugation. The 2D GO-QC nanohybrids have lateral

dimensions comparable to the size of a bacterium and
are too large to be absorbed into the cell wall. Other
detailed studies of the killing mechanism of the sus-
pended GO-QC are shown in Supporting Information
Figures S9 and S10 and related text.
We also studied the killing mechanism of GO-QC

when it is part of the composite CDID electrode.
Figure 8a,b (indicated by circles and arrows) shows
killed E. coli covering the surface of the disinfecting
GO-QC/AC electrode after the disinfection step. The
wrinkled cell surface of dead E. coli is apparent (arrows
in Figure 8b), which corroborates that GO-QC physically
damages the E. coli envelope. After the regeneration
process, no E. coli bacteria can be observed on the elec-
trode surface (Figure 8c,d), which suggests excellent
regenerationand recyclability of theGO-QC/ACelectrode.
GO-QC exploits the synergistic effects of nanoscale

thickness, micron-scale lateral size, and the (partial)
conductivity of GO and high charge density due to QC
that our grafting procedure produces. Grafting of the
GO nanomaterial with cationic QC serves various func-
tions. First, modification of GO with water-soluble
cationic QC improves the dispersion of the resulting
nanohybrid in an aqueous environment, thus over-
coming the aggregation tendencies of GO in solution.
Second, the mechanical cytotoxicity of GO nanoflakes
to mammalian cells is reduced by grafting with the
biocompatible chitosan derivative at their sharp edges.
Third, functionalization of GO with cationic quater-
nized chitosan inverts the charge state of GO from
anionic to cationic and endows the GO-QC nanohybrid
with net positive charge, so that the anionic bacterial
cell envelope will be electrostatically attracted by the
cationic GO-QC to result in bacteria cytoplasmic mem-
brane disruption. GO has a large surface area, which
enhances its adhesion to the underlying AC electrodes,
and it has sufficient conductivity for the GO-QC/AC
electrode to function in the CDID process. With GO-QC-
coated AC electrodes and a high initial bacteria loading
of >106 CFU mL�1, the % kill of bacteria achievable is
>99.9999% and the regeneration potential is at least
10 cycles in both DI water and NaCl solution (100 and
200 mg L�1). The continuous CDID process with our
novel GO-QC/AC electrode offers a novel strategy that
provides safe, effective, noncontaminating, energy-
efficient, and ultrafast contact disinfection of water.
Our single CDID cell employing the GO-QC/AC elec-

trode kills >99.9999% of E. coli in DI water in the first
20 min of the disinfection step with ultrahigh bacteria
loading (106 CFU mL�1); regeneration flushes the
dead E. coli from the GO-QC/AC electrode, and the
>99.9999% killing can be maintained for 10 cycles
(∼200 min). The ultrahigh E. coli concentration in our
loading solution (i.e., 1 � 106 to 1 � 107 CFU mL�1) is
much higher than that commonly found in brackish
water, which typically has a bacteria loading of about
104 CFU mL�1.46�48 We also showed that with a
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moderate bacteria loading (104 CFU mL�1), the CDID
cell can disinfect water continuously for at least 5 h. In
our prototype, the GO-QC nanohybrid was simply
casted onto the AC layer, but there is great potential
for further optimization of the properties of the GO-QC
layer, such as the specific surface area, 3D structure,
and thickness. Further, the surface area of our cell is
about 100 cm2, and up to 25 or 50 such cells could be
connected in stacks or in series. The parallel stacking of
hundreds of CDI cells is a common way to increase the
processing capacity of salty water in industry;49,50 this
is also a good way to improve the flow rate and killing
time of our CDID cell. Considering these factors (cell
morphology, geometry, and stacking), the flow rate
and durable lifetime of the CDID cell may each poten-
tially be increasable by a factor of 100 or more.51�54

The optimization of cell parameters has been re-
ported to improve the performance of CDI cells for
desalination.55�57

There are, at present, numerous technologies that
have been developed to disinfect biocontaminated
water for drinking, such as ultrafiltration, distillation,
and reverse osmosis (RO).58�60 However, there is still
lacking a decontamination process that is continuous,
noncontaminating, and yet able to effectively kill and
remove bacteria. For example, with RO, chlorine often

has to be added upstream of the RO process since
bacteria cause biofouling and destroy the membrane,
and the current practice of adding chlorine is not ideal
for drinking water.61 Our CDID process can be easily
integrated with other such continuous processes.

CONCLUSIONS

A unique disinfecting cationic GO-QC nanohybrid
material has been synthesized and explored as part of a
novel CDID electrode. The GO-QC nanohybrid forms a
thin and porous microbicidal layer on the surface of an
AC electrode. The GO-QC/AC electrode can achieve
ultrahigh killing (i.e., 99.9999%, 6 log reduction) of
106 CFU mL�1 E. coli in water flowing continuously
through the CDID cell. Further, the electrodes can be
easily regenerated, with ultrahigh bacteria loading for
at least 10 times, even with salt water. With moderate
(104 CFU mL�1) E. coli loading, the CDID can remove
and kill at least >99.99%bacteria continuously for at least
5 h. There is no observable GO-QC contamination to the
water. Our strategy outperforms all traditional water
disinfection processes and has impressive features: no
observable residual is left in the purified water, and the
GO-QC/AC electrode contact killing process is ultrafast,
continuous, energy-efficient (uses only low voltage of
2 V), and easily applicablewithout expensive equipment.

Figure 8. FESEM images of the GO-QC/AC electrode after the disinfection process (a,b) and after the regeneration process
(c,d). (The yellow circles and arrows show the dead E. coli on the GO-QC/AC electrode and the wrinkled cell surface of dead
E. coli in (a) and (b) respectively.)
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The GO-QC nanohybrid kills bacteria by contact; it
has excellent MBC and selectivity values against repre-
sentative Gram-negative, Gram-positive, and fungi
species, even compared with the individual compo-
nents (GO or QC alone). The single atomic layer GO
with high functionality enables dense surface grafting
of the cationic QC and lowmass contribution of the GO
carrier so that theMBCof this nanohybrid is outstanding.

TheGOalso contributes conductivity to theGO-QCCDID
electrode and enables the hybrid to be bound securely
by the binder to the AC electrode. This CDID process
with the GO-QC nanohybrid-modified electrode that is
highly microbicidal, fast-acting, noncontaminating, and
energy-efficient has outstanding disinfection applica-
tion prospects in biomedical, environmental, personal
care, and other fields.

MATERIALS AND METHODS
Preparation of Quaternized Chitosan. Quaternized chitosan was

synthesized according to a method that we had previously
reported.24 Briefly, a chitosan solution was prepared by dissol-
ving chitosan (1 g, 6.2 mmol monosaccharide) in 1% acetic acid
(100 mL). Then, 0.97 g of decanal was added to the chitosan/
acetic acid solution, and the mixture was stirred at room
temperature for 1 h. The solution pH was then increased to
4.5 by adding NaOH (1 M). Sodium borohydride (0.35 g,
9.3 mmol) was then added into the mixture, and the stirring
was continued for another 1.5 h. After that, the pH was further
increased to 10 by adding more NaOH (1 M), and then N-decyl
chitosan precipitated out of solution. The precipitate was
filtered out, and the filtride on the filter paper was washed
repeatedly with distilled water until the filtrate became neutral.
Soxhlet extraction using ethanol and diethyl ether mixture was
performed to remove unreacted reagents. In the next step, 1 g
of the resulting N-decyl chitosan was then added to a mixed
solvent of NMP (50 mL) and NaOH solution (1.5 M, 15 mL). After
30 min of stirring at 50 �C, methylation was performed by
adding 1.08 g of sodium iodide (7.2 mmol) and 11.2 g of
iodomethane (78.7 mmol) to the mixture with stirring contin-
ued for another 24 h. After that, the mixture was suction filtered
to remove unreacted reagents. The filtrate was dropped into
acetone (400 mL), so that the final solid product would pre-
cipitate out, and it was then filtered and vacuum-dried at 50 �C.

Determination of Quaternization Degree. The quaternization de-
gree of the chitosan derivative was estimated from elemental
analysis and calculated from the relation

quaternization degree

¼
C

N
mol%(chitosan derivative) � C

N
mol%(chitosan)

C

N
mol%(chitosan)

� 100%

Preparation and Characterization of the GO-QC Nanohybrid. Briefly,
GO-QC was prepared by a coupling reaction between GO and
QC using 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
hydrochloride (EDC, Sigma) as a coupling reagent together with
N-hydroxysuccinimide (NHS) illustrated in Figure 1.62 After
reaction, the suspension was centrifuged (20 000g, 2 h) to
remove the unreacted GO nanoflakes and then filtered with a
polyamidemembrane (0.2 μm, Sartorius), and the filter cakewas
continuously washed with deionized water to remove all un-
reacted reagents. The solid residue was dispersed in water,
dialyzed using a cellulose membrane (Sigma, MWCO 14000) for
3 days, and then freeze-dried. The synthesized GO-QC was
characterized by FTIR spectroscopy (Nicolet 5700), XPS, AFM,
and TGA (Netzsch STA 409). To prepare different sizes of GO-QC
(small, medium, and large), pristine GO was first ultrasonicated
for 8 h, 3 h, and 15 min, respectively, using a probe sonicator
prior to conjugation with QC. To prepare QC conjugated onto
polystyrene spheres (PS-QC), polystyrene spheres with car-
boxylic groups (carboxyl latex, 4%, 500 nm, Life Technologies)
were similarly prepared by conjugating QC using EDC/NHS.

Determination of the Content of Carboxyl Groups of GO and GO-
QC. The amount of carboxyl groups present in GO and GO-QC
was measured by an acid�base titration method.63 Fifty milli-
grams of GO or GO-QC was mixed with 10 mL of NaOH solution
(0.1 M) under sonication for 30 min and then stirred for 2 days.

The suspension was then dialyzed using a dialysis membrane
(Sigma, MWCO 14 000) until the pH of the dialysate became
neutral. The amount of water in the combined dialysate was
reduced by rotary evaporation, and the concentratewas titrated
with 0.1 M HCl to pH 7.00. The amount of carboxyl groups was
estimated by the amount of NaOH consumed by GO or GO-QC.

For pristine GO, the determined carboxyl groups content
was about 5.1mmol g�1; for 1:5 and 1:10GO-QC, the contentwas
0.6 and 0.5mmol g�1, respectively. The small amount of carboxyl
groups left on GO-QC nanohybrids may be masked by the
grafted QC molecules, thus preventing further grafting reaction.

Preparation of Negatively Charged Chitosan (nCS). nCS was pre-
pared following a previously reported procedure with minor
adjustment.64 Briefly, chitosan acetate salt was formed by
dissolving chitosan in 1% acetic acid. Insoluble particles were
removed by centrifugation (4000g, 20 min), and the super-
natant was lyophilized. One gram of chitosan acetate salt was
fully dissolved in 150 mL of deionized water under stirring, and
then 0.5 g of succinic anhydride was added within 10 min. The
reaction solution was stirred at room temperature for 1 h, and
then its solution pH was adjusted to 8�9 with NaHCO3 (0.2 M),
with stirring continued overnight. The solution pH was further
increased to 10�11 by adding NaOH (1 M). The mixture was
dialyzed in deionized water (MWCO 10 000) for 1 week. The nCS
product was obtained by freeze-drying. 1H NMR (300MHz, D2O)
(Supporting Information Figure S11), δ/ppm: 1.95 (s, CH3),
2.23�2.76 (m, CH2CH2), 3.30�3.90 (m, backbone of CS),
4.85 (s, CH).

Preparation of Microbial Cells. Escherichia coli (ATCC8739),
Staphylococcus aureus (ATCC6538), and Candida albicans
(ATCC10231) were obtained from American Type Culture Col-
lection. All broths and agar media were purchased from Becton
Dickinson Company (Franklin Lakes, USA). For bacteria, a single
colony was inoculated in Mueller Hinton (MH) broth and
cultured at 37 �C overnight, shaking at 200 rpm. Bacteria were
harvested at the mid-logarithmic phase by centrifugation
(1000g, 10 min) and washed with phosphate buffered saline
(PBS) solution to remove the residual nutrition. Fungi were
inoculated in yeast-malt (YM) broth and cultured at 28 �C for
2 days and then harvested, centrifuged, and washed in the
same ways as the bacteria cells.

Antimicrobial Assay for GO and GO-QC Dispersions. Bacteria or fungi
cells were centrifuged, and the pellet was resuspended in water
and diluted to the desired concentration. 108 CFU cells were
inoculated into 1 mL GO/GO-QC dispersions and then incu-
bated at 37 �C (28 �C for fungi) under shaking conditions at
200 rpm for the desired time. The cell numbers were deter-
mined by the plate colony counting method. One hundred
microliters of 10-fold dilutions was pipetted into a 10 cm culture
plate and spread with 50 �C MH agar (YM agar for fungi). The
plates were cultured in an incubator at 37 �C (28 �C for fungi)
overnight for colony formation. The colony number was count-
ed and the percentage kill determined using the equation
below. This experiment was performed in triplicate.

%kill ¼ cell count of control � survivor count on sample
cell count of control

� 100%

Minimum Bactericidal Concentration Determination. The MBC of
GO, QC, and GO-QC was determined using a nutrient-free
protocol to eliminate the replication of bacteria.65 A 2-fold
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dilution series of 100 μL of antimicrobial reagent solution was
made in a 96-well microplate, and then 100 μL of bacterial/
fungal suspensions (106 CFUmL�1) was added to each well. The
microplate was cultured at 37 �C (28 �C for fungi) for 6 h. After
incubation, the sample-treated bacterial/fungal suspensions
were plated using MH/YM agar. MBC was determined as the
lowest concentration for which no bacterium/fungus growth
occurred on the nutrition plates. The test was performed twice
independently.

Nanohybrid CDID Electrode Fabrication. To fabricate the carbon
support layer for cationic disinfecting CDI electrode, a mixture
of activated carbon and polyvinylidene fluoride at the ratio of
9:1 (w/w) was dissolved in a proper amount of anhydrous DMF.
A uniform carbon slurry was obtained by mixing the mixture
using a high-speed planetary mixer at 20 000 rpm for 20 min.
The produced slurry was cast onto a graphite foil using a
micrometer adjustable applicator with a specified film thickness
of 150 μmandwas dried at 50 �C for 2 h at atmospheric pressure
and then under vacuum at 50 �C overnight to remove the
remaining organic solvent. The cationic disinfecting GO-QC thin
film was coated onto the carbon layer with the same ratio of
PVDF binder, dried at 50 �C for 2 h, and then soaked in double-
distilled water to remove the air bubbles. The final thickness
of the cationic GO-QC layer after drying was approximately
20 ( 3 μm, and the mass of the disinfecting material in the
carbon electrode was 1.3 mg cm�2. The active electrode area
was 10 � 10 cm2.

Percent Killing and Log Reduction Calculation of the CDID Process. The
E. coli was cultured in MHB broth for 6 h at 37 �C in a shaking
incubator at 200 rpm and then harvested by centrifugation, and
the pellet was resuspended in water and diluted to the desired
concentration. One milliliter of 108 CFU cells was diluted into
100 mL of DI water. The fresh E. coli (106�107 CFU mL�1)
solution (DI water) was prepared as the starting biocontami-
nated water. The outflow of CDID was collected at an interval of
4 min for determination of cell numbers by the plate colony
counting method. Briefly, 100 μL of 10-, 102-, and 103-fold
dilutions was pipetted into 4 in. culture plates and spread with
50 �C LB agar. The plates were incubated at 37 �C overnight for
colony formation. The colony number was counted and the
percentage kill determined using the equation below. This
experiment was performed in triplicate.

%kill ¼ cell count of control � survivor count on sample
cell count of control

� 100%

log reduction ¼ log
cell count of starting colution

survivor count in solution at outlet

Surface Resistivity Measurements. The surface resistivity of AC,
GO-QC/AC, and QC/AC electrodes was determined using a four-
point probe station (Keithley 2636A). The AC, GO-QC/AC, and
QC/AC electrodes were kept in the oven (set at 80 �C) overnight,
and the current�voltage curve was measured with driving
electrodes sweeping from 0.1 to 0.2 V with 0.01 V steps.

Microbe Morphology Study. The morphology changes of micro-
organisms induced by QC, GO, and GO-QC were examined with
FESEM (JEOL JSM-6701F). Microbe cells were cultured in the
presence of QC, GO, and GO-QC at 100 μg mL�1 for 1 h. After
incubation, the microbes were centrifuged to the tube bottom
and collected (1000g, 10 min) and were then fixed with 2.5%
glutaraldehyde for 4 h and with 1% osmium tetroxide solution
for another 4 h at 4 �C. The fixed microbes were then dehy-
drated in ethanol series solution with graded concentrations
from 20 to 100%, each for 15 min, after which the samples were
dried under a nitrogen flow. After the samples were vacuum-
dried and coated with platinum, they were observed with
FESEM for microbe morphology changes.

ATP Leakage Assay. The membrane disruption activity was
also characterized with adenosine triphosphate leakage assay.
ATP released from the bacterial cells was determined with
BacTiter-Glo microbial cell viability assay kit (Promega, USA)
and a luminometer (GloMax 20/20, Promega, USA). Briefly,
mid-log phase E. coli were harvested by centrifugation (1000g,
10 min) and washed with PBS three times. The bacterial

suspension was diluted to (1�1.5) � 106 CFU mL�1 in PBS,
and the antimicrobial reagent was added with a concentration
of 100 μg mL�1. At desired time points, 50 μL samples were
collected, and the released ATP concentration was determined
with BacTiter-Glo kit and luminometer.

ζ-Potential Measurement. The charge states of GO, nCS, QC,
and GO-QC at the concentration of 100 μg mL�1 in water at
pH 7 were measured using a ζ-potential analyzer (ZetaPALS,
Brookhaven Instruments Corporation, USA). To determine the
surface charge of the different microbe species (E. coli, S. aureus,
and C. albicans), 1 mL of eachmicrobial species was centrifuged
to remove the culture media, washed with water twice,
and resuspended in water for measurement with the same
ζ-potential analyzer.

Hemolysis Assay. Human erythrocytes were collected by cen-
trifugation (at 1000g for 10 min) of 5 mL of fresh blood from a
healthy donor (male, age 25). The separated erythrocytes were
washed three times with Tris buffer and then diluted to a
concentration of 5% (v/v) with Tris buffer. GO and GO-QC
solutions (50 μL) with different concentrations were added
to a 96-well microplate, and the same volume of erythrocyte
suspension was added to each well. Positive and negative
control wells received, respectively, 0.1% Triton X-100 in Tris
buffer and Tris buffer instead of the GO or GO-QC solutions. The
microplate was incubated in a shaking incubator at 37 �C for 1 h
at a shaking speed of 150 rpm. After incubation, the contents of
the microplate wells were centrifuged (at 1000g) for 10 min.
After centrifugation, 80 μL of the supernatant from each well
was pipetted to the wells of a new microplate, and another
80 μL of Tris buffer was added to the wells to get a final volume
of 160 μL. The absorbance at 540 nm was measured with a
microplate spectrophotometer (BIO-RAD Benchmark Plus, USA).
The percentage of hemolysis was determined from the follow-
ing equation:

hemolysis (%) ¼ [(Ap � Ab)=(At � Ab)]�100%

where Ap is the absorbance value for the GO- or GO-QC-
containing sample, Ab is the absorbance value for the negative
control, and At is the absorbance value for the positive control.

In Vitro Biocompatibility Study. Human foreskin fibroblasts
(FibroGRO, Millipore) were seeded into the 24-well culture
plates at the density of 0.5� 105 cells cm�2. The culturemedium
was supplemented with 100 μgmL�1 GO-QC (1:5). On specified
days, cells were analyzed with the CCK-8 kit (Sigma, USA) by the
absorbance at 450 nm to determine the cell viability.44 Cells in
TCPS wells without GO-QC (1:5) were used as the control. The
viability of fibroblasts was also examined with the live/dead
assay. After specified cell culture time periods, the cells were
stained with live/dead kit (Invitrogen, USA) containing 4 mM
ethidium homodimer-1 and 2 mM calcein AM in PBS. After
45 min incubation, the live/dead dye was removed by PBS
rinsing, and the cell morphology was observed in fluorescence
with an inverted optical microscope (Zeiss, Germany).

Conjugation of Texas Red Dye onto QC and GO-QC. Texas Red-X
(10 mg mL�1) and succinimidyl ester (Life Technologies) were
incubatedwith a solution of QC or a suspension of GO-QC for 1 h
at 25 �C. The excess unreacted dyewas removed by dialyzing for
3 days. To confirm the conjugation of QC on to GO-QC, dark-
field microscopy and fluorescence microscopy were used to
image the GO-QC-dye hybrid. The result in Supporting Informa-
tion Figure S8b shows that the red fluorescence takes the shape
of the GO-QC nanohybrid, indicating the successful conjugation
of the dye onto GO-QC.

Optical Microscopy for Visualization of Microbes Attachment. Ten
microliter suspensions of GO, QC, GO-QC, and different
microbes were pipetted on a glass slide and covered with a
coverslip before being viewed under a confocal microscope
(Olympus BX51, Germany), and images were taken using the
software, analySIS (Olympus, Germany). To assess the viability
of the attached bacteria, the bacteria-GO-QC suspension was
first incubated with a BacLight bacterial viability kit (L13152,
Invitrogen) for 30 min at room temperature and then placed
onto glass slides and viewed under a fluorescence microscope.
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