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Multifunctional graphene magnetic nanosheet
decorated with chitosan for highly sensitive detection
of pathogenic bacteriat

Hani Nasser Abdelhamid? and Hui-Fen Wuy*2°<

Multifunctional graphene magnetic nanosheet decorated with chitosan (GMCS) is demonstrated as a
promising biosensor for fluorescence spectroscopy and it can be also applied for matrix assisted laser
desorption/ionization mass spectrometry (MALDI-MS) for sensitive pathogenic bacteria detection.
Graphene-magnetic@chitosan (GMCS) can be applied for multiple applications such as fluorescence
biosensor, fluorescence background suppressor, acting as co-matrix, enriching nanoprobe, and
separation by external magnets for pathogenic bacteria (Pseudomonas aeruginosa and Staphylococcus
aureus) present in aqueous suspension or blood colloids. GMCS has been prepared and characterized
using various techniques including TEM, UV, FTIR, XRD, Raman and fluorescence spectroscopy. Due to
the non-covalent interactions among the pathogenic bacteria with the GMCS, fluorescence
enhancement takes place as a function of bacterial cell number with a low number of cell detection
(45 x 10% to0 5.0 x 10% cfu mL™") and wide linear dynamic range which indicates that the GMCS
approach is an excellent quantitative methodology and highly sensitive approach for detection of
bacteria cells. Graphene works intrinsically as a fluorescence quencher for blood fluorophores and cell
autofluorescence as graphene typically has a long life time, which allows detection of the bacteria
signals by direct fluorescence measurements. Because of the high fluorescence enhancement efficiency,
and large surface area (to volume ratio) of graphene, GMCS exhibits extraordinarily high sensitivity for
complex (blood) sample analysis. GMCS also can be applied as an efficient separation and
preconcentration nanoprobe for surface assisted laser desorption/ionization (SALDI) and enhances the
jonization of bacterial biomolecules during MALDI-MS analysis. The bacterial cell suspension was
concentrated from 1 mL to 10 uL via an external magnetic field, thus it can enhance bacteria detection
for MALDI-MS analysis. GMCS is an outstanding approach which is a rapid, sensitive, culture free
technique and low cost biosensor for pathogenic bacteria detection.

mechanical strength, cheap and easy to undergo functionali-
zation via w-T interactions, covalent bonding, polymer

Graphene is a novel allotropic member of carbon-based nano-
materials with honeycomb structure.’ It has attracted world-
wide interest and the pioneer inventors have been awarded the
Nobel Prize in physics in 2010." Graphene has tremendous
bioapplications due to excellent features such as high specific
surface area, electronic conductivity, thermal conductivity,
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blending and electrostatic interactions.>* The achievements
reported in the last three years have been reviewed by Jiang,>
Guo and Dong,* Chhowalla et al.,’” Liu and Feng,® Liu et al.,”
Zhang et al.,® Cai et al.,’ Lee et al.,'® Lin et al,"* Chen et al.,*
Pumera® and Lin et al.** Graphene has been used extensively for
biosensing>'***** and fluorescence imaging.>**” Chitosan (CS)
is a natural biocompatible, biodegradable, and high mechan-
ical strength biopolymer. The intrinsic biocompatibility, tensile
strength, Young's modulus and adsorption of the graphene-
based materials*®*** and magnetic nanoparticles®* are signifi-
cantly improved by surface capping with chitosan.”*?** Gra-
phene has been demonstrated to have great potentials in
electrical biosensing for single bacterium detection.*
Presence of pathogenic bacteria in blood is a serious health
problem (e.g., causing septic shock) because the recipients of
blood transfusions are usually critically sick, which results in
serious suppression of immunity. The growth rate of bacterial
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contamination increases with time during storage (37 °C).**
Therefore, it is extremely necessary to monitor the presence of
bacteria in blood before a recipient's transfusion at low bacteria
cell number. The detection of bacteria in blood suffers many
challenges such as interferences of various biomolecules, such
as albumin (major content 55-80%), salts, or blood cells. In
order to improve the selectivity of the biosensor, unwanted
protein signals must be removed. The detection of pathogenic
bacteria plays a key role in the prevention and identification of
problems related to human health and safety. Traditional
methods used for bacteria detection may take up to 7-8
days.***” Fluorescence microscopy exhibits some limitations
such as; cell autofluorescence that can mask signals from
the labeled molecules, requires a long waiting period and
labeled biomolecules can undergo photobleaching.’*® However
immuno-magnetic separation using magnetic nanoparticles
coated with an antibody or quantum dots coated with an anti-
body is selective, but it is expensive, inhibits the cell growth,
shows fluorescence peak shifts, is pH dependent, changes the
size of nanoparticles due to aggregation, not very robust and
time consuming.**** Because today the biosensing research is
growing rapidly, so it becomes critical to develop faster and
more sensitive detection technologies.*®

Graphene magnetic nanoparticles have been investigated in
the literature.>*> The stability of magnetic nanoparticles
increases when combined with a graphene nanosheet that shows
high adsorption for the Fe;O, core due to its large surface area.
Therefore, magnetic nanoparticles prevent van der Waals forces
which can cause irreversible graphene aggregation. These factors
increase the material applicability in harsh conditions to be a
long-term material.*® Graphene-nanomagnetic hybrid materials
are biocompatible.****** Preparation of multifunctional gra-
phene oxide-magnetic nanoparticles and their applications for
drug delivery®® and multifunctional applications of graphene for
imaging experiments®® have been reported. Recently, our group
reported chitosan nanomagnets which were used to extract
endotoxin of pathogenic bacteria from human urine samples.*>”

Herein, graphene-magnetic nanoparticles@chitosan
(GMCS) is prepared and characterized to serve as biomedical
and multi-functional biosensors based on the combination of
magnetic nanoparticles and graphene properties. This bioma-
terial is proposed in order to achieve rapid, sensitive, and low
cost detection of pathogenic bacteria (Pseudomonas aeruginosa
and Staphylococcus aureus) in aqueous suspension and mouse
blood samples. Fluorescence spectra show a linear relationship
with low detection limits for both pathogenic bacteria. The
bacteria which were separated from aqueous and blood
samples prior to MALDI-MS analysis show enhancement of
bacteria biomarker peaks. Both bacteria exhibit high affinity
towards GMCS. We successfully integrated MALDI-MS (a qual-
itative technique) with fluorescence (a quantitative technique)
for pathogenic bacteria detection.

Experimental section

Materials and instrumental conditions are discussed in detail
in the ESL.}
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Bacterial culture

Caution: Because the bacteria are pathogenic (class II),
handling of the two bacteria must be done with care; wearing
gloves and masks are requested for all experiments.

Both bacteria S. aureus (BCRC 10451) and P. aeruginosa
(BCRC 10303) were cultivated at 37 °C and maintained on Dif-
coTM Nutrient Agar plates as shown in the ESI.T Bacteria colony
number was evaluated by using the plate count protocol and the
procedure details are described in the ESI.{

Preparation of graphene oxide (GO) and graphene colloid (G)

The oxidation of natural graphite to graphene oxide was per-
formed from the modified method of Hummers;***° the method
was based on strong oxidation of graphite by KMnO, in strong
acid, then further reduction using hydrazine as shown
in Fig. 1A.

Preparation of magnetic nanoparticles capped with chitosan

The synthesis of the magnetic nanoparticles was modified
from the procedures described in the literature,’ which is
based on the co-precipitation of ferrous and ferric salts as
described in the ESL{ The percentage yields of chitosan
immobilized on magnetic nanoparticles were calculated from
the weight of dried nanoparticles after separation using an
external magnetic field. The percentage of chitosan modified
onto the magnetic nanoparticle surfaces was calculated based
on the dry weight difference and it was about 3.0%.

Synthesis of graphene-magnetic@chitosan (GMCS)

About 1.0 g of graphene@chitosan was mixed with 1.0 g of
Fe;0,@chitosan for 2 h. The product was separated by an
external magnetic field and washed several times prior to use.
The percentage yields of chitosan nanoparticles on graphene
were calculated from the weight of dried nanoparticles. The
amount of chitosan immobilized onto the graphene was 20%,
thus the total amount of chitosan which was loaded onto the
GMCS was 23% (wt/wt).

Sample preparation for fluorescence analysis

For detection of bacteria, suspension solutions with different
concentrations (5.0 x 10% 1.0 x 10%, 1.5 x 10%, 2.0 x 10%, 2.5 x
10°, 3.0 x 10°, 3.5 x 10%, 4.0 x 10, and 4.5 x 10> cfu mL ") of
P. aeruginosa and S. aureus (4.0 x 10%,9.0 x 10%, 1.8 x 10°,2.2 x
10°, 2.7 x 10%, 3.1 x 10%, 4.5 x 10%, 4.9 x 10% cfu mL ") were
prepared. To the above suspension solutions, about 0.25 pg
(10 pL) of graphene-magnetic@chitosan (GMCS) was dispersed
and incubated (1 min) before measurements. High cell
numbers of pathogenic bacteria (1.0 x 10° 1.0 x 10" for
P. aeruginosa and S. aureus, respectively) display rapid and
spontaneous aggregation, as shown in the inset photograph of
Scheme 1A. The control sample was performed from GMCS
without the presence of any bacteria cells.

For detection of bacteria in blood, the mouse blood samples
were diluted with deionized water fifty times before use.
Different cell concentrations (5.0 x 10% 1.0 x 10’ 1.5 x 10,
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Fig. 1 (A) Schematic presentation of graphene-magnetic@chitosan preparation of graphene starting from graphite via oxidation/reduction, magnetic nanoparticles
via coprecipitation, and graphene-magnetic nanoparticles capped with chitosan via the combination of graphene@chitosan and magnetic@chitosan, (B) TEM
micrographs of graphene, graphene modified chitosan, and graphene-magnetic@chitosan, respectively, (C) UV spectra, and (D) FTIR spectra of chitosan, graphe-
ne@chitosan and graphene-magnetic@chitosan.
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Flow chart of the analysis procedure; (A) direct analysis using MALDI-MS of bacteria at low concentration, inset photograph represent GMCS with and
without bacteria at high concentration, which shows aggregation in right hand sample, (B) direct analysis using fluorescence spectroscopy, and (C) separation and
detection of the bacteria using MALDI-MS. Inset: photograph represents magnetic feature of GMCS-bacteria under an external magnetic field.
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2.0 x 10%, 2.5 x 10%, 3.0 x 103, 3.5 x 10?, 4.0 x 10°, and 4.5 x
10® cfu mL ") of the two bacteria were added to 1.0 mL of blood
samples, and then the fluorescence spectra were recorded. After
that, 0.25 pg (10 pL) of GMCS was suspended in each solution
and the fluorescence emission spectra were recorded directly,
after incubation (1 min), as shown in Scheme 1B.

Separation and sample preparation for MALDI-TOF-MS
analysis

About 0.25 pg (10 pL) of GMCS was suspended in 1.0 mL of
water suspension containing different cell numbers of each
bacteria (P. aeruginosa and S. aureus). High cell numbers of
pathogenic bacteria (1.0 x 10> and 1.0 x 10 for P. aeruginosa
and S. aureus, respectively) undergo rapid and spontaneous
aggregation, so they were used directly for MALDI-MS analysis
as shown in the photograph of Scheme 1A. The aggregation is
due to the high affinity of bacteria towards GMCS surfaces.
For low bacteria colony numbers (5.0 x 10 1.0 x 10°, 1.5 x
10°, 2.0 x 10°, 2.5 x 10>, 3.0 x 10°, 3.5 x 10°, 4.0 x 10°, and
4.5 x 10° cfu mL™") of P. aeruginosa and S. aureus (4.0 x 107,
9.0 x 10% 1.8 x 10%, 2.2 x 10°, 2.7 x 10%, 3.1 x 10°, 4.5 x 10
4.9 x 10° cfu mL "), after 10 min, the GMCS was separated from
the original bacteria suspension (1 mL) using an external
magnetic field. The separated materials were diluted with
10.0 uL of sinapinic acid matrix solution (50.0 mM in aqueous
acetonitrile (50 : 50)). About 2.0 pL of the mixture was spotted
onto the MALDI plate, air dried and then subjected to MALDI-
MS analysis.

Replication of batch experiments

Each experiment was conducted in triplicate to confirm the
reproducibility. For gross error measurements, more repeats of
experiments were performed according to the rejection of
outliers from statistic treatment of data. The results presented
with error bars are from the average of three repeated
measurements from the same bacteria suspensions.

Results and discussion

Characterization of graphene-magnetic nanoparticles (Fe;0,)
@chitosan (GMCS)

Although the preparation of monolayer graphene via mechan-
ical exfoliation of graphite can produce graphene with high
quality,’ the yield of this technique is extremely low and the
process is difficult to control. Thus, we followed Hummer's
method which is based on an intensive oxidation of graphite
using sulfuric acid and potassium permanganate (oxidizing
agent) to produce graphene oxide (GO).*® Graphene oxide was
reduced by hydrazine (NH,NH,) to graphene as presented in
Fig. 1A. The prepared graphene was functionalized with chito-
san and then further modified with magnetic nanoparticles
(Fig. 1A). Fig. S1A, ESL displays the FTIR spectra of graphene
and graphene oxide. The intense bands at 3450 and 1250 cm™*
are attributed to the stretching of the O-H and of C-O,
respectively. The band at 1650 cm ™" is associated with stretch-
ing of the C=0 bond of carboxyl groups. The FTIR spectrum
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(Fig. S1AY) confirms the two step oxidation-reduction process of
graphene, due to absence of the carbonyl group (C=0). Raman
spectroscopy is a powerful, nondestructive tool which is applied
to characterize carbon-based nanomaterials such as graphene.
The Raman spectrum of graphene is plotted in Fig. S1B, ESIL.}
Generally, the Raman spectrum of graphene comprises
three main distinctive peaks which are the diamondoid
(D, 1350 cm™ '), graphitic (G, 1560 cm ') and 2D bands
(2500 cm ™). The diamondoid peak (D-band, 1350 cm™*) is not
always well observed; whereas the G-band was observed at 1560
cm ! for the pristine graphene (G). Representative transmission
electron microscopy (TEM) micrographs of the obtained gra-
phene, graphene@chitosan and graphene-Fe;O,@chitosan
(GMCS) nanohybrids are shown in Fig. 1B. Almost single or few
layers of graphene sheets can be obtained by chemical synthesis
from graphite (as indicated by the transparency of graphene
sheet in the TEM image in Fig. 1B).” It can be seen that Fe;0,
nanoparticles have been coated onto the graphene surfaces and
their loading amount was sufficient enough in order to exhibit
the magnetic properties as shown in the inset camera photo-
graph of Fig. 1A. Scanning electron microscopy image (SEM,
Fig. S1CYt) shows the rupture of graphene layers under the
microscopy electron field. Graphene displays UV absorption at
270 nm (Fig. 1C).*® The change in absorption pattern indicates
successful modification of graphene by the chitosan and
magnetic nanoparticles (Fig. 1C). Fourier transform infrared
(FTIR) spectra were carried out to investigate the interactions
among graphene, magnetic nanoparticles and chitosan. The
FTIR spectrum (Fig. 1D) of pure chitosan offers an intense peak
at 1588 cm ™', corresponding to the amide II band; while the
peaks at 1074 and 3450 cm™ ' could be due to the -C-O-C-
vibration and O-H stretching, respectively. The vibration bands
of chitosan were shifted after interaction with graphene. For
instance, O-H, amide II, -C-O-C- shifted to 3650, 1700, and
1200 cm™', respectively. The oxygen-containing groups and
negative charges on the graphene surface can interact effectively
with the polycationic chitosan through hydrogen bonding and
electrostatic attractions.”® Fluorescence spectra (Fig. 2A) of
graphene, graphene@chitosan and graphene-magnetic nano-
particles@chitosan at the same excitation wavelength (270 nm)
indicate no peak shifts in the graphene fluorophore. The latter
observation implies that the magnetic nanoparticles play no
effect in the fluorescence emission of graphene nanosheets. The
crystalline structures of the prepared materials (pure Fe;O,,
graphite, and GMCS) were investigated with X-ray diffraction
(XRD, Fig. S1Df). Six characteristic peaks for Fe;0, (26 = 30.1,
35.5, 43.3, 53.4, 62.51 and 73.95), identified by their indices
((220), (311), (400), (422), (440) and (553)) were observed in the
samples (Fig. S1Df). These results are consistent with the
standard XRD data for the inverse spinel structure of Fe;O,
(JCPDS file no. 19-0629). In the case of GMCS, a broad diffrac-
tion peak at 26 = 20.0 belongs to the (001) crystal phase of
graphene. Pristine graphite can be recognized from a peak at
20 = 28.00 corresponding to (002). The amount of chitosan
which immobilized onto the GMCS was calculated. According
to the preparation procedures, chitosan was divided between
two sources, i.e. magnetic nanoparticles (Fe;0,) and graphene

This journal is © The Royal Society of Chemistry 2013
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(A) Fluorescence emission spectra of graphene, graphene@chitosan and graphene-magnetic@chitosan, fluorescence emission with different colony units of (B)

P. aeuginosa, and (C) S. aureus which give a linear relationship of (D) P. aeruginosa and (E) S. aureus.

nanosheet. The calculated percentage of chitosan on magnetic
nanoparticles was 3%, while on the graphene sheet it was 20%.
The immobilization of a higher concentration of chitosan to the
graphene nanosheet than magnetic nanoparticles is due to the
high surface area, roughness, zeta potential** and hydrophobic
interaction with graphene which assists more chitosan to
immobilize effectively to the surface. Thus, the total chitosan
immobilized onto the GMCS was 23%. From the fluorescence
calibration curve (Fig. S1Ef) of GMCS and dried weight calcu-
lation, the percentage of magnetic nanoparticles was 20%

This journal is © The Royal Society of Chemistry 2013

which is in agreement with the literature which used atomic
absorption spectroscopy (AAS).**

The overall process of GMCS for biosensing of bacteria using
fluorescence spectroscopy and MALDI-MS are schematically
summarized in Scheme 1. Scheme 1 presents three different
procedures to detect the bacteria suspension. By using
direct MALDI-MS analysis of low bacteria concentration
shows no detection of any bacteria cells (Scheme 1A) due to
low biomolecules content. When GMCS was added to the
bacteria suspension, direct measurements of fluorescence were
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successfully recorded with linear relationship (Scheme 1B).
Based on the magnetic properties and high affinity of bacteria
to aggregate on nanocomposite surface (inset photography of
Scheme 1A, at high concentration), bacteria can be separated
without external magnets. At low concentration, bacteria were
separated by external magnets and concentrated from 1 mL to
10 pL. Due to large surface area and small bacteria volume,
suspension solution which display no peaks (Scheme 1A), can
be successfully detected (Scheme 1C). Furthermore, MALDI-MS
signals of bacteria cells can be significantly improved.

Fluorescence biosensing of pathogenic bacteria suspension by
using the GMCS approach

Detection of a low number of bacteria cells represents the
ultimate level of sensitivity and has been a longstanding goal of
analytical methods. The fluorescence biosensing depends on
the use of a nanoprobe (GMCS) that changes intensity in
response to a change in bacteria cell number.** Because fluo-
rescence is high sensitivity, and also due to a bright signal
appearing against a dark background, it is an excellent tech-
nique for bacteria detection and better than other spectroscopy
methods, such as the UV absorption method. However, direct
bacteria detection using fluorescence would be a difficult task,
particularly in complex biological samples due to biomolecule
interferences, such as proteins, which can display intrinsic
fluorescence (aromatic amino acid). In any real sample detec-
tion system such as bacteria samples, there will be background
signals due to impurities in the samples, emission from optical
components, scattered light at the incident wavelength, and
dark current from the detector. Thus, a reference fluorophore is
necessary to delete all or some of these factors. The intrinsic
fluorescence of cell biomolecules would further complicate the
fluorescence spectra. For instance, we have to deal with
multiple fluorophores which undergo overlapping among the
absorption and emission spectra. In most of the conventional
techniques, the accurate bacteria cell number can only be
obtained after the bacteria crops are cultured; hence, the
adjustment of parameters depends solely on experience and
large amounts of experiments. They need at least 2-8 days to
obtain a confirmed result.>*>® Also, the sensitivity is typically
poor. Thus, it is important to develop an effective biosensor that
can generate photoluminescence as a function of the bacteria
cells number. As shown in Fig. 2B (P. aeruginosa) and Fig. 2C
(S. aureus), there is an increase in fluorescence intensity with
increase in the concentration of colony forming units (cfu
mL™"). Graphene works intrinsically as a quencher for bacteria
autofluorescence as it has a long life time. The increase in
intensities for the various numbers of bacteria cells are thought
to be due to different parameters such as aggregation of
bacteria onto the surfaces of GMCS. This aggregation can be
observed by the naked eye at high concentration or long incu-
bation time as shown in the inset photograph of Scheme 1A.
There is a good linear relationship between the difference of
fluorescence intensity in the presence “F” and absence “F,” of
pathogenic bacteria i.e. P. aeruginosa (Fig. 2D) and S. aureus
(Fig. 2E).
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When high numbers of bacteria cells (1 x 10> and 1 x 10*
cfu mL™" for P. aeruginosa and S. aureus, respectively) were
investigated, direct aggregation and sedimentation of
bacteria have been observed as shown in the photographic
image of Scheme 1A. Thus low cell numbers have been
demonstrated here. The latter observation indicates the high
affinity of GMCS to both bacteria. The aggregation is due to
accumulation of bacteria cells onto the surfaces of nano-
composite GMCS. The new composite (bacteria and GMCS)
becomes heavy so it was sedimented. Limits of detection
of the two bacteria in water are 5.0 x 10®> and 4.5 x 10°
cfu mL ™", respectively. All analytical parameters are tabulated
in Table 1.

Matrix assisted laser desorption/ionization mass spectrometry
of standard bacteria suspensions

MALDI mass spectrometry has been used as a fast technique
applied to bacteria analysis.®**® Identification of the microor-
ganism is easier when high numbers of bacteria biomarker
were ionized and detected in the MALDI-MS spectra.® Bacteria
are not simple compounds, or even mixtures of biomolecules.
They are complex microorganisms and their biomolecules
undergo many associations, thus the MALDI ionization/
desorption processes are seriously influenced by the ion
suppression effect. When GMCS was added to the bacteria
suspension at high concentration, an aggregation with GMCS
was observed which is due to the strong interactions as shown
in the inset photograph of Scheme 1A. This sedimentation
reveals the potential application of GMCS to purify water from
bacteria and directly detect the bacteria without using an
external magnetic field at high concentrations. Because bio-
logical samples typically have extremely low bacteria concen-
trations, we restrict the work to low concentrations of bacteria
detection. Direct analysis of P. aeruginosa (Fig. S2(A)t) and
S. aureus (Fig. S2(B)t) suspension solutions of low concentra-
tions failed to identify the bacteria due to low biomolecule
contents. However, detection can be successful when bacteria
suspensions were preconcentrated from 1 mL to 10 pL using
an external magnetic field as shown in Fig. 3A and B. P. aer-
uginosa (Fig. 3A) and S. aureus (Fig. 3B) show increases of
biomarker peaks that enhance the discrimination between the
microorganism after separation. These improvements are due
to increased surface area via graphene and magnetic nano-
particles that work as a co-matrix with sinapinic acid ie.
surface assisted laser desorption/ionization mass spectrometry
(SALDI-MS).*”% Furthermore, the separated bacteria-GMCS
was suspended into the acidic matrix directly thus the cell

Table 1 Limit of detection of both bacteria using fluorescence and MALDI-MS

P. aeruginosa S. aureus

(cfu mL™") (cfu mL ™)
Fluorescence Suspension 5.0 x 10° 4.5 x 10*
Blood 4.0 x 10 1.0 x 10?
MALDI Suspension 5.0 x 10” 4.5 x 10”
Blood 6.0 x 10° 5.0 x 10”

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 MALDI spectra of bacteria suspension solution for (A) P. aeruginosa and
(B) S. aureus after separation with different bacteria numbers, white highlight
(darker 35%) represents the bacteria enhancement.

membranes undergo acidic hydrolysis. The limits of detection
for both bacteria detected by the current approach are tabu-
lated in Table 1.

Fluorescence biosensing of pathogenic bacteria in blood
samples

Detection or quantification of bacteria in blood is a crucial
challenge as albumin (that represents 55-80% of blood protein
content), other proteins and blood cells display auto-
fluorescence that masks bacterial autofluorescence, thus
leading to overlapping. These biomolecules can exhibit inter-
actions with bacteria cells. For instance, when different
number of cells of P. aeruginosa (Fig. 4A) or S. aureus (Fig. 4B)
were added to albumin fluorophore (blood sample), albumin
fluorescence was quenched. This quenching may be due to the
interactions with the bacteria cells with albumin serum or due
to collisions. Graphene has a long fluorescence lifetime, thus
it can reduce the autofluorescence of biological system in a
manner similar to quantum dots.>**> Graphene has fluores-
cence lifetimes longer than autofluorescence, thus it can

This journal is © The Royal Society of Chemistry 2013
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drastically reduce the signal of the common background which
is emitted from the biological samples (Fig. 4C). Fluorescence
upon addition of different cell numbers of P. aeruginosa
(Fig. 4D) and S. aureus (Fig. 4E) to GMCS, fluorescence signals
of GMCS was increased as in standard bacteria (Fig. 2B-E). The
difference of fluorescence in the presence (F) and absence of
bacteria (F,) exhibits excellent linear relationships in the cases
of P. aeruginosa (Fig. 4F) and S. aureus (Fig. 4G) with linear
dynamic ranges of 4.0 x 10> to 4.0 x 10° and 1.0 x 10> to
3.0 x 10° cfu mL™", respectively. Additional background
subtraction can substantially improve the signal-to-noise (S/N)
ratios of the resulting spectra. The limits of detection of blood
analyses are tabulated in Table 1. However, blood is a
complicated sample with many metals, proteins, and cells; it is
worth mentioning that these metals can bind to the chitosan
backbone; enriched by coordinating ligands, and thus improve
bacteria binding to GMCS.*” Low limits of detection of both
bacteria (Table 1) in the blood samples are due to the high salt
contents of blood and antibodies that can cause the death of
bacteria cells, and results in low cell counts. Furthermore, the
metals coordinate with bacteria and GMCS and enhance non-
covalent binding.

Forces governing the binding between bacteria and nano-
hybrid (GMCS)

The interactions between the pathogenic bacteria with GMCS
can explain the reason for fluorescence enhancement. The
binding forces between bacteria cells and GMCS were based on
two different sources; one is from graphene and the other is
from chitosan. The two sources reinforce each other, i.e.
complementary forces. The oxygen-containing groups, negative
charges on the graphene surface and the polycationic chitosan
(CS) can interact effectively with the bacteria via hydrogen
bonding, hydrophobic and electrostatic interactions, acid-base
interactions, m-m interactions and polar functional groups
interactions.®”* From the above description, we can recognize
that graphene-magnetic@chitosan (GMCS) is a multifunc-
tional material that is assisted by different adsorption mech-
anisms. Due to these forces, GMCS offers high sensitivity in
fluorescence analysis for blood samples. Zeta ({) potential
measurements of graphene, chitosan, and graphene@chitosan
were —46, +100, and +40 mV, respectively.*> The negative ¢
potential of graphene and the positive charge of the chitosan
solution confirm the interactions were mainly electrostatic
interactions. The { potential of the nanocomposite (graphene-
chitosan) is greatly different from its parent suspensions* (i.e.
+40 mV), which enhances the interaction between the negative
charge of bacteria with the positive charge of GMCS. These
factors assist bacterial cells to be entrapped with the chitosan
matrix onto the surface of GMCS,* so that it can aggregate at
high concentration. In addition, the two-dimensional GMCS
sheet is equipped with many functional groups which can
intensively interact with the pathogenic bacteria via non-
covalent interactions. Thus, it provides the highest extraction
efficiencies of bacteria biomolecules compared with other
materials.
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Fig. 5 MALDI spectra of blood samples for (A) P. aeruginosa and (B) S. aureus after separation with different concentrations, marks (@) represent biomolecules

belonging to blood.

Matrix assisted laser desorption/ionization mass spectrometry
analysis of bacteria from blood samples

Direct detection of pathogenic bacteria from blood samples
using MALDI-MS suffers from ion suppression due to the exis-
tence of high concentrations of blood proteins and salts.
Direct analysis of blood samples of P. aeruginosa (Fig. S3(A)Y)
and S. aureus (Fig. S3(B)t) at low concentrations present low or
no biomolecule peaks that make bacteria discrimination a
difficult task. Thus, unwanted protein signals and salts must be

This journal is © The Royal Society of Chemistry 2013

removed or cancelled. Separation of bacteria biomolecules by
external magnets could reduce these interferences. MALDI-MS
spectra of S. aureus (Fig. 5A) and P. aeruginosa (Fig. 5B) have
demonstrated the applicability of GMCS to separate, pre-
concentrate and enhance bacteria proteins from blood samples
with different colony forming units. The protein peaks of blood
are represented by the solid black circle (@) and the rest of the
peaks belong to bacteria biomolecules. It is worth mentioning
that the introduced GMCS system shows good biocompatibility
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as most of its constituents are intrinsically biocompatible.
Biocompatibility of graphene is increased after capping with
chitosan as sharp edges and metal contents are decreased.”””
Graphene-magnetic@chitosan nanocomposite is capable of
further applications in biology. Thermodynamic analysis of the
interactions between chitosan and bacteria cells via quantum
dots (CdS) modified chitosan®” reveals the interactions between
chitosan and bacteria are entropically driven and spontaneous.
Data also reveal stronger interactions between chitosan and
bacteria in the case of S. aureus than P. aeruginosa due to greater
enrichment of the peptidoglycan content of the former than the
latter. The strong interaction between chitosan to S. aureus is
the primary reason why GMCS shows better sensitivity in the
case of S. aureus than P. aeruginosa. Due to this binding affinity,
S. aureus show aggregation even at low concentrations when
incubated or vortexed for a long time.

Conclusion

Graphene-magnetic@chitosan (GMCS) displays a wide appli-
cability to work as a rapid and sensitive biosensor for patho-
genic bacteria for fluorescence spectroscopy and MALDI-MS.
Background subtraction and quenching of autofluorescence
could enhance fluorescence detection and offer also quantita-
tive analysis. The nanohybrid (GMCS) biosensor offers many
advantages such as excellent robustness, improved assay
simplicity, and the capability for fluorescence based real-
sample monitoring. The new nanobiosensor also shows good
separation, preconcentration, co-matrix and could effectively
enhance bacteria ionization during MALDI-MS analysis. The
biocompatibility of GMCS is a promising feature for both
in vitro and in vivo applications for biological and biomedicine
studies in the near future.
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