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nanohybrids for electron transfer-
mediated antimicrobial activity†

Nayan Mani Das, *ab Amit Kumar Singh, *b Debdatta Ghosha

and Dipankar Bandyopadhyay *ab

The rapid increase in the prevalence of antibiotic-resistant bacterial strains poses a global health risk. In this

scenario, alternative strategies are needed to combat the alarming rise in multidrug-resistant bacterial

populations. For example, metal-incorporated graphene derivatives have emerged as model

nanomaterials owing to their intrinsic antibacterial activity together with their biocompatibility.

Interestingly, photon-activated phthalocyanine sensitizers have also shown promising physiochemical

biocidal effects against pathogenic bacteria populations when conjugated with diverse nanomaterials.

Herein, we report the facile synthesis of graphene oxide incorporated zinc phthalocyanine (ZnPc–GO)

nanohybrids showing bactericidal activity against Gram-negative Escherichia coli (E. coli) cells, in the

absence of any photo-excitation. The ZnPc–GO hybrid nanomaterials were synthesized by the in situ

deposition of GO flakes on ZnPc-coated indium tin oxide (ITO) substrates. Two types of morphologically

different ZnPc molecules, potato-chip-like a-phase ZnPc, namely ZnPc(A), and nanorod-like b-phase

ZnPc(B), were used for the synthesis of the ZnPc(A/B)–GO nanocomposites. The interactions of GO with

the underlying ZnPc(A/B) entities in the ZnPc–GO systems were investigated using multiple

characterization techniques. It was observed that the GO flakes in the ZnPc(B)–GO nanocomposite

possess stronger p–p interactions and thus show a more efficient electron transfer mechanism when

compared with the ZnPc(A) counterpart. Furthermore, the E. coli bacterial cells with an electronegative

surface demonstrated a profound adherence to the electron-withdrawing ZnPc(B)–GO surface. The

death kinetics of bacteria with ZnPc(B)–GO were further investigated using surface potential mapping

and Kelvin probe force microscopy (KPFM) analysis. Upon direct contact with ZnPc(B)–GO, the adhered

bacterial cells showed outer cell deformation and membrane protein leakage, induced by a proposed

charge-transfer mechanism between negatively charged cells and the electron-withdrawing ZnPc(B)–

GO surface. These new findings may provide insights into the design of potential ZnPc–GO-based novel

antimicrobial nanomaterials or surface coatings.
1. Introduction

The abrupt rise in bacterial mutagenesis has led to widespread
antibiotic-resistant infections worldwide, thereby posing
a serious threat to public health.1,2 Antibiotics are frequently
administered to destroy or inhibit the growth of pathogenic
bacteria. However, the exhaustive medical use and misuse of
antibiotics has minimized their efficacy, which is attributed to
the rapid emergence of antibiotic-resistant strains.3 In order to
avert the antibiotic-resistance crisis, researchers are exploring
innovative combat strategies to restrain the spread of bacterial
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pathogens.4–7 In the recent past, the bactericidal and bacterio-
static efficacy of nanomaterials has been widely studied as
a promising alternative to conventional antibiotic-based treat-
ment.8–11 In this context, innovative methods like sensors,12,13

bacteriophage-based systems,14 thin lm patterns15 and micro-
uidics16,17 have been employed for deactivation of pathogenic
threats in the recent past. Amongst these methods, graphene-
based nanomaterials18,19 have been extensively used as antimi-
crobial agents for numerous biomedical applications in recent
years.20–22

Graphene derivatives exhibit antimicrobial properties
against a wide range of Gram-positive and Gram-negative
pathogenic bacterial biolms.23,24 The ease of surface modi-
cation by direct incorporation of functional groups or extrinsic
mesoscale materials on the graphene surfaces promotes their
usage for antimicrobial therapy.25,26 The antimicrobial efficacies
of graphene derivatives can be further enhanced via surface
functionalization with metals.23 For example, metallic
Nanoscale Adv., 2019, 1, 3727–3740 | 3727
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nanoparticles have been used for decades as antimicrobial
agents. Thus, in conjugation with these metallic entities, the
antimicrobial activity of graphene derivatives can be further
enhanced.27,28 Importantly, previous studies suggest that gra-
phene derivative–metal lms may act as efficient electron sinks,
which can effectively remove electrons from the bacterial
phospholipid membrane.28–31 This results in alteration of the
membrane z-potential and destabilization of the cell
membrane, leading to irreversible bacterial cell damage.30,31 The
germicidal efficacy of graphene–metal systems relies on the
conductivity of the metallic entity.28 A recent study showed that
when E. coli cells were treated with a conducting zinc (Zn)–
graphene oxide (GO) composite, the bacterial cells showedmore
membrane damage in comparison to cells treated with non-
metallic or less conductive metallic counterparts present in
the GO–metal systems.28 The Zn–GO system induces reactive
oxygen species (ROS) generation,32 which disrupts the integrity
of the cell membrane, thereby leading to cell lysis.28 These
ndings inspired us to further investigate Zn–GOmetal systems
by substituting the conductive Zn metal with more conductive
Zn-based entities in the Zn–GO system for further enhancement
of its antibacterial activity.

In this direction, we have found that metal phthalocyanines
(MPc) are promising substitutes for the Zn metal in Zn–GO
systems.33,34 Aromatic phthalocyanine (Pc) molecules are two-
dimensional 18p-electron systems, which can be synthesized
easily and exhibit non-toxicity, chemical and thermal stability,
and substitutional exibility.33–35 In the Pc molecules, the two
central hydrogen atoms can be replaced by metal ions to form
metal phthalocyanines (MPc) for various purposes.33,34 Recent
studies have shown that MPc molecules containing cationic
metal ions are more effective against bacteria than the anionic
and neutral metal ion-containing counterparts as the cationic
MPc molecules can easily interact with and disrupt the highly
anionic bacterial cell wall.35,36 Amongst the reported MPc
molecules, zinc phthalocyanine (ZnPc) is considered a model
MPc system as it shows the characteristic features of the
macrocyclic phthalocyanine (Pc) molecule.37 In the recent past,
ZnPc-based derivatives have been employed as promising
photosensitizers for sensing,38 optical limiting,39,40 cancer
treatment,41 antimicrobial photodynamic therapy,35,42,43 and
energy harvesting.44 Thus, it would be very interesting to
investigate the activity of graphene derivative–ZnPc conjugates44

as contemporary antimicrobial materials.
In view of this prior art, we report a facile protocol for the

synthesis of an antimicrobial zinc phthalocyanine–graphene
oxide (ZnPc–GO) nanoconjugate. The synthesis of the ZnPc–GO
nanomaterial was evaluated by multiple characterization
methods. Following this, we investigated the electron transfer-
mediated antibacterial activity of ZnPc–GO on bacterial cells.45

The interaction of the ZnPc molecules with the GO sheets was
studied for both a-phase and b-phase orientation of ZnPc
molecules. The ZnPc molecules traditionally exhibit a-phase,
namely ZnPc(A), at room temperature and b-phase, namely
ZnPc(B), at high temperature.37,46 The phase transformation of
the ZnPc molecules from the a-phase to the b-phase can be
achieved when the ZnPc molecules are heated at temperatures
3728 | Nanoscale Adv., 2019, 1, 3727–3740
ranging from room temperature of 25 �C to a high temperature
of 280 �C.37 It has been observed that upon interaction with the
GO substrate, the molecular band gap of the ZnPc molecules is
modied owing to charge transfer between the GO substrate
and the ZnPc molecules.47,48 As a result of the electronic inter-
action of the ZnPc molecules with the GO substrate, the
ZnPc(B)–GO nanostructure demonstrated signicantly
enhanced conductivity leading to a regulated charge balance
compared to the ZnPc(A)–GO.

Thereaer, we investigated the electron transfer mecha-
nisms47,48 behind the antibacterial effect of the ZnPc–GO
nanoconjugates using Kelvin probe force microscopy (KPFM).45

The analysis helps us in measuring the net change in the
surface potential of the bacterial cells owing to the ionic transfer
of charges between ZnPc–GO nanosheets and the E. coli bacte-
rial cells aer their physical interaction with the ZnPc–GO
nanosheets. Previous studies of anti-pathogenic MPc–GO
nanostructures have solely relied on the photodynamic activa-
tion35,42,43 of MPc derivatives to generate ROS for localized
antimicrobial activity. In contrast, arguably as the rst
demonstration, we show the usage of a ZnPc–GO nano-
composite as an antimicrobial agent in the absence of any
photonic excitation.

The study uncovers that the destruction of bacterial cells
depends on the electron transfer and the surface charge-
dependent adherence of bacteria on the ZnPc–GO nano-
sheets.47,48 Further, based on the characterizations reported, we
propose a mechanism for the antibacterial activity of MPc–GO,
which has been followed solely through the morphological
changes of bacteria in previous reports. Interestingly, we
observe that the E. coli cell deformation occurs due to
a progressive change in the surface potential of the cell wall
within an hour of treatment with the ZnPc–GO nanomaterial.
Upon interaction with the ZnPc–GO nanosheets, the temporal
change in the bacterial outer membrane potential has been
characterized and correlated to the bacterial cell damage with
the help of time-dependent KPFM analysis. Unlike antibiotics,
the reported electron transfer-mediated antibacterial activity of
the ZnPc–GO nanosheets may not result in resistant bacterial
strains. The reported results may inspire the design and
development of ZnPc–GO-based nanoscale antimicrobial coat-
ings and smart devices49–51 in the near future.

2. Experimental methods
2.1. Materials

Hydrochloric acid (HCl) (37%), hydrogen peroxide (H2O2)
(50%), sodium hydroxide (NaOH), sodium chloride (NaCl),
potassium permanganate (KMnO4), sulfuric acid (H2SO4) (98%),
125 mm lter paper (grade-1), acetone (CH3COCH3) and ortho-
phosphoric acid (H3PO4) (84%) were obtained from Merck
(India). Phosphorous pentoxide (P2O5), sodium dodecyl sulfate
(SDS) and hydrazine monohydrate (N2H4$H2O) (98%) were ob-
tained from Sigma-Aldrich (India). Zinc phthalocyanine (ZnPc)
(MW ¼ 577.91 g mol�1; dye content 97%) was purchased from
Sigma-Aldrich (Germany). Graphite akes (99.99%) were ob-
tained from Alfa Aesar (India). Indium tin oxide (ITO)-coated
This journal is © The Royal Society of Chemistry 2019
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glass substrates were procured from Macwin (India). The ITO-
coated glass substrates were cut into 1 � 1 cm2 pieces and
served as the substrate for the ZnPc deposits. Luria–Bertani (LB)
medium was purchased from Himedia (India). Paralm wax
paper was obtained from Tarsons (India). The aforementioned
chemicals were of analytical grade and were used without
further purication. Milli-Q grade water was used in the
experiments.

2.2. Preparation of ZnPc thin lms

The lms of ZnPc were deposited over the ITO-coated glass
substrates using an organic thermal evaporator (HHV Ltd,
India). Prior to deposition, the ITO-coated glass substrates were
thoroughly cleaned by dipping in SDS solution for 20 min, fol-
lowed by gentle brushing and nally repeatedly washing with
deionized water and drying. Aer drying, the ITO-coated glass
substrates were transferred into a beaker containing acetone
and heated up to boiling temperature for 10 min to remove any
organic impurities. Following this, the substrates were again
washed thoroughly with jets of deionized water and then dried.
The dried substrates were kept in an air-tight container for
further use. The cleaned substrates were exposed to oxygen
plasma in a UV-ozone chamber for about 10 min and then
without any delay the substrates were taken to an organic
thermal evaporator chamber for the deposition.

The deposition of ZnPc was performed at a high pressure of
�5.5 � 10�6 bar. The ZnPc powder was placed in a crucible and
then placed inside the deposition chamber of the evaporator.
The cleaned ITO-coated glass substrates were placed just above
the container containing the ZnPc powder. Following this, the
crucible was heated to the evaporation temperature of the ZnPc
(�350 �C) within the vacuum system and the amount of depo-
sition was monitored using a thickness-monitoring system. The
thickness of the deposited ZnPc thin lm was monitored by
a thickness-monitoring quartz crystal microbalance tted
inside the evaporator. For our purposes, the optimum thickness
of the ZnPc lm deposits on the ITO-coated glass substrates was
maintained at �30 nm. The substrates coated with ZnPc thin
lms were kept in a clean vacuum environment for further use.
The as-synthesized ZnPc thin lms on ITO-coated glass were
exposed to different temperatures, ranging from room
temperature (25 �C) to 280 �C in order to achieve the a-phase to
b-phase transformation of ZnPc prior to the deposition of the
GO akes.

2.3. Synthesis of GO akes

The GO solution was synthesized following the modied
Hummer's method.52,53 Initially, 0.5 g of graphite akes and 3 g
of KMnO4 were dispersed in an aqueous mixture consisting of
63 mL of concentrated H2SO4 and 7 mL of H3PO4. Following
this, the resulting solution was heated for 12 h at 50 �C. Aer
that, the solution was allowed to cool down and 3 mL of 30%
H2O2 along with 50 mL of water were added into the solution.
The aforementioned reaction was exothermic in nature and was
carried out in an ice environment (�4 �C), and aer completion
of the reaction, 100 mL of water was again added into the
This journal is © The Royal Society of Chemistry 2019
solution. The resulting solution was then centrifuged at
8000 rpm for 15 min at room temperature and the supernatant
liquid was discarded. The precipitate was washed repeatedly
with 10%HCl and water until no trace of sulfate was detected by
BaCl2 test. Furthermore, the precipitate was thoroughly washed
with water to attain a neutral pH. The as-obtained precipitate
was then vacuum-dried with P2O5 at room temperature before
dispersing it in water and then sonicated for 2 h to obtain the
GO solution.

The as-synthesized GO was dispersed in water and
mechanically stirred for �5 min. The resulting solution was
then sonicated for 10 min to exfoliate the GO akes. The exfo-
liated GO solution was then centrifuged at�2000 rpm for 5 min
about 2–3 times and the sediment was collected. Thereaer, the
sediment was again dispersed in water and centrifuged for 2–3
times at �8000 rpm for 15 min. Following this, the exfoliated
GO solution was again centrifuged at �2000 rpm and
�8000 rpm for 5 min and 15 min, respectively, about 2–3 times
and the sediment was collected. The sediment was again
dispersed in water and sonicated for 5 min to obtain a homo-
geneous dispersion of GO akes in water. The exfoliated GO
solution was then added to methanol with water (5 : 1 (v/v)) and
used for the lm deposition.

2.4. Synthesis of ZnPc–GO heterostructures

In order to fabricate the ZnPc–GO nanocomposites, the GO
layers were deposited over the ZnPc-coated substrate using our
previously reported “funnel” method.54 Briey, a funnel with
a burette with a stopcock was tted in an upright manner by
clamping it to a burette stand. Thereaer, a column of water
was created on the funnel, which was covered inside with par-
alm wax paper. A ZnPc-coated substrate was kept at the
inclined part of the Y shaped funnel on the wax paper. A water
sub-phase was maintained inside the funnel on the paper and
the ZnPc-coated substrate by closing the stopcock at the bottom
of the funnel. Then the GO solution in methanol–water mixture
was spread on the water column and kept undisturbed for
�15 min, which allowed the dispersed GO akes to orient over
the water sub-phase in an ordered manner. Later, the funnel
water was allowed to drip out slowly by opening the stopcock.
The substrates with ZnPc deposits and coated GO akes were
then dried at 50 �C for 12 h under vacuum. The aforementioned
method helped in getting well distributed GO akes on the
ZnPc-coated substrate, thereby, resulting in the ZnPc–GO
nanostructures. Furthermore, individual GO akes were also
deposited on blank ITO-coated glass substrates, in the absence
of ZnPc deposits, using the aforementioned procedure.

2.5. The bacterial adherence on ZnPc–GO nanostructures

The E. coli colonies were grown overnight at 37 �C in Luria–
Bertani (LB) medium at 220 rpm for 12 h. The dispersion con-
taining bacteria (grown overnight) was centrifuged at
10 000 rpm for 2 min. The pellets thus obtained were washed
with de-ionized water and again dispersed in water. The
dispersed bacteria were serially diluted with water to obtain
bacterial concentrations of 2 � 106 CFU mL�1.55 3 mL of
Nanoscale Adv., 2019, 1, 3727–3740 | 3729
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bacterial solution was dispensed in each well of the 12-well
microtiter plate and the ZnPc–GO samples were placed in each
well, with the coated side of the ITO substrate facing in the
upward direction. A few samples were retrieved from the wells
aer standing for 5 min at ambient conditions and the rest of the
samples were le undisturbed in the wells and were incubated for
2 h at 37 �C. Following this, the samples were tilted to remove the
excess solution along with the unadhered cells over the surface,
prior to atomic force microscopy (AFM) measurements. The
antibacterial activity of the ZnPc–GO system was studied for
incubated and non-incubated samples using the KPFM56method.
Fig. 1 FESEM images of (A) ZnPc(A), (B) ZnPc(B), (C) ZnPc(A)–GO and
(D) ZnPc(B)–GO. The scale bar is 1 mm in size.
2.6. Characterization

Field emission scanning electron microscopy (FESEM, Zeiss
Sigma, Germany) was used to examine the morphologies of the
samples. The samples were vacuum-dried and placed on carbon
tape adhered on a stub and platinum-sputtered for FESEM
analysis. A laser micro Raman spectrometer (Horiba Jobin Vyon,
Model LabRam HR) was used for characterization of the
samples. For Raman spectroscopy analysis, the samples were
observed at 100� optical microscopic zoom and then excited by
532 nm Nd-YAG laser. The Raman signals were recorded
maintaining 1800 grating per mm, 100-hole size and 50% of the
ND lter. A constant acquisition time of 5 s and an accumula-
tion time of 2 s were maintained during the procedure. The
output power reading of the laser falling on the sample was
measured to be �50 mW. The samples were also analysed by
UV-visible spectrophotometer (Shimadzu, UV-2600). The data
were collected aer base correction using the blank substrate
where the entire deposition was carried out. For the absorption
studies, the thin lms were deposited on transparent quartz
substrates. The lm thickness was calculated using an ellips-
ometer (EP3, Nanolm, Accurion Scientic Instruments Pvt.
Ltd). The X-ray photoelectron spectroscopy (XPS) analysis was
performed using a Thermo ESCALAB 250 spectrometer with
a monochromatic Al Ka X-ray as the source (15 kV, 150 W).

The surface morphologies of the samples were examined
using an AFM (Bruker, Innova series) with Si tips. While doing
the AFM in tapping mode, a constant cantilever force constant
of 0.48 N m�1 was maintained at a set point of �2.8 V, whereas,
the P and I gains were maintained at 1.0 and 0.5, respectively.
For the surface potential (SP) analysis of the samples, the Kelvin
probe force microscopy (KPFM) measurements were per-
formed.44 For the KPFM studies, conducting platinum (Pt)/
iridium (Ir)-coated tips with an optimum frequency of opera-
tion of �72 kHz were used. The measurements were carried out
in the dual-pass li mode in order to avoid noise and cross-talk
between the topographical and the surface potential measuring
images. The images were captured in li mode and all images
were processed in backward li scanning mode, whereas, the
topographies were captured in forward scanningmode. In order
to estimate the exact work function of the samples, the images
from the KPFM were not further processed by any post-
processing soware in order to minimize the loss of data.
Windows-Scanning-x-Microscope (WSxM) soware57 was only
used for topography image processing and analysis.
3730 | Nanoscale Adv., 2019, 1, 3727–3740
3. Results and discussion

The ZnPc molecules were deposited over the ITO-coated glass
substrates by thermal evaporation technique. Later, the 2-D
sheets of GO were deposited by the aforementioned funnel-
dripping technique to form the ZnPc–GO heterostructures.
FESEM, UV-visible spectroscopy, Raman spectroscopy and
mapping, AFM, XPS, electrical conductivity measurements and
KPFM were used to examine the morphologies and understand
the mechanism of interaction between the ZnPc and GO
components within the ZnPc–GO heterostructures.
3.1. FESEM characterization

Fig. 1 shows the FESEM images of the bare ZnPc deposits and
the ZnPc–GO heterostructures over the ITO substrate. Fig. 1(A)
shows the surface morphology of the ZnPc deposits at room
temperature. The image demonstrates the aggregation of
‘potato-chip-nanoakes’ throughout the substrate at room
temperature, which corresponds to the a-phase of ZnPc mole-
cules, namely ZnPc(A).37,58 The average diameter of the roughly
spherical ZnPc(A) nanoakes was observed to be within 300–500
mm. Previous studies have shown that the p–p stacking inter-
action between the ZnPc molecules increases at high annealing
temperature, thereby resulting in the transition of ZnPc nano-
akes into elongated rod-like structures.37,58 In this study, when
the temperature of the ZnPc(A) deposits was increased to
280 �C, the as-obtained nanoake clusters were transformed
into randomly oriented rod-like structures.37 The change in the
surface morphology of the ZnPc molecules from nanoakes to
a nanorod-like structure was found to be related to the phase
change of ZnPc from the metastable a-phase to the stable b-
phase, namely ZnPc(B).

Fig. 1(B) shows the disoriented columnar array of ZnPc(B)
nanorods over the substrate, with the size of the nanorods
ranging from 250 nm to 400 nm.37,45 The GO nanosheets were
deposited on ZnPc molecules to form ZnPc(A/B)–GO nano-
composites. The characterization details of the as-synthesized
This journal is © The Royal Society of Chemistry 2019
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GO nanosheets are reported in Fig. S1 of the ESI.† Fig. 1(C) and
(D) show the morphology of the ZnPc(A)–GO and ZnPc(B)–GO
nanocomposites, respectively, which conrmed the stacking of
the as-deposited GO akes over the ZnPc molecules. The FESEM
image of the ZnPc(A)–GO hybrid, as shown in Fig. 1(C),
demonstrates the characteristic wrinkled texture of GO sheets
over the ZnPc(A) nanoakes. Fig. 1(D) shows the presence of the
ZnPc(B) nanorods underneath the wrinkled GO nanosheets.
3.2. UV-visible spectroscopy

The ZnPc–GO nanohybrids were further investigated by solid-
state UV-visible spectroscopy. The UV-vis absorption spectrum
of ZnPc(A), as represented by the black line in Fig. 2(A), exhibits
a prominent peak centred at 697 nm, followed by a smaller
shoulder at 630 nm, representing the characteristic Q-band of
metal phthalocyanines (MPcs) associated with the HOMO–
LUMO (p–p*) transition of the phthalocyanine rings, and
a weak broad Soret band was observed at 315 nm.58,59 In addi-
tion to the typical Q-band and Soret band regions of the ZnPc(A)
molecules, the absorption spectra of the ZnPc(A)–GO and
ZnPc(B)–GO hybrids in Fig. 2(A), represented by red and blue
lines, respectively, contain the characteristic absorption peak of
the GO moiety at 240 nm, which corresponds to the p–p*

transition of aromatic C]C bonds.37,59 The presence of GO
absorption peak in the ZnPc–GO hybrids clearly indicates that
the GO layers were successfully embedded on the ZnPc thin
Fig. 2 (A) UV-visible absorption spectra of ZnPc(A) and ZnPc(A)–GO and
and ZnPc(A)–GO and ZnPc(B)–GO hybrids. The Raman spectra of the ZnP
positions of the individual components. Images (C) and (D) represent the
GO composites, respectively.

This journal is © The Royal Society of Chemistry 2019
lms. In comparison with the Soret band position of ZnPc(A)
molecules at 315 nm, the Soret band absorption peak of ZnPc
molecules in the ZnPc(A/B)–GO hybrids was blue-shied at
310 nm, owing to the p-electron interaction between the GO
nanosheets and the ZnPc molecules.59

Furthermore, aer the deposition of the GO layer on the
ZnPc(B) molecules, the Q-band of the ZnPc moiety showed
a slight red-shi from 697 nm to 700 nm in the spectrum of the
ZnPc(B)–GO hybrid, suggesting that the deposition of the GO
akes onto the ZnPc(B) molecules leads to a strong p–p inter-
action between the ZnPc(B) and the GO.37,59–61 This strong p–p

interaction might have led to the transition of free electrons
from the GO sheets to the phthalocyanine group of ZnPc(B),
whereas the Q-band of the ZnPc(A) moiety in the spectrum of
the ZnPc(A)–GO hybrid remains unaltered.59–61
3.3. Raman spectroscopy and mapping

Further investigations were performed using Raman spectros-
copy in order to understand the interaction of the ZnPc mole-
cules and the GO akes within the nanocomposites. The Raman
spectra of the GO akes, ZnPc(A) thin lm, and ZnPc(A)–GO and
ZnPc(B)–GO hybrids, as illustrated in Fig. 2(B), were analysed
using an excitation wavelength of 532 nm. The Raman spectrum
of the GO akes (denoted by the black line) in Fig. 2(B) shows
a prominent D-band around 1350 cm�1 and a characteristic G-
band at 1608 cm�1.62 The Raman shi peaks of the ZnPc(A)
ZnPc(B)–GO hybrids. (B) Raman spectra of GO flakes, ZnPc(A) deposits,
c–GO hybrids in image (B) have been deconvoluted to extract the peak
deconvolution of the Raman spectra of the ZnPc(A)–GO and ZnPc(B)–
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Fig. 3 (I(A)) Optical micrograph (�100 optical zoom) of the ZnPc–GO
composite and Raman mapping of (I(B)) ZnPc(A)–GO at 25 �C, I(C)
ZnPc(I)–GO at 100 �C and (I(D)) ZnPc(B)–GO at 280 �C. The black
arrows and circles show the directions and areas of the imagemapping
capture, respectively. Image (II(A)) shows the map of the intense peak
of the ZnPc(B) molecules (1500 cm�1) and images (II(B)) and (II(C))
depict the maps of the D-band and G-band of the GO layers in the
ZnPc(B)–GO clusters at 280 �C. The scale bars in all the images are 2
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molecules (denoted by the red line) in Fig. 2(B) consist of
primary peaks positioned at 590 cm�1 for benzene ring defor-
mation, 680 cm�1 for macrocycle breathing, 1335 cm�1 and an
intense band at 1504 cm�1 for the Zn metal ion linked to the
phthalocyanine molecule, along with other secondary peaks.63

The presence of all the peaks in the Raman spectrum for
ZnPc(A) molecules clearly suggests the formation of a well-
organized lm over the ITO substrate. The ZnPc(A)–GO and
ZnPc(B)–GO hybrids, as denoted by green and blue lines,
respectively, in Fig. 2(B), display a characteristic D-band at
�1347 cm�1 and a G-band at �1593 cm�1, which correspond to
the GO nanosheets along with the characteristic peaks of the
ZnPc molecules.61,62 The G-band shi in the ZnPc(A/B)–GO
nanocomposites could be assigned to the extended delocaliza-
tion of p electrons owing to p–p interaction between the ZnPc
and the GO.61,62 The Raman plots of the ZnPc(A/B)–GO nano-
composites were further deconvoluted and re-plotted to gain
a better understanding of the interaction between the ZnPc and
GO entities.

The deconvolution of the Raman spectra of ZnPc(A)–GO and
ZnPc(B)–GO is depicted in Fig. 2(C) and (D), respectively. In
Fig. 2(C), the D-band (blue line) and G-band (yellow line) of the
GO in the ZnPc(A)–GO hybrids are positioned at wavelengths of
1343 cm�1 and 1601 cm�1, respectively. Further, the charac-
teristic peaks of ZnPc(A) are clearly visible at 1339 cm�1 (line 2)
and 1508 cm�1 (line 4) while the secondary peaks (line 1 and 4)
of ZnPc(A) is either diffused or not prominent in nature.
Furthermore, in the case of the ZnPc(B)–GO nanocomposites,
Fig. 2(D) depicts the D-band (blue line) and G-band (yellow line)
of GO at 1334 cm�1 and 1594 cm�1, respectively. The two
prominent peaks for the ZnPc(B) molecules are positioned at
1335 cm�1 (line 2) and 1501 cm�1 (line 4), comparable to those
for the ZnPc(A)–GO composite, while the secondary ZnPc peaks
(lines 1 and 4) are prominently visible in the deconvolution plot.
The deconvolution suggested three peaks were sufficient for the
correct tting for ZnPc(A) in ZnPc(A)–GO, whereas the occur-
rence of four convolution peaks led to proper tting for ZnPc(B)
in ZnPc(B)–GO, thereby suggesting that aer annealing at
280 �C, the ZnPc molecules had undergone a change in orien-
tation to make itself more pronounced.

The characterizations of the materials corroborated the
ndings from the FESEM images reported in Fig. 1(B), which
depicts the formation of ZnPc nanorods at the high annealing
temperature. In the case of the ZnPc(B)–GO composite, the
observed shi in the G-band towards lower wavelength could be
attributed to the strain in the molecular orientation of GO,
resulting inp electron delocalization owing to the resultingp–p
interaction between the ZnPc and GO molecules.61,62 The ID/IG
ratios for the GO akes and the ZnPc(A)–GO and ZnPc(B)–GO
thin lms were calculated to be 0.91, 1.1 and 0.828, respec-
tively.59 The lower ID/IG ratio for ZnPc(B)–GO hybrid suggests
that the ZnPc(B) molecules interact more efficiently with the GO
akes as compared to the ZnPc(A) counterparts.61,62 The
diminished D peak of GO in the ZnPc(B)–GO composite further
conrmed the decrement in defect states in GO akes leading to
an extensive interaction between them.
3732 | Nanoscale Adv., 2019, 1, 3727–3740
The change in the physical interaction between the ZnPc and
GO moieties with the variation in temperature (morphology of
ZnPc molecules) was further investigated using Raman
mapping measurements.64 Fig. 3(I(A–D)) show the Raman
mapping for the site-specic interaction of GO with ZnPc
molecules. The site-specic creation of the red hotspots in
Raman mapping and the intensication of the red spots clearly
indicated the interaction between ZnPc and GO with the
increase in temperature from 25 �C [Fig. 3(I(B))] to 280 �C
[Fig. 3(I(D))]. The increase in the interaction between ZnPc and
GO might be because of the change in morphology from
ZnPc(A) to ZnPc(B) in the nanocomposites, as discussed in one
of our earlier publications.37

Fig. 3(I(C)) depicts the intermediate transition state of ZnPc
molecules at 100 �C, termed ZnPc(I), present between the
ZnPc(A) and ZnPc(B) states while concurrently interacting with
the GO layers. The increase in temperature, and thus the
morphology change, showed how the ZnPc–GO interaction
domains (red spots) increased from Fig. 3(I(B))–(I(D)). The plots
suggest that the GO layers more profoundly interacted with the
ZnPc(B) molecules than their ZnPc(A) counterparts, which was
in agreement with the previous Raman spectra and UV-vis
characterizations. The area of the red spot zone was calcu-
lated using ImageJ soware. The image analysis revealed that
ZnPc(B)–GO covered around 52–55% of the total area whereas
the interaction zone for ZnPc(A)–GO was found to be nearly 19–
22% of the total area. The increase in the zonal percentage
values at the elevated temperature complied with the inference
of the new surface modication, which broadly originated from
the phase change (a to b-phase) of the ZnPc.65,66 In the same
Fig. 3(I(A–D)), the faint green-coloured spots suggested the less
interactive zones between the ZnPc–GO entities, and the blue
indicated the interaction of the ZnPc with the substrate.
Furthermore, Fig. 3(II(A–C)) show the detailed analysis of
Fig. 3(I(D)) for the ZnPc(B)–GO entities. Fig. 3(II(A–C)) depict the
band-specic Raman mapping of ZnPc(B)–GO molecules, at
1500 cm�1 wavelength, for the D-band and G-band of GO,
mm in size.

This journal is © The Royal Society of Chemistry 2019
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respectively. Further, the dominance of the D-band in
Fig. 3(II(B)) and the G-band in Fig. 3(II(C)) in the mapping
images denote the availability of the band intensity pattern.

3.4. AFM characterization

AFM analysis was also performed to gain further insights into
the interaction between the ZnPc and GOmoieties. Fig. 4 shows
the AFM topography and phase images of the ZnPc–GO nano-
composites at different temperatures. Fig. 4(I(A)) and (I(B))
show the surface topography and phase contrast AFM images
for ZnPc(A)–GO, respectively. Further, Fig. 4(II(A)) and (II(B))
show the surface topography and phase contrast AFM images
for ZnPc(I)–GO, respectively. Finally, Fig. 4(III(A)) and (III(B))
show the surface topography and phase contrast AFM images
for the ZnPc(B)–GO sample, respectively.

AFM phase contrast imaging is very sensitive to numerous
mechanical factors, including but not limited to viscoelasticity,
adhesion and contact area. Further, the AFM phase contrast
images contain the topographic contributions. Thus, an inter-
pretation of the contrast in the phase images provided more
information about the interactions between the ZnPc molecules
and the GO layers.67 The AFM phase contrast image of ZnPc(B)–
GO, as shown in Fig. 4(III(B)), exhibits very distinctive surface
edges compared to the ZnPc(A)–GO moieties, as shown in
Fig. 4(I(B)). In Fig. 4(I(B)), the ZnPc(A)–GO surface topology
shows a signicantly corrugated phase structure with many
surface irregularities, whereas, as shown in Fig. 4(III(B)),
ZnPc(B)–GO exhibits a smooth and planer surface, and this
Fig. 4 AFM topographical and phase contrast images for the ZnPc–
GO composites at various temperatures. The surface topology images
(I(A)), (II(A)) and (III(A)) correspond to ZnPc(A)–GO, ZnPc(I)–GO and
ZnPc(B)–GO, respectively. The phase contrast images (I(B)), (II(B)) and
(III(B)) correspond to ZnPc(A)–GO, ZnPc(I)–GO and ZnPc(B)–GO,
respectively.

This journal is © The Royal Society of Chemistry 2019
change could result from the charge transfer between the ZnPc
and GO interfaces. Previous studies suggested that along with
the change in morphology of ZnPc, the phase change in the
AFM images could also be attributed to the change in the
oxidation state of the individual GO akes, leading to enhanced
conductivity in the ZnPc(B)–GO samples.67 In order to conrm
the effect of the varying ZnPc morphologies on the conductivity
of the ZnPc–GO samples, further investigations were
performed.
3.5. X-Ray photoelectron spectroscopy

The Raman mapping presented a brief overview of the nature of
the interaction between the ZnPc and GO entities in the ZnPc–
GO nanocomposites. However, in order to gain insight into the
interaction at a molecular level, XPS analysis was performed.
The XPS spectra of ZnPc(A)–GO, ZnPc(I)–GO and ZnPc(B)–GO
are shown in Fig. S2 (refer to the ESI†). Furthermore, a detailed
study of the interaction between the ZnPc and GO was per-
formed by deconvoluting the XPS spectra of ZnPc(A)–GO,
ZnPc(I)–GO and ZnPc(B)–GO for C and O peaks. The interaction
of the C and O peaks as one spectral envelope was tted into
four peaks by using Lorentzian peak tting in XPSPEAK t
soware.60

Fig. 5(A–C) depict the Lorentzian deconvoluted peaks of the
XPS spectra for the C 1s peak of the ZnPc–GO nanocomposite
where the C 1s XPS spectrum of the ZnPc–GO moieties was
deconvoluted into four peaks corresponding to different carbon
species, namely, C]C, C–N, C–O and C]O bond interactions.68

The peak positions of the C]C, C–N, C–O and C]O interac-
tions and the respective curve tting parameters used for
deconvolution of the ZnPc(A)–GO, ZnPc(I)–GO and ZnPc(B)–GO
XPS spectra for C peaks are tabulated in Table S1 (refer to the
Fig. 5 Lorentzian deconvoluted peaks of the XPS spectra for (A) the C
peak of ZnPc(A)–GO, (B) the C peak of ZnPc(I)–GO, (C) the C peak of
ZnPc(B)–GO and (D) the O peaks of ZnPc(A)–GO, ZnPc(I)–GO and
ZnPc(B)–GO. The symbols ‘C’ and ‘O’ represent elemental carbon and
oxygen, respectively.

Nanoscale Adv., 2019, 1, 3727–3740 | 3733

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00272c


Fig. 6 (A) I–V curve measurements of the ZnPc(A)–GO, ZnPc(I)–GO
and ZnPc(B)–GO samples. (B) AFM topography image of ZnPc–GO
over an ITO-coated glass substrate. The KPFM images or surface
potential mapping of the (C) ZnPc(A)–GO, (D) ZnPc(I)–GO and (E)
ZnPc(B)–GO samples. The scale bar in all the images is 4 mm in size.
The colour gradient bars in images (C) and (D) represent the changes in
the surface potential (SP) of the analysed samples.
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ESI†). In Fig. 5(A), the peak positions at 284.4 eV, 287.1 eV and
288.6 eV in the C 1s XPS spectrum of ZnPc(A)–GO correspond to
the C]C, C–O and C]O bond interactions, respectively. The
peak position at 285.3 eV corresponds to the C–N species of
macrocyclic phthalocyanine (Pc) present in the ZnPc–GO
system.59

Fig. 5(B) shows the peaks at 284.4 eV, 285.2 eV, 286.9 eV and
287.9 eV in the C 1s XPS spectrum of ZnPc(I)–GO, which
correspond to the C]C, C–N, C–O and C]O bond interactions,
respectively.59 Furthermore, it was observed that the binding
energy (eV) and elemental interactions of O and N with C
declined gradually from ZnPc(A)–GO to ZnPc(I)–GO. These
results indicated a decrease in oxygen with the increment in
temperature from 25 �C to 100 �C. In Fig. 5(C), the peaks at
284.2 eV, 285.3 eV, and 287.1 eV in the C 1s XPS spectrum of
ZnPc(B)–GO correspond to the C]C, C–N, and C–O bond
interactions, respectively. These results were also associated
with a signicant increase in the peak intensity of the C]C
species. However, the peak for the C]O bond interaction was
not observed in this case, thereby suggesting a signicant
depletion in the amount of oxygen molecules.59,69 The depletion
in oxygen content could be attributed to partial evolution of
reduced GO (rGO) in the ZnPc(B)–GO samples.69

The Lorentzian deconvolution of the XPS spectra of the
ZnPc(A)–GO, ZnPc(I)–GO and ZnPc(B)–GO for O peaks, as
shown in Fig. 5(D), clearly suggests a decrement in the oxygen
species with the rise in temperature from 25 �C to 280 �C. This
observation was in agreement with the results obtained in
Fig. 5(A–C). It was evident from the observation that the sp2

carbon present in the graphitic domain of GO interacted with
the Pc ring of the ZnPc molecules through a p-stacking mech-
anism, resulting in the transfer of the electrons from the GO to
the Pc moiety. This observation was in agreement with the UV-
visible studies, as reported in Fig. 2(A). The depletion of oxygen
could be attributed to the fact that, in the presence of ZnPc(B)
molecules, all the C]O bonds (the epoxy bond or the carboxylic
bonds) of the GO akes might have been disintegrated or
destroyed at the high temperature of 280 �C. This phenomenon
could also have its origin in the partial conversion of GO to
rGO69 via thermal reduction, and thus only a very small amount
of oxygen in the form of the C–O bond was recorded in Fig. 5(C).

Furthermore, these observations suggest that, unlike previ-
ously reported cobalt phthalocyanine (CoPc)–GO systems,47 the
interaction between GO and ZnPc was a one-way process. In
such a scenario, the electron transfer occurs from the GO sheets
to the ZnPc(B) molecules. The ZnPc(B)–GO hybrids lacked
ligand-like attacking of the oxygen-functional groups of GO to
the central zinc ions of ZnPc(B) molecules owing to the absence
of adequate oxygen-functional groups.
3.6. Electrical conductivity and surface potential
measurements

Fig. 6(A) shows the current (I)–voltage (V) measurements for the
ZnPc–GO hybrids performed using a 6217B source meter. The
conductivity measurements were done on the ZnPc–GO hybrids
fabricated over the ITO-coated glass surface with a work
3734 | Nanoscale Adv., 2019, 1, 3727–3740
function value of about 4.7 eV.70 Previous studies have shown
that the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels of ZnPc molecules
are situated at�5.3 eV and�3.3 eV, respectively.71 As the energy
band gap between the HOMO band of the ZnPc and the ITO
electrode was very small (�0.3 eV), the I–V characteristics
exhibited the rectifying characteristics of a Schottky junction.72

In this work, the incorporation of GO (with a work function of
�4.3 eV) created a metastable entity within the HOMO–LUMO
band of the ZnPc–GO heterostructure, which helped in
increasing the diffusion of the separated charged species, owing
to the fact that GO can be used as an efficient hole transport
material.

Fig. 6(A) also shows an increase in the conductivity for
ZnPc(B)–GO samples as compared to its ZnPc(A) counterparts. A
7.4% increase in the conductivity was recorded for ZnPc(B)–GO
molecules with respect to ZnPc(A)–GO samples. The temperature-
dependent increment in conductivity was in good agreement
with the results reported by Chunder et al. for the interaction
between the GO sheets and the tetrasulfonate salt of copper
phthalocyanine (TSCuPc).73 The exciton separation to form elec-
trons and holes at the interface of ZnPc(B)–GO was found to be
very efficient, which favoured a well suited electron–hole sepa-
ration at the interface. The GO moiety could also play a dual role
of electron–hole separation and hole transportation agent owing
to good efficiency in hole transportation.74,75 The heating of ZnPc
at 280 �C led to the evolution of more ordered and extended
structures of ZnPc(B) molecules in the ZnPc(B)–GO hybrids,
thereby leading to the decrease in the interplanar distance of the
stacking molecules. Furthermore, the partial evolution of rGO in
the ZnPc(B)–GO hybrid reduced the grain boundary, leading to
improvement in the charge transport properties.

The electrical conductivity enhancements were further
extended in terms of the measuring of the work function on the
This journal is © The Royal Society of Chemistry 2019
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ZnPc(A/B)–GO hybrids with the help of the AFM Pt/Ir conduct-
ing tips. The tip was given an appropriate bias (0.5 V) to map the
SP of the surfaces with variation in temperature using KPFM or
surface potential microscopy (SPoM) measurements.56 Fig. 6(B)
shows the AFM topography of the ZnPc(A)–GO hybrid over the
ITO-coated glass substrate and the SPoM measurements of the
ZnPc(A)–GO, ZnPc(I)–GO and ZnPc(B)–GO hybrids are reported
in Fig. 6(C)–(E), respectively. The gures suggest that the SP of
the ZnPc–GO hybrids altered with the rise in temperature from
25 �C to 280 �C.

Fig. 6(C) shows the SPoM images of ZnPc(A)–GO consisting
of several localized red spots, thereby suggesting the presence of
higher SP zones over the sample surface. Conversely, the same
localized red spots were not observed in the case of ZnPc(I/B)–
GO, as shown in Fig. 6(D) and (E). These observations clearly
suggest that the SP decreased with the increase in the heating
temperature, as seen in the case of the ZnPc(B)–GO hybrid. The
overall work function values for the ZnPc(A)–GO, ZnPc(I)–GO
and ZnPc(B)–GO samples were calculated to be 4.504 eV,
4.506 eV and 4.508 eV, respectively. The details of the work
function (fs) calculations for various experimental samples are
tabulated in Table S2 (refer to the ESI†). The decrease in the
work function over the ZnPc(B)–GO surface indicated a signi-
cant increase in the electron–hole separation, thereby resulting
in the increment of the overall electrical conductivity. The
presence of lower surface potential domains in the ZnPc(B)–GO
sample at 280 �C, compared to the ZnPc(A)–GO counterpart at
25 �C, led to the increment in the electrical conductivity of the
ZnPc(B)–GO sample, which was in agreement with the I–V curve
measurement, as shown in Fig. 6(A).
Fig. 7 AFM micrographs showing the adherence of E. coli bacterial
cells on (A) GO nanosheets (control) and (B) ZnPc(A)–GO and (C)
ZnPc(B)–GO samples. The scale bar in all the images is 10 mm in size.
3.7. Interaction of bacterial cells with ZnPc–GO

It may be noted here that a Gram-negative bacterium cell has
a supplemental outer membrane composed of phospholipids
and lipopolysaccharides (LPS). The presence of carboxylate and
phosphate groups in the peptidoglycan and LPS layers imparts
a net negative charge to the surface of these cells.76 The net
negative surface charge of the bacterial cells helps them to
adhere and proliferate as biolms on positively charged abiotic
surfaces.77 Thus, the facilitation of an electron transfer inter-
action between the negatively charged bacterial membrane to
an electron-withdrawing or electropositive surface may disrupt
the surface potential of the bacterial cell membrane, thereby
resulting in cell death.29

In this line, we propose a novel GO-based antibacterial
material, namely ZnPc–GO, which relies on electronic charge
transfer from the negatively charged bacterial cell membrane to
the ZnPc–GO entities for inactivation of bacterial cells.
Furthermore, we attempt to uncover the underlying mechanism
behind the ZnPc–GO antibacterial activity using KPFM or
surface potential microscopy (SPoM). E. coli, a Gram-negative
bacterium, was used as a model prokaryotic organism for all
the experiments performed in this work. In order to uncover the
antibacterial activity of the ZnPc–GO entities andmechanism of
electrostatic interaction between the ZnPc–GO and E. coli cells,
the diluted bacteria culture solution was introduced over the
This journal is © The Royal Society of Chemistry 2019
ZnPc–GO surface, as mentioned in the experimental section.
The spatiotemporal variation in the bacterial cell morphology
was investigated, in order to understand the inuence of ZnPc–
GO on cell integrity.

The low bacterial cell count in Fig. 7(A) and (B) clearly
suggests that the bacterial cells exhibited very minimal adher-
ence on the GO nanosheets and the ZnPc(A)–GO surface,
respectively. However, the ZnPc(B)–GO surface possesses
favourable surface conditions for the adherence of bacterial
cells. Fig. 7(C) shows that the maximum number of cells were
found to adhere on the ZnPc(B)–GO surfaces, which suggests
that the negatively charged E. coli interacts preferentially with
the ZnPc(B)–GO surface via electrostatic interaction. The
previous characterization results already conrmed that the GO
nanoakes showed a strong p–p interaction with ZnPc(B). This
strong p–p interaction led to the transition of free electrons
from GO sheets to the ZnPc(B),60 whereas, the ZnPc(A) mole-
cules failed to show a profound electronic interaction with the
GO nanoakes. The maximal bacterial cell adherence on the
ZnPc(B)–GO surface might be owing to the electron-charge
transfers from the GO surface to the ZnPc(B) molecules,
which rendered the GO surface more electron-decient.
Subsequently, the GO surface assumed a partial electroposi-
tive charge. Thus, owing to the high count of adhered bacterial
cells, the ZnPc(B)–GO nanocomposite was considered to be the
best conguration for bacterial cell capture and antibacterial
studies. Henceforth, all the KPFM measurements were per-
formed using ZnPc(B)–GO. Before performing the KPFM study,
we carried out an antibacterial efficacy test with ZnPc(B)–GO
with the help of confocal microscopy. The details of the results
are incorporated in Fig. S4 in Section 5 of the ESI.†78

Previous studies have shown that aer cell death, the
bacterial outer membrane disintegrates and the internal
cellular components leak out from the dead bacterial cells.29

LPS molecules, which provide the cell surface potential to the
live bacteria, also leak from the cell environment. Subsequently,
the process diminishes the overall negative cell potential of the
dead bacteria.29 This provided us with the hint that the
measurement of the surface potential across a bacterial cell
could be one approach to differentiate a live bacterium from
a dead one. Importantly, the surface potential measurement
technique could be implemented using the KPFM mode of
AFM. Thus, we employed this method to determine the fate of
the bacterial cells in the presence of ZnPc(B)–GO.
Nanoscale Adv., 2019, 1, 3727–3740 | 3735
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Fig. 8 (A) AFM phase micrograph of an E. coli population adhered on
the ZnPc(B)–GO sample. The sample was kept at room temperature
for 5 min, without incubation. The white square in the image repre-
sents the bacterial cell selected for KPFM analysis. (B) Surface height
topology of the selected bacterial cell. Surface potential (SP) mapping
of the selected bacterial cell after (C) 0 min and (D) a 30 min stand-by
time period. The scale bars in images (A) and (B–D) are 10 mm and
840 nm, respectively.
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The work function of the sample (fs, in eV) was calculated by
AFM by using Pt/Ir tips in KPFMmode. The measurements were
carried out in dual-pass li mode in order to avoid cross-talk
between the surface topography and SP measurements. The
work function of the Pt/Ir-coated AFM tip was calibrated using
a highly ordered pyrolytic graphite (HOPG) sample as standard.
The work function of the tip (ft, in eV) was calibrated to be
�4.52 eV aer three repetitions. The KPFM measurements
provided the overall contact potential difference (CPD, or VCPD
in V) values for the measured sample. The contact potential
difference or CPD (VCPD) was measured by KPFM method and
the work function of the tip (ft) was determined by calibration.
Further, the surface potential (fs) of the sample was calculated
as fs ¼ ft � eVCPD, where e is the unit electronic charge. The
details of the surface potential (fs) calculations for various
experimental samples are tabulated in Table S2 (refer to the
ESI†). The interaction between the ZnPc(B)–GO and the bacte-
rial cell provided the resultant CPD and thus the work function
of the sample (fs) was estimated from the calculations.

The ZnPc(B)–GO sample was retrieved from the well aer
a period of 5 min (without incubation) and immediately
mounted on the AFM sample-holder stage then analysed in
KPFM mode. All the KPFM analysis in this work was performed
without chemically or heat xing the cells on to the sample or
substrate in order to keep the cell nourished and alive for real-
time monitoring of SP variation using the SP mapping tech-
nique. Out of the large distribution, a typical E. coli cell was
selected and the length of the bacterial cell was found to be�2.5
mm with a typical height of �0.3 mm.

Fig. 8(A) shows the captured AFM phase image of an E. coli
population adhered on a ZnPc(B)–GO sample. Fig. 8(B) shows
the surface height topology of a single bacterial cell. The SP
mapping was performed on the bacterial cell, as shown in
Fig. 8(C), and the resultant CPD value was recorded to be
�82 mV and the work function of the sample (fs) was estimated
to be �4.438 eV. Fig. 8(C) clearly depicts that most of the elec-
tronic charge was conned within the intact bacterial cell at this
point in time.

The sample was le on the stage for another 30 min and the
KPFM analysis was again performed on the same bacterial cell
and its corresponding SP mapped image is shown in Fig. 8(D).
The net CPD value was recorded to be �62 mV and work
function of the sample (fs) was estimated to be �4.459 eV in
this case. Interestingly, a variation in the charge distribution
area was observed across the cell, as shown in Fig. 8(D). This
experiment indicated a change in the cell surface potential of
the bacteria with a noticeable increment in the work function of
the sample (fs) from �4.438 eV to �4.459 eV. Although the cell
structure did not show any signs of structural deformation,
however, a variation of the surface potential (SP) was clearly
visible from the work function measurement. The increment in
the work function and the electrostatic surface potential of the
bacterial cell surface clearly indicated that the bacterium was
losing free electrons from its outer membrane. Subsequently,
the electrons were transferred from the cell to the ZnPc(B)–GO
sample. The surface potential gradient diffused out of the cell,
suggesting probable minor leakage of LPS molecules from the
3736 | Nanoscale Adv., 2019, 1, 3727–3740
bacterium to the surrounding environment.79,80 A change in the
SP or work function was not sufficient to conclude that the
bacterial cells under consideration were not viable. Thus, we
further extended the study to include the results aer incu-
bating for longer time durations.

For further investigations, we incubated the ZnPc(B)–GO
sample with the bacterial cell structure for 2 h, and KPFM
analysis was performed. Fig. 9(A) shows the surface height
topology of two bacterial cells. The surface height of the E. coli
was found to decrease from �0.3 mm to �0.16 mm, probably
owing to the outer membrane thinning and loss in cellular
integrity. Fig. S3 (refer to the ESI†) presents the FESEM images
of an E. coli cell prior to and aer incubation with the ZnPc(B)–
GO nanocomposite for 2 h. The FESEM images show the
morphological changes in the E. coli bacterial cell aer 2 h
incubation, thereby indicating the onset of cell membrane
degradation.

The SP mapping was performed on the bacterial cell, as
shown in Fig. 9(B), and the resultant CPD value was recorded to
be �67 mV. Subsequently, the work function of the sample (fs)
was estimated to be �4.453 eV. The SP mapping image of
bacterial cells on the ZnPc(B)–GO samples in Fig. 9(B) clearly
depicts that the majority of the electronic charge was conned
within the bacterial membrane of the cell. However, minor
leakage of charged species from the bacterial cell was also
observed in this case. The sample was le on the stage for
another 30 min and the KPFM analysis was again performed on
the same bacterial cell, as shown in Fig. 9(C). The net CPD value
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (A) Surface height topology of E. coli cells adhered on the
ZnPc(B)–GO sample captured after 2 h of incubation. Surface potential
(SP) mapping of the bacterial cells analysed at (B) 0 min, (C) 30min and
(D) after a 1 h stand-by time period, after 2 h of incubation. The scale
bar in all images is 560 nm.

Fig. 10 (A) An AFM phase micrograph of E. coli cells adhered on
ZnPc(B)–GO after 2 h incubation and a stand-by time period of 1 h
under ambient conditions. (B) Schematic diagram illustrating the
proposed mechanism for the interaction between the E. coli cells and
ZnPc(B)–GO.
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was recorded to be�32mV and the work function of the sample
(fs) was estimated to be �4.488 eV in this case. Aer a stand-by
time period of 30 min, the increment in the yellow region
indicates profound LPS leakage with visible structural defor-
mation in the bacterial cells under investigation.

The SP of the sample was further mapped in KPFM mode
aer 1 h time lapse. Fig. 9(D) shows the apparent scattering of
charged membrane proteins from the cell, depicted as a yellow
coloured area. The prevalent change in SP across the bacteria
cell membrane is also shown, which indicates membrane
damage and cytoplasmic leakage.

The net CPD value and work function of the sample (fs) were
recorded to be�21 mV and�4.499 eV, respectively, in this case.
The observations indicated that with the increase of the stand-
by time period aer 2 h of incubation, the work function of the
ZnPc(B)–GO–E. coli system also increased. This increment of the
work function was intensely correlated with the change in the
electrostatic surface potential gradient of the cell surface owing
to the cytoplasmic leakage and cell damage.29 Fig. 9(B–D) also
suggest that the leaked LPS molecules did not bleed quickly
aer the rupture of the outer cellular membrane. However, the
bleeding was rather progressive for a certain span aer the
charge-transfer-induced cell damage occurred.
3.8. Proposed mechanism for E. coli and ZnPc(B)–GO
interaction

Fig. 10(A) depicts the physical interaction of the Gram-negative
E. coli cells with the ZnPc(B)–GO system in which the GO
nanoakes were positioned on a random array of ZnPc(B)
nanorods. A schematic is shown in Fig. 10(B) in order to illus-
trate the proposed mechanism of the interaction observed in
Fig. 10(A). The scheme also helps in gaining a brief
This journal is © The Royal Society of Chemistry 2019
understanding of the bacterial cell response to the GO akes
lm on the ZnPc(B) molecule.

According to Fig. 10(B), the mechanism of the interaction
between the E. coli cells and the ZnPc(B)–GO along with the
antibacterial activity of the ZnPc(B)–GO can be explained as
follows:

(1) The deposition of GO nanoakes on the array of ZnPc(B)
nanorods facilitated an electronic interaction of the GO akes
with the underlying ZnPc(B) molecules via the strong p–p

interaction between ZnPc(B) and the graphitic domain of the
GO akes.60 The strong p–p interaction between the compo-
nents of the ZnPc(B)–GO system resulted in the relocation of the
electrons from the GO sheets to the Pc group of the underlying
ZnPc(B) molecules.

(2) The electron-charge transfer from the GO akes to the
ZnPc(B) molecules renders the GO surface more electron-
decient. This imparted partial electropositive surface poten-
tial to the GO surface. Passive evidence for the change of the
electronic charge surrounding each component was investi-
gated by measuring the z-potential, as tabulated in Table S3
(refer to the ESI†). The peptidoglycan and LPS layers present in
the outer membrane of the bacterial cell imparted a net negative
charge to the surface of these cells. The electropositive GO
surface facilitated the adherence to these negatively charged E.
coli cells.

(3) The physical interaction of the adhered E. coli cells with
the GO layer of the ZnPc(B)–GO nanocomposite was resulted in
the formation of a Schottky barrier owing to Fermi level align-
ment. This arrangement promoted electron transfer from the
outer membrane of the bacterial cell to the acceptor GO akes.29

The negative surface potential of the bacterial cells was
measured to be in the range of 32–48 mV.81 The bacterial cell
membrane started progressively losing electrons to the GO
akes, which transferred these acquired electrons to the
underlying ZnPc molecules to form a circuit for electron
transfer.

(4) The ZnPc(B)–GO system acted as an electron pump,
which progressively transferred the electrons away from the
bacterial cell membrane. The continuous electron extraction
from the cells results in the development of ROS-dependent
oxidative stress in the bacteria,29 which eventually caused the
Nanoscale Adv., 2019, 1, 3727–3740 | 3737
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destruction of the membrane integrity. Fig. S6 in the ESI† shows
the progressive generation of ROS when the ZnPc(B)–GO inter-
acts with E. coli bacteria and might be one of the causes of the
rupture of the bacterial cell walls.29,82,83 Subsequently, the
membrane might have bled the cytoplasmic proteins, resulting
in the deformation of the cell before death. A test carried out
with the help of UV-visible spectroscopy provided proof of
cytoplasmic leakage. The details are provided in Fig. S7 of
Section 8 in the ESI.†84,85

(5) It was also observed that upon physical interaction with
the ZnPc(B) nanorods, the ultrathin GO basal sheets attained
the barb-like shape of the underlying randomly arranged
ZnPc(B) nanorods. Upon direct interaction with the protective
outer membrane of the bacterial cell, there was a chance that
the sharp protruding edges of the ZnPc(B) nanorods–GO could
penetrate into the membrane, resulting in mechanical rupture
of the phospholipids of the cell membrane, effecting irrevers-
ible damage to the cell membrane integrity.

In a nutshell, aided by state-of-art Kelvin probe force
microscopy (KPFM), we have shown the dissipation of charge
from a single bacterial cell during the interaction with ZnPc–GO
nanohybrids, which leads to the death of E. coli cells. The time-
dependent cellular damage and leakage of intrinsic proteins
and nucleic acids from the bacterial cell have been captured by
employing KPFM mapping and UV-visible spectroscopy. The
mapping directly showed that the surrounding space of a single
bacterial cell might be populated with progressive leaking of the
lipopolysaccharide (LPS) resulting in the change in the contact
potential (VCPD) with respect to the AFM conducting tips.

In order to implement the protocol, we chose a ZnPc–GO
hybrid nanomaterial. The electropositive ZnPc (established by
z-potential measurement) was found to tune the electronega-
tivity of the GO surface, which was again established by z-
potential measurement. In order to conrm the interaction of
ZnPc in its two different a- and b-phases, structural and optical
characterization was carried out with AFM, FESEM, Raman and
Raman mapping. The experiments uncovered that there is
a progressive physical interaction between ZnPc and GO with
the former in its two different phase formats. The experiments
also corroborated the variation of the surface charge with the
structural variation owing to the interaction of the ZnPc and GO
moieties.

The main objective of the phase variant ZnPc interaction
with GO was to ne-tune the surface charge of GO targeting
increased adherence of Gram-negative E. coli bacteria on its
surface. This might have led to the bleeding of the charge from
the bacterial cell while maintaining charge equilibrium at the
bacteria–composite interface. Thus, the ZnPc tuned, electron-
decient GO akes were found to scavenge free charge from
the bacterial surface, which led to the sudden change in the
surface potential on the bacterial cell, causing its death. The
experiments on the charge assimilation-induced bacterial death
unearthed an unprecedented pathway of antimicrobial activity
of 2D nanohybrids, which could be useful for therapeutics
without the use of drugs.
3738 | Nanoscale Adv., 2019, 1, 3727–3740
4. Conclusions

A 2D ZnPc–GO nanocomposite was prepared to study the
interaction of ZnPc with GO sheets for a-ZnPc(A) and b-ZnPc(B)
phase orientations. The phase transformation from a-ZnPc(A)
to b-ZnPc(B) was done by heating from room temperature to
280 �C. The ZnPc(B) molecules demonstrated better interaction
with the GO nanosheets while the ZnPc(B)–GO nanostructure
showed signicantly enhanced conductivity and a regulated
charge balance. The GO nanoakes showed strong p–p inter-
actions with ZnPc(B) owing to the transition of free electrons
from the GO sheets to ZnPc(B).

The 2D ZnPc(B)–GO nanohybrids thus obtained were tested
for antimicrobial activity, which was explored through physical
electrostatic interaction rather than chemical interaction. The
long-prevailing notions of bacterial interaction with graphene
derivatives, such as cutting (leading to leakage of cytoplasm),
wrapping (leading to stress generation) and trapping (genera-
tion of reactive oxygen species; ROS), were extended from
electrostatic interaction experiments between ZnPc(B)–GO
nanohybrids and bacterial cells with the help of KPFM. The
experiments uncovered the death of E. coli through dissipation
of charge from the surface. The time-dependent cellular
damage and progressive leakage of intrinsic LPS from the
bacterial cell membrane were captured using KPFM mapping.
The electron-decient GO akes aer their attachment with
ZnPc(B) were found to scavenge free charge from the bacterial
surface, which led to rapid changes in the surface potential on
the bacterial cell, causing its death.

The results reported here may lead to a very new pathway of
charge-transfer-mediated antibacterial activity using 2D nano-
hybrid materials.
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J. Gómez-Herrero and A. M. Baro, Rev. Sci. Instrum., 2007, 78,
013705.

58 A. Chowdhury, B. Biswas and B. Mallik, Sci. Adv. Mater.,
2013, 5, 1297–1306.

59 W. Song, C. He, W. Zhang, Y. Gao, Y. Yang, Y. Wu, Z. Chen,
X. Li and Y. Dong, Carbon, 2014, 77, 1020–1030.

60 Z. Wang, C. He, W. Song, Y. Gao, Z. Chen, Y. Dong, C. Zhao,
Z. Li and Y. Wu, RSC Adv., 2015, 5, 94144–94154.

61 M. Mukherjee, M. Samanta, U. K. Ghorai, S. Murmu,
G. P. Das and K. K. Chattopadhyay, Appl. Surf. Sci., 2018,
449, 144–151.

62 J. Zhu, Y. Li, Y. Chen, J. Wang, B. Zhang, J. Zhang and
W. J. Blau, Carbon, 2011, 49, 1900–1905.

63 M. Szybowicz, W. Bała, K. Fabisiak, K. Paprocki and
M. Drozdowski, J. Mater. Sci., 2011, 46, 6589–6595.

64 P. N. Nirmalraj, T. Lutz, S. Kumar, G. S. Duesberg and
J. J. Boland, Nano Lett., 2011, 11, 16–22.

65 M. Szybowicz, W. Bała, K. Fabisiak, K. Paprocki and
M. Drozdowski, J. Mater. Sci., 2011, 46, 6589–6595.

66 Y. Zhu, Q.-K. Yu, G.-Q. Ding, X.-G. Xu, T.-R. Wu, Q. Gong,
N.-Y. Yuan, J.-N. Ding, S.-M. Wang, X.-M. Xie and
M.-H. Jiang, Nanoscale Res. Lett., 2014, 9(1–6), 48.

67 J. P. Froning, P. Lazar, M. Pykal, Q. Li, M. Dong, R. Zbořil and
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