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Graphene quantum dots (GQDs) are a luminescent class of carbon nanomaterials with a graphene-like core
structure, possessing quantum confinement and edge effects. They have gained importance in the biological
world due to their inherent biocompatibility, good water dispersibility, excellent fluorescence and
photostability. The improved properties of GQDs require the logical enactment of functional groups, which
can be easily attained through post-synthetic non-covalent routes of modification. In this regard, the
present work has for the first time employed a simple one-pot post-modification method utilizing the salt
of amino caproic acid, an FDA approved reagent. The adsorption of the modifier on GQDs with varying
weight ratios is characterized through DLS, zeta potential, Raman, absorption and fluorescence
spectroscopy. A decrease of 20% in the fluorescence intensity with an increase in the modifier ratio from 1
to 1000 and an increased DLS size as well as zeta potential demonstrate the efficient modification as well
as higher stability of the modified GQDs. The modified GQDs with a high weight ratio (1:100) of the
modifier showed superior ability to sense dopamine, a neurotransmitter, as well as competent biofilm
degradation ability. The modified GQDs could sense more efficiently than pristine GQDs, with a sensitivity
as low as 0.06 pM (limit of detection) and 90% selectivity in the presence of other neurotransmitters. The
linear relationship showed a decrease in the fluorescence intensity with increasing dopamine concentration
from 0.0625 pM to 50 uM. Furthermore, the efficiency of the modified GQDs was also assessed in terms of
their antibiofilm effect against Staphylococcus aureus. The unmodified GQDs showed only 10% disruption
of the adhered bacterial colonies, while the modified GQDs (1 : 100) showed significantly more than 60%
disruption of the biofilm, presenting the competency of the modified GQDs. The unique modifications of
GQDs have thus proven to be an effective method for the proficient utilization of zero-dimensional carbon
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1. Introduction

Graphene quantum dots (GQDs), a novel class of zero-
dimensional carbon nanomaterials, have gained importance
in the biological world due to their biocompatible nature. Their
core structure possesses graphene sheets fragmented at the
quantum level to attain a three-dimensional nanoform, i.e.
0D.** They have an atomically thin, planar, hexagonal structure
with a sp” hybridized carbon network.* The properties of GQDs
can be modulated with respect to size, edge structure, shape,
functional groups, defects, and heteroatom doping.* These
variations during preparation give rise to surface/edge aspects
and quantum confinement effects.>® Properties such as tuned
photoluminescence, wettability, aqueous dispersion, chemical
inertness and lower cytotoxicity endow GQDs with applicability
in diverse fields ranging from bioimaging” to photocatalysis®
and sensors.’

The intrinsic fluorescence of GQDs has made them compe-
tent candidates in biosensing applications.'®* The sensing of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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biological analytes such as antigens, physiological biomarkers,
chemicals, and neurotransmitters uses the antigen-antibody
reaction mechanism. Antibodies, being larger biomolecules,
need to adhere to the surface of nanomaterials. This requires
efficient modification to be applied during or after the synthesis
of GQDs.

The top-to-bottom and bottom-to-top approaches used for the
synthesis of GQDs allow many functional groups such as amine,
carboxyl, epoxy, ketone, nitrogen doping, sulfur doping, and
hydroxyl groups to be present on their surface.’>® However, the
extent of functionalization and desired functional groups cannot
be quantitatively measured through such methods. Post-
synthetic modification is an important route of synthesis where
covalent or non-covalent interactions are used for preparing
desired functional group-decorated nanomaterials. Amida-
tion,"”*® esterification,'**® carbamate formation,> imine,** acid
chloride,”** and epoxide ring opening® are some covalent
methods employed widely for the post-functionalization of
GQDs. In comparison to covalent interactions, the non-covalent
route of modification of GQDs is still in its infancy. However,
non-covalent methods have expanded their significance in bio-
logical studies due to their reversible or kinetically labile nature,
which enhances their importance in terms of the self-correction
and preservation of the pristine structure.**>*

Non-covalent methods of functionalization for graphene and
graphene oxide utilize polymers, biomolecules, drugs, and
other carbon nano-allotropes or nanomaterials, which allow for
their applications in various sectors such as energy, biosensing,
and catalysis.” Likewise, GQD surface modification via the non-
covalent route could be an important parameter to enhance its
applicability, especially in the field of biosensing and drug
delivery. Single stranded DNA (ssDNA) was adsorbed non-
covalently on the GQD surface by Jeong et al. (2020), and they
claimed a generic approach for the modification of phospho-
lipids, peptoids and ssDNA, which could be a platform for
nucleic acid sensing or for peptoid-mediated protein recogni-
tion.”® Achadu et al (2016) studied the interaction of zinc
pthalocyanins with GQDs, where ZnTAPc showed covalent
linkage while the other two complexes ZnTCPPc and ZnTmPyPc
showed non-covalent linkage via w-m stacking and ionic inter-
actions.** GQDs in nanocellulosic hydrogel were explored for
sensing laccase via a non-covalent interaction between the
analytes and the substrate.®® A computational study through
density functional theory (DFT) evaluated the extent of doping
nitrogen in GQDs as a parameter for sensing toxic heavy metals
(THMs). It was observed that the quantum theory of atoms as
well as non-covalent interactions resulted in lead (Pb) having
higher charge transfer and absorption energy than cadmium
(Cd) and mercury (Hg).*> Only a few experimental and theoret-
ical works have been cited so far for the post-synthetic modifi-
cation of GQDs via non-covalent routes for biological
applications. However, the concreteness of the data and the
importance of the reversible nature of non-covalent methods
have inspired their wider exploration.

GQDs have also been known for their microbial functional-
ities. With the rise of antibiotic resistance and higher rates of
infection due to biofilm formation, the antibiofilm activities of
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carbon nanostructures are a hot topic of study. Disruption of
biofilms via carbon nanostructures could occur either through
electrostatic or hydrophobic interactions; through the generation
of reactive oxygen species as well as through interfering with self-
assembled amyloid peptides.**** Another major aspect of carbon
nanostructures toward microbial cytotoxicity is structural defect
generation in nanomaterials to enhance their bactericidal effect.
Non-covalent interactions of modifiers on the surface of carbon
nanostructures produce many such defects, which could play
a role in antibiofilm activity. The mechanism behind graphene
nanosheets of different sizes was compared in terms of antimi-
crobial activity, where large sheets wrapped around bacterial cells
and made them starve while small sheets were more efficient as
they caused oxidative stress, which arose due to intrinsic defects
around the edges of the sp> domain and dangling bonds.*

The presence of heteroatoms such as in nitrogen function-
alization or doping adds electron-donating atoms to the carbon
structures, which facilitates electron transfer and reactive
oxygen species generation, resulting in higher antibacterial
ability.’” Likewise, the effects of the oxygen moiety present in
the form of ketones or carboxylic acids have also been shown to
increase the antimicrobial effect. The phototoxicity of graphene
oxide quantum dots toward bacteria was found to decrease the
production of reactive oxygen species when the oxygen moieties
were derivatized.’® Generally, the generation of such defect sites
on the GQD surface can be achieved through the photooxida-
tion of oxygen-containing functional groups*-° and can be
quantified through Raman and XPS techniques.** However,
there are also other efficient methods of generating defects on
carbon nanostructures, which could be beneficial towards their
bactericidal properties. These make it an interesting and
significant topic for the systematic study of defect generation
and its role not only in antibacterial activity but also for
antibiofilm applications. In this view, the present work has for
the first time tried to find defect generation through the post-
synthesis modification method on the GQD surface and evalu-
ated its effect on biofilm disruption.

Thus, overall, this work is focused on modifying GQDs via
the non-covalent route using a biocompatible modifier that can
generate effective defect sites. The utilization of a non-covalent
modification route through a less explored molecule such as the
lithium salt of 6-aminohexanoic acid (caproic acid), an efficient
modifier utilised for graphene and carbon nanotube** disper-
sions, is extended to its nanoscale counterpart GQDs, and its
efficiency in biosensing as well as microbiological application
was evaluated. The adsorption of such a modifier changes the
pH and charge of the nanomaterials, which could eventually
enhance GQD sensing as well as anti-biofilm activity. This
ability of the modified GQDs was evaluated by sensing the
neurotransmitter dopamine and its ability to disrupt Staphylo-
coccus aureus biofilms.

2. Materials and methods
2.1 Materials

Graphene quantum dot powders were purchased from Sigma
Aldrich 900726 (Product Code 1003127066). 6-Aminohexanoic
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acid (AHA) was used as received from Sigma Aldrich 07260, M,,
132.18; purity: 98%. Lithium hydroxide was purchased from
Sisco Research Laboratories, India, purity 98% to obtain the
lithium salt of AHA (Li-AHA). The dopamine hydrochloride used
was H8502-5g Cas no. 62-31-7 from Sigma Aldrich, Germany. All
other chemicals were purchased from Sigma Aldrich and were
utilized as obtained without any purification.

The spectrophotometer utilized for UV absorption and
fluorescence study was a multimode spectrometer SYNERGY
H1, Biotek, Serial. No. 1511310. pH measurements were per-
formed using a pH meter (PCi Analytics, India) calibrated with
pH 4.01 and 7.01 buffer solutions. Zeta potential measurements
were obtained on a Delsa Nano C (Beckman Coulter). Pristine
and Li-AHA-modified GQDs were analyzed by Raman spectros-
copy with an HR 800 micro-Raman (HORIBA Jobin Yovon
Technology, Japan). An incident laser with an excitation wave-
length of 514 nm was used in the scanning range of 200 to

2000 cm ™.

2.2 Experimental method

2.2.1 Preparation of the modifier. A 5 M DI water solution
of 6-aminohexanoic acid (AHA) was added to a 5 M DI water
solution of lithium hydroxide (LiOH). The solution was heated
at 60 °C for 2 h until it became somewhat viscous and milky in
nature. Heating was continued for 1 h at 80 °C. The formed
precipitate was dried in a vacuum oven at 80 °C for 24 h. The
precipitate was characterized through FT-IR and TGA to inspect
the purity of formation of the lithium salt of 6-aminohexanoic
acid (Li-AHA).

2.2.2 Preparation of the modified graphene quantum dots.
The purchased GQDs were modified with an organic modifier,
Li-AHA, as follows. 6-Aminohexanoic acid was neutralized with
lithium hydroxide in deionized water to obtain the lithium salt
of 6-aminohexanoic acid (Li-AHA). GQDs were ultrasonicated in
deionized water for 20 min. To obtain the required GQDs/Li-
AHA weight ratio, an appropriate amount of Li-AHA was
added to the GQDs dispersion and was ultrasonicated in
deionized water for 40 min. The Li-AHA-modified GQDs
dispersion was dried at 80 °C, and then at 60 °C in a vacuum
oven for 24 h to ensure the complete removal of water.

2.2.3 Biosensing of the neurotransmitter dopamine. For
the sensing of the neurotransmitter, dopamine solutions were
prepared with different concentrations in DI water and incu-
bated with unmodified and modified GQDs in the desired
amount at room temperature. The change in fluorescence
intensity was recorded using a spectrometer and quantified.

2.2.4 Bacterial culture and propagation. The bacterial
strains used in the study included the ATCC strains of Staphy-
lococcus aureus (S. aureus-25923) obtained from the All India
Institute of Medical Sciences (AIIMS), New Delhi, India. The
bacterial strains were preserved and maintained as per the
standard conditions and protocols.

2.2.5 Anti-biofilm activity. To evaluate the antibiofilm
activity, overnight-grown bacterial cultures were diluted in
MHB to obtain the desired concentration of 10° cells per ml.
The culture was further transferred to a 96-well plate and left for
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48 h for the growth of the adherent biofilm. These were sub-
jected to modified GQDs, which were modified in three
different weight ratios of the modifier, namely m1GQDs (1 : 1),
m2GQDs (1 : 10), and m3GQDs (1 : 100), as well as unmodified
GQDs, followed by incubation at 37 °C for 24 h. After incuba-
tion, the medium was discarded and the plate was washed
gently 2-3 times with sterile PBS to remove the free-floating,
detached bacterial cells. The cells were further fixed with 2%
sodium acetate and the remaining biofilm was stained with
0.1% crystal violet solution for 20 min. The plates were washed
3-4 times with sterile water to remove excess stain. The plates
were then air-dried at room temperature. After drying, 95%
ethanol was added and the plate was read at 595 nm.

3. Result and discussion

3.1.
dots

Characterization of the modified graphene quantum

Graphene quantum dots were post-synthetically modified using
a less explored modifier, the lithium salt of 6-aminohexanoic
acid (LiAHA). The preparation of modified graphene quantum
dots with the modifier Li-AHA has been reported here for the
first time. However, the same modifier has been utilised for the
modification of multiwalled carbon nanotubes and gra-
phene.**** The procedure of modification was inspired from
these earlier works. With suitable alteration required for GQDs,
the transformed procedure was optimized for the modification
of graphene quantum dots. The GQDs were sonicated in
a desired weight ratio (1:1, 1:10, 1:100, 1:1000) of the
modifier for a definite period and the modified GQDs were
characterized. Primarily, the modified GQDs were assessed for
their absorption and fluorescence ability as post-synthetic
modification mainly deteriorates their intrinsic properties.
Hence, for the effective modification of GQDs, it is of utmost
importance to optimize the conditions such that their intrinsic
fluorescence ability (Fig. S11) should diminish insignificantly.
In this respect, various weight ratios of the modifier were tested
to obtain the optimized conditions. For the modification of
graphene quantum dots, we tested several concentration and
weight ratio combinations, from which the best four concen-
trations are discussed here. These concentrations are logically
implemented in an increasing order of weight ratio with a factor
of 10. Due to their smaller size of approximately ~5 nm, these
quantum dots have a large surface-to-volume ratio and possess
unique properties such as photoluminescence. Keeping in
mind the end use of the modified quantum dots, modifications
are required in such a manner that their intrinsic fluorescence
ability is not diminished considerably, while there should be
a desired change in their ionic atmosphere. This change in the
ionic concentration was observed with a change in the pH,
which was found to increase with an increase in the modifier
ratio (Fig. S21). The modifier consists of an ionizable carbox-
ylate group and a long hydrophobic carbon tail that can change
polarity close to the GQD surface. The amphiphilic ability of the
modifier was hypothesized in earlier reports to form electro-
static interactions, causing the stabilization and dispersion of
higher nanoforms of the carbon family.**** Molecular dynamics

© 2022 The Author(s). Published by the Royal Society of Chemistry
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studies have been reported to understand the mechanism of
action for a similar modifier. The study stated that the disper-
sion of graphene was facilitated by the adsorption of the
modifier, which increased with increasing concentration of the
modifier as the potential of mean force changes from short-
range strong interactions to long-range repulsion at high
weight ratios.”> Adsorption occurs at the interface of graphene
and water, resulting in a negative charge at their modified
surface.” In this regard, the present work was inspired and in
accordance with their findings, points out optimized conditions
for the experimentation of GQDs with the modifier LiAHA. The
modified GQDs were primarily analyzed for the change in the
pH with increasing modifier ratio. The pH of the modified
GQDs increases along with an increase in the negative zeta
potential with an increase in the modifier ratio, which was in
agreement with the earlier reported modification of carbon
nanoforms.**** The absorption peak and fluorescence intensity
were found to drastically change with the highest concentration
of the modifier, i.e. 1:1000, while all the other weight ratios
showed only moderate (1 : 100) to no change (1 : 10,1 : 1) in the
fluorescence intensity of the modified GQDs, as shown in Fig. 1.

The absorption spectra exhibited a wavelength blueshift with
increasing modifier concentration. The UV peak of the GQDs
lies approximately 350 nm, as shown in Fig. S1, which was
shifted toward a lower wavelength with modification, revealing
the n — m* transitions of the non-bonding electron of the C=0
bonds.** The photoluminescence (PL) ability of the quantum
dots arises due to the quantum confinement effect. GQDs
possess higher quantum yields than their corresponding
carbon quantum dots due to their layered structure and higher
crystallinity. The adsorption of the modifier quenched the
fluorescence ability of the GQDs, which is not due to Forster
resonance energy transfer (FRET) since there is no spectral
overlap between GQD emission and the LiAHA absorption peak.
The quenching of the peak is administered with little bath-
ochromic shift, which is commonly witnessed in non-covalently
modified GQDs with biopolymers.”® Additionally, the adsorp-
tion of the modifier involves an important dehydration step of
the solvent, allowing them to overcome the electrostatic repul-
sion between the negatively charged modifier and the GQDs.*®
The dehydration process is important for the elimination of the
solvation effect, which might hinder the approach of the
modifier to the GQD surface.*
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Fig. 1 (a) UV-visible spectra of the modified GQDs (m3GQDs). (b)
Fluorescence spectra of the modified GQDs excited at 350 nm (GQD:
unmodified, m1GQDs: 1:1 modified, m2GQDs: 1:10 modified,
m3GQDs: 1 : 100 modified, m4GQDs: 1 : 1000 modified).
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The other hypothesis proposed here is based on different
studies using similar modifiers (sodium salt of aminohexanoic
acid; NaAHA) for the dispersion of carbon nanotubes and gra-
phene.*** As stated earlier, one of the computational studies
reveals that with the increase in modifier concentration, there
exists a stronger electrostatic repulsive force than the short-
range attractive force in non-covalently NaAHA-modified gra-
phene, which allows for its better dispersion and stabilization.*
The same concept could be hypothesized for GQDs, which when
modified with LIAHA become highly stabilized and the surface
passivation due to modifier adsorption could decrease the PL
intensity. The extent of stabilization of the GQDs with the
concentration of the modifier was quantified with the increase
in the zeta potential, as shown in Fig. 2. The zeta potential
highlighted a higher negative charge development on the
modified GQDs. The better stabilized negatively charged GQDs
with higher modifier concentrations could contribute signifi-
cantly to biological applications. The change in the pH, zeta
potential, and the increase in the size of the GQDs with modi-
fication ascertains an efficacious non-covalent (via electrostatic
force) modification process, where the modifier could adsorb
on the GQD surface through amines (via hydrogen bonding)
with the long hydrophobic chain outward terminated with the
carboxylate ion, assembling them to obtain a negatively charged
stabilized GQD structure.

The presence of the modifier on the surface of the GQDs was
further demonstrated through the FT-IR spectra, as shown in
Fig. 3. The peak at approximately 1647 cm ™" denotes the pres-
ence of the C=0 of the amide or carboxylic group, while the
peak around 3200 cm™ " was attributed to O-H stretching in the
GQDs. The C=C stretching vibrations were revealed at 1500 and
3000 cm ™', while the 1072 em™"' peak is related to the C-O
alkoxy group.*® The FT-IR spectra of the unmodified GQDs show
that the surface of the GQDs possesses hydroxyl and carbonyl
groups. The modifier Li-AHA shows distinct doublet peak at
approximately 1571 cm ™" and 1400 cm ™, corresponding to
carboxylate ions. The absence of the 1647 cm ' peak in the
modified GQDs indicates the interaction between the GQD
surface and the modifier.” Upon modification of the GQD
surface, the modified GQDs showed a shift of the peak at
1570 cm ™ to approximately 1590 cm ™ * and that at 1420 cm ™ to
1440 cm™ ', which were in accordance with other studies per-
formed with similar modifiers on graphene and the CNT
surface.* This shift towards a higher wavenumber upon
modification could be attributed to the interaction of the Li* ion
of LiAHA with the pi (electron) cloud of the graphene quantum
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Fig. 2 (a) DLS spectra of the modified GQDs (m2GQDs, green line;
m3GQDs, blue line; m4GQDs, red line). (b) Variation in DLS and zeta
potential of the modified GQDs with respect to the modifier ratio.
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Fig. 3 : (a) FT-IR spectra of the m3GQDs, modifier, and unmodified
GQDs. (b) Raman spectra of the m3GQDs.

dots, which was found to increase with increasing modifier
ratio. The mode of interaction of the modifier and the GQDs
could be through electrostatic attraction between the cation and
the negative electron cloud, causing shifting of the peak posi-
tion in the FT-IR spectrum. Raman and FT-IR are two comple-
mentary techniques that are increasingly being used for
understanding the structure and functional groups on carbon
nanostructures. Similar to carbon nanotubes and graphene, the
GQDs also possess distinct D bands related to sp® hybridised
carbon and G bands representing sp> hybridised carbon around
1318 cm ™ ' and 1660 (1595) cm ™', respectively.*® The increase in
the intensity of the D and G bands is correlated with the
increase in the size of the GQDs. In fact, G denotes the ordered
graphitic sp® structure, while the defects that arise due to the
modification and presence of aliphatic carbon groups on the
periphery are denoted by the D band. Hence, the levels of
defects generated and the degree of chemical functionalization
achieved on the surface of the GQDs can be quantified by the
ratio of intensity of the D and G bands.*** The Raman spectra
of the modified GQDs were compared with those of the
unmodified GQDs, as seen in Fig. 3b. It was found that with the
modification of the GQDs, there was increase in the intensity of
the D and G bands. The Ip/I ratio of the modified GQDs was
also found to be higher than that of the unmodified GQDs
(Table TS1t). The increase in the size of the modified GQDs
could be attributed to the adsorption of the modifier on the
surface. The Ip/I; ratio not only denotes the size but also
denotes the extent of defects generated on the surface of the
modified GQDs, which are higher than that on the unmodified
GQDs. The shift of the Raman and IR spectra bands caused by
the change in the vibrational states shows that there is
a significant interaction between the modifier and the GQD
surface, thus changing its surrounding atmosphere. The inter-
action that appears most obviously non-covalent could be sup-
ported through the increase in the size of the GQDs, as there
was an increase in the intensity of the Raman and the shift of
the IR bands. There could be electrostatic interactions between
the ionizable cation group of the modifier and the negative
charge of the GQDs. Along with this, hydrogen bonding with the
already present functional moieties at the GQD surface (that
arise during their synthesis) with the amine functional group of
the modifier was another possibility of stabilization. Thus, the
non-covalently modified GQDs possess more numerous defect
sites with carboxylic acid functional groups along with the
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stabilization of the dispersion, exhibiting a higher ionic disso-
ciation ability.

3.2 Biosensing of the neurotransmitter dopamine using the
modified GQDs

GQDs show excellent sensing properties against different small
metal ions and biomolecules. Antioxidants such as glutathione
(GSH), ascorbic acid (AA), homocysteine, and cysteine (Cys) can
be sensed using hybridized forms of GQDs. GQDs adsorbed
with different metal ions such as Hg*", i.e. GQD-Hg(u), Eu-GQD-
Cu”", and GQDs-Cr(vi) have been utilized for sensing GSH, Cys,
and AA respectively.®* Accordingly, dopamine was polymer-
ized and interacted with the GQDs to sense GSH.>* Alternatively,
the dopamine neurotransmitter was sensed using nitrogen-
doped GQDs (NGQDs) and the hybridized gold-nitrogen-
doped GQD (Au@N-GQDs) system.*>** This highlights that
modified GQDs can be efficiently utilized for sensing dopamine
and other biological molecules.

The modified GQDs in our study were utilized for sensing the
neurotransmitter dopamine. The modified GQDs (m3GQDs)
showed about twofold higher sensing ability towards dopamine
compared to that of unmodified GQDs. A weight ratio of 1 : 100
of the modifier (m3GQDs) was chosen as there was only
a moderate change in the fluorescence spectra after modifica-
tion and its pH range was found to be 9-9.5. After conducting
a series of fluorescence experiments, an upgraded condition for
sensing dopamine with m3GQDs was augmented. An optimized
volume of 100 pl of 10 pg ml~* GQDs (control) and m3GQDs
(test) was used as the sensing element for 50 ul of dopamine
solution in different concentration ranges, which were inter-
acted for a duration of 30 to 45 min. All conditions for the
control and test sets were kept absolutely the same and the
sensing experiments were conducted at ambient temperature in
the dark. A steep decrease in the fluorescence intensity resulting
in nearly complete quenching was found in the range of 50 pM
to 50 mM (Fig. S3b¥) with modification. pH changes occurring
due to modifications were monitored regularly, which were
shifted towards basic pH with increasing modifier ratio
(Fig. S27). Alteration in the pH is one of the important param-
eters for sensing dopamine.®” It is well known that dopamine in
basic pH undergoes polymerization, which allows it to form
polydopamine, which in turn can interact or form a coating
around the GQDs, allowing for a significant decrease in the
fluorescence intensity through Forster resonance energy trans-
fer (FRET). The proposed hypothesis of sensing was considered
as the concept behind the modifications with this particular
modifier. Lower concentrations of dopamine from 0.0625 uM to
50 uM show a decrease in fluorescence intensity with increase in
the concentration of dopamine, as shown in Fig. 4. The inten-
sity ratio graph I/I, shows a gradual decrease in the lower
concentration range of dopamine with m3GQDs (Fig. S3aft),
while unmodified GQDs did not show any such distinct change
in the lower range of dopamine concentration (Fig. S4a and b¥),
which highlights the higher sensitivity of the modified GQDs,
where I and I, are the fluorescence intensity of m3GQDs in the
presence and absence of dopamine, respectively. The linear

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Fluorescence spectra of m3GQDs in the presence of
dopamine.

graph relation showed 98% regression with a detection limit of
about 0.06 pM, which is much lower and competitive with
previously studied fluorescent modified/hybridized GQDs.>>*%%*
Numerous systems and materials have been reported for the
determination of dopamine. This novel modification of GQDs
was found to be much more favorable than other systems since
it is a simple one-pot step of post-synthetic modification and
the sensing step did not require any heating or doping, which
makes this system a versatile approach to espouse. It consumed
less time, used a biocompatible material and an all-aqueous-
based, was highly stable, had a well dispersed solution, and
exhibited equivalent sensitivity and selectivity. The increased
functional groups can make the modified GQDs highly hydro-
philic, which allows them to adsorb quickly at any surface
without further loss of fluorescence intensity. This faster
adsorption on the surface can help in the fabrication of a paper
device.

The selectivity study was conducted in the presence of other
interfering amino acids such as glycine, arginine, aspartic acid,
and tyrosine as well as the mineral ions sodium and potassium,
which are integral parts of the blood system. The modified
GQDs showed no quenching with the above-mentioned amino
acids and ions, demonstrating their selectivity towards dopa-
mine. The modified GQDs exhibit different detection perfor-
mance towards the molecules glycine, arginine, aspartic acid,
and tyrosine; hence, the selectivity of dopamine was determined
with the modified GQDs. This change in the behaviour of the
modified GQDs could be attributed to the fact that the modified
GQDs possess negative charge on their surface, as determined
by their zeta potential. The modified GQD 1 : 100 solutions have
a pH range from 9 to 9.5. Glycine has its isoelectric point at pH
6; thus, above pH 6, it acquires negative charge. Likewise,
aspartic acid and tyrosine also have negative charge. On the
other hand, arginine has half negative and half positive charge
at pH 9. Such a negative charge on these molecules and the
negative charge on the modified GQDs could lead to repulsion
between them, which could be the reason behind their ineffi-
cient detection ability towards these molecules.

Along with these, epinephrine and serotonin were also tested
in the selectivity assay, in which m3GQDs were more specific

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Fluorescentimage of m3GQDs in the presence of dopamine
taken under UV lamp 360 nm; concentration from right to left to right:
controlto 0.0625 uM, 0.24 uM, 0.87 uM, 3.62 uM, 12.24 uM, 24 uM, 84
uM, 160 pM, and 320 pM. (b) Linear relationship curve of the /o//
intensity ratio of the control to the test for dopamine sensing.

towards dopamine but only interfered with epinephrine at
a higher concentration, as shown in Fig. S5.f We have also
evaluated dopamine monitoring in real samples by spiking
a known amount of dopamine in human urine and diluting it
with 1x PBS. The diluted samples were analyzed with the
modified GQDs and the system works very well for determina-
tion of dopamine, as shown in Fig. 5. A linear relationship of the
decrease in fluorescence intensity with an increase in dopamine
concentration was observed with a regression coefficient of
97.92%. Thus, the higher specificity and selectivity of m3GQDs
towards dopamine shows that the efficient modification of
GQDs via the post-synthetic method could be a promising route
for exploring the grander advantages of this zero-dimensional
“rising star” of carbon nanostructure.

3.3 Antibiofilm ability of the modified GQDs

GQDs derive their properties from the graphene planar struc-
ture as well as the nano-scale size of carbon dots, making it
a favorable nanoform against microbial activities. Graphene,
the ‘godfather’ of GQDs, has excellent antimicrobial activity,
whose mechanism of action is still a debated topic of research.
There are many proposed hypotheses in the literature that state
that oxidative stress, membrane damage, and protein dysregu-
lation could be the cause behind their cytotoxic effects. Like-
wise, with regards to the mechanism of action of the
antimicrobial efficacy of GQDs, only a few recent works have
been cited so far.**®' In this regard, the present work has
focused on assessing the anti-biofilm activity of modified GQDs,
which are newly modified using the non-covalent post-synthesis
modification route. The modified GQDs and unmodified GQDs
were subjected to a cell viability study using the classical MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide)
assay on the glioma cell lines C6. The C6 cell lines were sub-
jected to different concentrations of unmodified and modified
GQDs for 24 h to observe their cell metabolic activity to find
viable cells in the presence of the nanomaterials. The greater
the number of viable cells, the lower the toxicity and the higher
the biocompatibility of the tested nanomaterial. The unmodi-
fied and modified GQDs both showed similar viability perfor-
mance with negligible cell death, showing the biocompatible
nature of the unmodified and modified GQDs, as shown in
Fig. S6.7 The biocompatible nature of the modified GQDs (a
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significant change was only observed for the highest concen-
tration of 100 pg ml~*, with the other concentrations being in
an acceptable range) thus highlighted the importance of the
modification method as green and versatile in terms of usage.

Staphylococcus aureus was picked as the bacterial biofilm
model to study the antibiofilm activity of the modified GQDs.
This species of bacteria has received special attention in
medical applications due to its rising contagious infection cases
owing to the growth of biofilm structures, which are also found
to have antibiotic resistance. The GQDs modified with different
weight ratios of the modifier, m1GQDs, m2GQDs, and m3GQDs
(m4GQDs was ignored due to their significant loss of intrinsic
photoluminescence ability), and unmodified GQDs were intro-
duced to fully grown 2 day old biofilm structures (grown as per
the protocol mentioned in the Experimental section) and
incubated for 24 h to observe their biofilm-degradation ability.
The biofilm inhibition percentage was found to increase with
a higher modifier ratio of the modified GQDs; thus, the trend of
biofilm inhibition was found to increase in the order of
m1GQDs, m2GQDs, and m3GQDs in comparison to that of
unmodified GQDs, as shown in Fig. 6. This shows that with
a higher modifier ratio, the ability of GQDs to work towards
biofilm degradation significantly (p value) increased, which
could be attributed to the presence of the additional carboxylate
groups in m3GQDs as compared to that in m2GQDs, m1GQDs
and unmodified GQDs.

The degraded biofilm structure had a dense fully populated
growth of the S. aureus film, which was not degraded at all in the
control sample (only 15-20% degraded with unmodified GQDs,
while it was most efficiently degraded to 50-60% with
m3GQDs). This upsurge in the activity of the modified GQDs
was found to be interesting as it opens a path for the wider
applicability of competently modified GQDs. S. aureus, a gram-
positive bacterium, possesses a thick-layered cell wall made up
of peptidoglycan. In comparison, their counterparts, gram-
negative bacteria, have lower contents of peptidoglycan, giving
them a thin cell wall structure. However, they have a lipid
bilayer lipopolysaccharide membrane above the peptidoglycan
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Fig. 6 Biofilm inhibition percentage of Staphylococcus aureus with
unmodified and modified GQDs.
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layer and a periplasm area below it with numerous porins and
appendices, making their cell wall structure remarkably strong,
elastic and tough.*

The effect of various external stimuli such as the application
of nanomaterials, antibiotics, heat, and cold plasma on the
degradation of the biofilm structures of Gram-positive and
Gram-negative bacteria vastly depends on their cell wall struc-
ture. In our study, we reported the biofilm growth of Gram-
positive Staphylococcus aureus bacteria and their efficient
degradation with the help of modified GQDs. The modified
GQDs possess a net negative charge on their surface with an
enhanced network of carboxyl and amine functional groups.
Gram-positive and Gram-negative bacterial cell structures have
a net negative charge. However, the content of negative charge
on Gram-positive bacteria is often considered to be less than
that on Gram-negative bacteria, which is still a controversial
topic of study. The net charge on the surface of bacteria was
determined by Ritsu et al., stating that E. coli (gram-negative
bacteria) possesses higher negative charge than S. aureus
(gram-positive bacteria).®® The basic differences in the cell wall
structure of bacteria causes a change in their electrophoretic
properties. The presence of a large amount of peptidoglycan,
a glycoside linkage molecule made of NAG-NAM (N-acetylglu-
cosamine coupled through a B-1,4-linkage to N-acetylmuramic
acid), could afford preferable binding sites with the carboxyl
and amine groups of the modified GQDs. In S. aureus, lysyl-
phosphatidylglycerol is found in significant amounts.®® This
phospholipid is synthesized by a polytopic membrane protein,
MprF, which catalyzes the transfer of lysine from lysyl-tRNA to
phosphatidylglycerol on the inner leaflet of the membrane and
then translocates this species to the outer leaflet of the
membrane.®>® It is thought that the positive charges of lysyl-
phosphatidylglycerol serve to repel positively charged antibi-
otics or antibiotic-metal complexes.®*** Since our modified
GQDs possess a net negative charge, the modified GQDs could
take advantage of this and cause electrostatic attraction with
lysyl-phosphatidylglycerol, causing strong interactions with the
cell wall and resulting in the disruption of its structure. The
charge on the surface of the bacteria and the modified GQDs as
well as the ionic atmosphere created due to the modified GQDs
change the pH of the system towards a higher basic nature. The
cell wall structure and presence of different functional groups
are affected due to the differential pH gradient, which in turn
can affect the degradation ability of the modified GQDs.** The
exact mechanism of action of the modified GQDs toward gram-
positive S. aureus needs to be studied in detail. When similar
experiments were conducted for the biofilm disruption ability
of GQDs towards Gram-negative E. coli, a lower degradation
ability of the modified GQDs was observed, as shown in Fig. 7.
The modified GQDs and unmodified GQDs gave nearly similar
degradation effects of approximately 20-30%, which was
significantly lower than that with S. aureus. This difference in
the ability of the modified GQDs and their selectivity towards
Gram-positive bacteria could be attributed to the negative
charge of the modified GQDs, which could cause repulsion with
the Gram-negative cell wall structure, causing less interaction
and thus lower degradation occurs for these types of bacteria.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Biofilm inhibition percentage for S. aureus and E. coli treated
with m3GQDs.

Other experiments with fungal and planktonic growth are
proposed as future works, where a hybrid composite of GQDs
with silver nanoparticles should be applied to fight against full
growth of a multispecies biofilm structure. Earlier studies on
silver nanoforms have shown that positively charged silver
nanoparticles (AgNPs) show efficient antimicrobial ability
toward Gram-negative bacteria.®®” Hence, a logical combina-
tion of composite-type materials comprising modified GQDs
and AgNPs could provide protection against naturally grown
biofilm structures.

The mechanism behind the effective ability of the modified
GQDs can be hypothesized in different ways. Our earlier
discussion was based on the structure of the bacterial cell wall;
the other factor could be alteration in the GQD structure due to
modification. Modification adds different amounts of func-
tional groups (i.e. carboxylate and amine) on the surface of the
modified GQDs with respect to the ratio of the modifier. The
addition of an amine group allows for the presence of the
nitrogen heteroatom, which could be one of the electron-
donating atoms in the carbon skeleton, aiding electron trans-
fer and reactive oxygen species generation for the degradation
of the biofilm structure.?”

Moreover, an increase in carboxylic oxygen could add to the
antimicrobial activity of the GQDs.**** The modification of the
GQDs allows for the generation of defect sites on their surface,
which mainly happens due to distortion occurring in the
structure when the modifier affects the peripheral dangling
bonds and other sites, which could disorient the pristine
structure. The generation of defects on the surface of the GQDs
could be quantified through Raman spectroscopy by calculating
the ratio of the intensity of the D to G band (Ip/I;). As described
in the characterization section, in the modified GQDs, the Ip/Ig
ratio continue to increase with increasing modifier ratio, indi-
cating higher defect site generation (Fig. 3 and Table TS1t). The
higher rate of biofilm degradation for m3GQDs could thus be
correlated with more numerous defect sites, which might be
another reason for its oxidative stress enhancement, leading to
better antibiofilm ability. However, future study needs to be
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done in order to justify these proposed hypotheses, mainly for
the determination of ROS in terms of functionality and defect
generation to correlate it with the extent of modifier required
for modification.

4. Conclusions

GQDs are extending their arms wide in the biological world,
from sensing and imaging to antimicrobial activity. The devel-
opment of an easy, one-pot multipurpose method for the
effective modification of GQDs is thus of utmost importance in
the present time. In this regard, our work has tried to focus on
the formation of efficient GQDs via a non-covalent modification
route using a novel modifier. Evaluation of the modified GQDs
in terms of their biological application was assessed by their
biosensing ability toward dopamine (a neurotransmitter) as
well as their boosted antibiofilmcapability. The enhanced bio-
sensing efficiency and antibiofilm ability confirm that the route
of modification could be one of the versatile methods for
developing GQDs, the nano-child of graphene.
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