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Green synthesis of peptide 
functionalized reduced graphene 
oxide (rGO) nano bioconjugate with 
enhanced antibacterial activity
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Bioengineered nanoconjugates have enormous potential as a multifunctional platform for biomedical 

applications. Conjugation between biotic and abiotic materials enables formulation of nanoconjugates 

with enhanced physico-chemical properties, increased stability and ability to overcome the inherent 

shortcomings of individual materials. In this study, we report the preparation and biophysical 

characterization of an antibacterial system formulated by functionalizing reduced graphene oxide 

(rGO) with an antimicrobial peptide via covalent as well as non-covalent interaction mechanisms. 

Environmentally benign synthesis approach was adopted for the formation of rGO, using L-ascorbic 

acid as a reducing agent. Covalently conjugated peptide-graphitic conjugate displayed improved 

antibacterial efficacy against Escherichia coli with considerably low cytotoxic activity towards 

erythrocytes in comparison to self-assembled conjugate and rGO alone. The studies described herein 

are highly significant in the field of biomaterials and aims to open new avenues of research focusing on a 
plethora of applications as a prospective non-toxic substitute to conventional antibacterial approaches.

Graphene-based materials like graphite, graphene oxide (GO) and rGO (reduced graphene oxide) have been 
explored for numerous biomedical applications ranging from diagnostics to delivery of therapeutics owing 
to their inimitable physiochemical characteristics, renewability and economical raw material procurement1,2. 
Amongst these, oxygen-rich GO exhibits far ranging applications owing to occurrence of epoxide, hydroxyl, 
and carboxylic moieties in its structure. In comparison to GO, rGO lacks sufficient reaction sites and functional 
groups that limit its applicability3. Although, rGO has been reportedly used in construction of sensors, but it 
has not been explored much for its therapeutic efficacy4,5. Thermal annealing along with application of reducing 
agents are used to eliminate functional groups usually present on GO to produce rGO6,7. Over the last few years 
many methods for preparation of rGO have been reported but most of them are time consuming, use toxic rea-
gents and produce a low yield8. In order to reduce the harmful effects of these reducing agents’ efforts are being 
focussed on using naturally derived agents which are non-toxic. Therefore, it is necessary to opt for environment 
friendly reducing agents like L-ascorbic acid which give a better yield as compared to the conventional reducing 
agents9,10. Although reduction of GO by application of L-ascorbic acid has been reported previously, but function-
alizing it with biomolecules like peptides has not been reported earlier11.

Antimicrobial peptides (AMPs) are essential components of the innate immune system12. They are widely 
distributed amongst a wide variety of life forms ranging from microorganisms to humans. AMPs display antibac-
terial function by interacting with the surface of the cell membrane thereby causing disintegration of lipid bilayer 
present on the bacterial structure followed by cell death13. AMPs are lucrative substitutes for traditional antibac-
terial agents because of their specificity, broad spectrum activity against microorganisms and lower susceptibility 
towards resistance development13. However, the applicability of AMPs is limited by challenges related to small 
contact surface area, hemolytic toxicity and low enzymatic stability14. Amongst the wide variety of antibacterial 
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peptides, Chicken cathelicidins have been reported to effectively kill a variety of bacterial species inducing little 
or no resistance15,16. In this study we have selected, the N-terminal fragment of Cathelicidin-2 (CATH-2) as the 
AMP for conjugation to rGO, because of its reported broad-spectrum activity against various pathogenic micro-
organisms (Fig. 1)17,18.

Conjugation of AMPs with nanoparticles has been proposed to result in increasing the local concentration of 
the peptide at the site of delivery, thereby increasing the efficacy3,19. The probable mechanism engaged in antibac-
terial activity exhibited by nano bioconjugates can be accredited to membrane stress leading to cell membrane 
degradation which further results in loss of membrane integrity causing outflow of cell organelles, leading to cell 
lysis (Fig. 2)20,21.

Numerous peptide-nanoparticle systems formed by application of harsh and toxic reagents have been explored 
as antimicrobial agents. Such complexes comprise of residual toxic substances and are usually not appropriate for 
biomedical based applications22. However, antibacterial peptide functionalized nanoparticle systems formulated 
via green route have not been prominently explored.

Motivated by this, we used different approaches to couple the antimicrobial peptide CATH-2 with rGO 
by covalent and non-covalent interaction mechanism. Covalent interaction between peptide and rGO was 
established by use of biocompatible crosslinkers; whereas, non-covalent interaction was facilitated by a facile 
self-assembly approach. Biophysical characterization techniques provided insight into the interaction behaviour 
and structural properties of the formed nano bioconjugates. The formed conjugates were evaluated for their 
efficiency to inhibit the growth of E. coli, a gram-negative bacterium. Further, the hemolytic cytotoxicity of the 
conjugates was also evaluated.

To the best of our knowledge, no study regarding the application of peptide functionalized rGO nano bio-
conjugate as an effective antibacterial agent has been reported. With further developments, we aim to expand 
the application of the reported nano bioconjugate as a prospective substitute to conventional antimicrobial 
approaches.

Results
Synthesis and characterization of L-ascorbic acid reduced graphene oxide. L-ascorbic acid was 
used as a reducing agent to produce rGO from graphite. It is a mild and nontoxic alternative for conventional 
reducing agents. Moreover, it can be used for large scale production of rGO. L-ascorbic acid has a tendency to 
maintain its reducing functionality in acidic as well as alkaline pH. This property aids in converting the residual 
Mn(VII) ions to a more soluble Mn(II) ions, thereby reducing the potentially hydrophilic, oxygen functionalities 
containing GO to rGO during the reduction process11,23. The crystallographic structure of graphite nano powder, 
GO and rGO was analysed by conducting X-ray diffraction (XRD) studies. Figure 3(a–c) illustrates XRD patterns 
of graphite, GO and rGO, respectively.

Graphite shows a single sharp characteristic peak at 26.7° corresponding to the d-spacing with interlayer dis-
tance calculated to be 0.34 nm. Whereas, upon reduction by L-ascorbic acid, the graphite peak shifts and gives a 
broad band centred at 24° and an increased d-spacing of about 0.37 nm. Occurrence of a single peak in graphite 
scan represents presence of robust interlayer covalent bonds within the carbon layers and existence of weak Van 
der Waals interactions amid consecutive carbon sheets. After reduction, broadening and shifting of the charac-
teristic diffraction peak of graphite from 26.7° to 24° is attributed to the short-range order in randomly arranged 

Figure 1. Schematic representation of a bioengineered peptide functionalized rGO conjugate with reduced 
hemolytic toxicity and increased antibacterial efficacy. This image was produced using Microsoft PowerPoint 
(https://products.office.com/en-in/powerpoint).
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stacks along with removal of some oxygen-containing functional groups24. This is an indication of graphitic net-
work restoration in rGO by the elimination of oxygen moieties.

Another less intense peak observed at 42° corresponds to occurrence of turbostratic carbon assembly; along 
with structural defects in rGO, this peak is frequently observed in materials of graphitic origin25,26. A small 
characteristic diffraction peak of graphite oxide at approximately 2θ = 9° remained in the XRD pattern of rGO 
depicting incomplete reduction of oxygen-containing functional groups. In rGO, d-spacing changed due to the 
removal of few oxygen containing functional groups which indicates re-establishment of sp2 network on reduc-
tion, composed of free-standing graphene sheets27. The interlayer space of rGO is larger than that of pristine 
graphite, due to the presence of complicated residual contributions of intercalated water molecules between the 
layers. In comparison to XRD pattern of graphite, rGO displayed an amorphous structure because of decompo-
sition of oxygen-containing groups which also eliminates carbon atoms from the carbon plane resulting in lattice 
defects24. These X-ray diffractograms demonstrate successful reduction of graphite nanoparticles to yield a ran-
domly arranged reduced graphitic compound possessing an exfoliated structure which can prove to be beneficial 
during conjugation studies.

Spectroscopic characterization of rGO and peptide functionalized rGO-nano bioconju-
gates. FT-IR spectroscopy of rGO (blue line), rGO-PC (orange line) and rGO-PS (red line) is shown in Fig. 4. 
In FT-IR spectroscopy of rGO, the absorption peaks observed at 1569 and 1077 cm−1 can be attributed to C=C 
alkenes bending confirming the formation and recovery of sp2 carbon structure of rGO and presence of C-O 
group, respectively. The discussed rGO peaks show reduction of oxygen-containing groups by the action of reduc-
ing agents. The covalent bonding of peptide with rGO was confirmed by the presence of absorption bands at 
3331, 2153, 1958, 1644, 1566, 1073 and 679 cm−1. The broad peak at 3331 cm−1 represents N-H stretching due to 
secondary amide groups. The weak intensity peak at 2153 cm−1 corresponds to the characteristic peak of C≡C 
alkynes. Strong peaks ranging from 1644 to 1580 cm−1 attributes to in-plane NH bending vibration from the 
peptide corresponding to amide bond27. Moreover, the representative peak of C-H binding at 1958 cm−1 is also 
exhibited in rGO-peptide (rGO-PC) spectrum, which confirms covalent binding of peptide with rGO28. The peak 
at 679 cm−1 is ascribed to N-H bending vibrations of amine.

Spectra of rGO-PS exhibits peaks at 3363, 2251, 2154, 1959, 1641, 1078, 984.5, 854 cm−1. The strong band 
at 3363 cm−1 corresponds to N-H stretch of aliphatic primary amines. The presence of C-O alcohol group was 
revealed from the peak at 1078 cm−1. The spectrum around 2154 cm−1 attributes to C≡C alkynes. Similar peaks 
of amide bond around 3400 cm−1 and 1600 cm−1 in both the conjugates confirm absorption of peptide28. In the 
rGO conjugates, the O-H vibrations diminished whereas the carbonyl C=O peaks appeared, but with weaker 
intensities. The strong IR peak observed near 2300 cm−1 is due to the -NCO vibration which clearly indicates the 

Figure 2. Schematic illustration depicting antibacterial action of peptide functionalized reduced graphene 
oxide (rGO) nano bioconjugate. This image was produced using Microsoft PowerPoint (https://products.office.
com/en-in/powerpoint).
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formation of amides from peptide/reduced graphene oxide COOH group27. The FT-IR spectra of the peptide-rGO 
complex displays modification of rGO by peptides.

The presence of elements carbon (C), oxygen (O), nitrogen (N) and sulphur (S) was identified in the synthe-
sized rGO-peptide nano bioconjugates (rGO-PS and rGO-PC) by energy-dispersive X-ray (EDX) spectroscopy 
(Table 1). Presence of higher percentage of oxygen along with low carbon percentage was observed in rGO as 
compared to graphite.

Increase in percent oxygen content was observed in both conjugates i.e., rGO-PC and rGO-PS. Figure 5 depicts 
the mapping results of the conjugates revealing presence of other elements such as nitrogen and sulphur. The 
increased oxygen content of the conjugates can be attributed to the side chains of the various amino acids of 
the peptide.

Figure 3. XRD spectra of graphite (a), GO (b) and rGO (c).

Figure 4. FT-IR spectra of rGO (blue line), rGO-PC (orange line), rGO-PS (red line).

Element

Graphite
Weight% 
Atomic%

rGO
Weight% 
Atomic%

rGO-PC

Weight % 
Atomic %

rGO-PS

Weight% 
Atomic%

C 96.65; 32.89 82.72; 41.73 75.73; 23.58 59.54; 38.35

O 2.89; 2.87 17.28; 22.56 19.14; 9.41 35.16; 38.94

N — — 2.08; 0.18 0.19; 0.39

S 0.04; 0.10 — 2.08; 0.18 0.19; 0.39

Table 1. Comparison between weight percentage of different elements present in graphite, rGO, rGO-PC and 
rGO-PS.
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Microscopic characterization of rGO and peptide functionalized rGO-nano bioconju-
gates. Transmission Electron Microscopy (TEM) was used to measure the particle size and investigate the mor-
phology of the samples; Fig. 6 reveals rGO structure before conjugation (a), rGO-PC (b) and rGO-PS (c), respectively 
at 100 nm magnification. TEM micrograph of rGO reveals a transparent layered rGO with few wrinkles on its sur-
face. The edges of the sheet appeared to be smooth. rGO mostly consists of exfoliated, few-layered sheets, that are 
wide and flat. Further, TEM images reveal that the oxidation-reduction process leaves disordered carbon inclusions 
within the sheets depicting successful reduction of graphite to rGO. The exfoliated edges of rGO sheets act as bind-
ing sites for peptides29. The TEM images of rGO-PC shows the presence of a dense network of peptide on the surface 
of rGO sheets. This changed the morphology and thickness of rGO sheets confirming the covalent conjugation of 
peptide on rGO sheets. Abundant peptide fibrils filled the entire field of vision of rGO surface.

Studies show that rGO can be functionalized by covalent attachment of atoms or molecular groups to sp2 car-
bons. Such modifications maintain the 2-D lattice of rGO, however, due to the loss of the π-conjugated electron 
cloud present above and below the rGO plane, there are dramatic changes to its properties. rGO lends itself to 
covalent functionalization due to the presence of defects in the graphene lattice that act as reaction sites30. TEM 
images of rGO-PS reveal abundant deposition of peptides mainly at the edges of the rGO flakes. A high-resolution 
scan of the complex tip was analysed and thickness was observed to be significantly larger than the thickness 

Figure 5. (a) Images depicting rGO powder before (left) and after dispersion in de-ionized water (right) (b) 
rGO-PC (c) rGO-PS (d) FESEM characterization of rGO-PC along with elemental mapping showing carbon, 
oxygen, nitrogen and sulfur (e) FESEM characterization of rGO-PC along with elemental mapping.

Figure 6. TEM micrographs of rGO (a), rGO-PC (b) and rGO-PS (c).

https://doi.org/10.1038/s41598-020-66230-3
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measured for isolated rGO flakes. The anchoring force that enables the binding of peptides on the edges or planar 
rGO surface can be attributed to electrostatic or π interactions. Molecules that can be tailored to recognize and 
interact either on the planar surface or edges of rGO can prove to be beneficial in modulating properties of nano-
conjugates31. The size of rGO and peptide was found to be 16 nm and 7 nm, respectively. Significant changes were 
observed in the size after formation of the conjugates. The conjugate formed by self-assembly was observed to be 
24 nm in size with 18 peptides bound to an individual sheet of rGO. This calculation was done using TEM images 
by a protocol32, already described in the literature.

Water contact angle measurement. Wettability of a nanocomposite is an important parameter to study the 
interaction between water molecules and material surface. Wettability and adhesion analysis are useful in regulating the 
nanostructure and chemical configuration of nanomaterials33. The water contact angle (WCA) obtained between water 
droplet and Graphite, rGO, rGO-PC and rGO-PS are 140°, 44°, 20° and 23°, respectively (Fig. 7).

Graphite exhibited highest WCA at 140° amongst the samples being evaluated. A material is said to be hydro-
philic when it exhibits a WCA of less than 90° and hydrophobic in case the angle is more than 90°. Therefore, it 
can be stated that graphite is hydrophobic in nature. The hydrophobicity exhibited by graphite can be attributed to 
numerous reasons like lack of polarity due to presence of carbon atoms in its structure and adsorption of hydro-
carbons from air which causes decrease in the surface energy of the substrate thereby increasing its hydropho-
bicity. High contact angle value also indicates smoothness in graphite’s topology34,35. A decrease in hydrophobic 
behaviour was displayed by rGO (44°) synthesized from graphite nanopowder. It can be associated to high degree 
of reduction leading to removal of oxygen thereby enhancing the corrugation on its surface. Conjugation of rGO 
with peptide caused considerable increase in wettability from 44° to 20° in rGO-PC and 23° in rGO-PS. Both the 
prepared conjugates are observed to be hydrophilic in nature due to addition of negatively charged functional 
groups present on the rGO-peptide along with presence of Van-der Waals interactions between the conjugate36. 
Numerous factors affect the WCA in graphitic nanocomposites like surface morphology, number of layers pres-
ent, temperature of thermal treatment, method employed for sample deposition and environmental factors like 
relative humidity37,38. Understanding of the wettability characteristics of graphene-based nanocomposites pro-
vides direction to the research towards specific biomedical applications.

Antibacterial activity. Antibacterial activity of rGO, peptide and peptide conjugated rGO complex 
(rGO-PC, rGO-PS) was evaluated against Escherichia coli (E. coli) as a model bacterium since it is the most prev-
alent gram-negative infection-causing agent in humans39. The concentration dependent bacterial inhibitory 
activity of GO and antimicrobial peptide was studied by performing MIC (Minimum Inhibitory Concentration) 
method. MIC is interpreted as the required minimum inhibitory concentration for bacterial membrane disrup-
tion. The samples were incubated with E. coli cells at different concentrations ranging from 500–7.6 µg/ml for 
16 hours. The MIC of GO and antimicrobial peptide was found to be 125 and 64 µg/mL, respectively. Further, agar 
well diffusion method was performed to evaluate the zone of inhibition formed by rGO and the synthesized con-
jugates. As displayed in Fig. 8, rGO-PC exhibited a higher antibacterial activity followed by rGO-PS. At 125 µg/mL 
the zone of inhibition diameter for rGO, rGO-PC and rGO-PS was observed to be 11 mm, 15 mm and 13.2 mm. At 
250 µg/mL a clear zone surrounding the sample wells was observed to be 13.27 mm, 21.81 mm and 16.50 mm of 
rGO, rGO-PC and rGO-PS, respectively.

The occurrence of clear zone is an indicator of antibacterial activity of the samples against E. coli. The zone of 
inhibition is more for rGO-PC, indicating a higher inhibitory efficacy, followed by rGO-PS in comparison to rGO. 
rGO structure comprises of sharp edges called “nano-knives”. Upon interaction, these nano-knives disrupt the 
bacterial membrane thereby causing DNA leakage and consequently death of the pathogen20. It can be inferred 
that conjugation of peptides with rGO, imparted antibacterial property to the graphitic material. The difference 
in the antibacterial activity of the two peptide conjugates lies in the peptide conjugation process and the mode of 
action of antimicobial peptides. AMPs kill bacteria by disrupting the cell membrane through barrel stave model 
or toroidal model40. In this mechanism of action the amino acid side chain plays a very importat role. The cationic 
side chains aid in the interaction of the peptide with negatively charged phospholipids of the bacterial membrane 
and hydrophobic and aromatic side chains help in disruption of the membrane, causing increased permeability 

Figure 7. Graphical representation of WCA displayed by Graphite, rGO and rGO peptide conjugates (rGO-PC 
and rGO-PS).
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leading to leakage of cell organelles thereby causing death of the bacteria41. When we form a conjugate between 
peptide-rGO through covalent modification method the side chain functionalities are free to carry out their 
usual role of bacterial membrane disruption.Whereas, in self-assembly conjugation the peptide adheres to the 
rGO surface through non-covalent interactions with the various side chains, thereby making them unavailable to 
carry out their function of membrane disruption hence explaining the reported increase in antibacterial activity 
of the conjugate formed by covalent interaction method. As a matter of fact, surface neutralisation of the bacterial 
membrane is an important physicochemical parameter governing the antibacterial activity of potential antibac-
terial conjugates which come directly in contact with the bacterial surface. Previous studies have reported that 
untreated E. coli exhibits a negative zeta potential usually in the range of −23.0 to −44.0 to mV42,43. Whereas, both 
antimicrobial peptides and rGO, possess a positive zeta potential value, thereby having the capability to neutralize 
negative charge on E. coli surface and exhibit bactericidal activity44,45.

In-vitro Hemolytic activity. To evaluate the efficacy as a therapeutic agent the hemolytic activity of rGO, 
rGO-PC and rGO-PS was determined by measuring their effect on blood samples (Fig. 9). The compromise of 
RBC membrane by rGO and the formed conjugates was studied in a dose dependent manner.

In-vitro hemolytic assay enabled quantification of hemoglobin release as a result of RBC (Red blood cell) 
membrane lysis. It was observed that, both the conjugates exhibited a negligible hemolytic activity as compared 
to rGO alone. rGO-PC displayed a significantly lower hemolysis percentage as compared to rGO-PS. The max-
imum hemolysis value was observed to be less than 22% at a concentration of 500 µg/mL by rGO-PC conjugate 
whereas, at same concentration rGO-PS exhibited 28% cell lysis. This may be attributed to the fact that the pep-
tides self-assembled at the edges of rGO leaving its surface exposed to interact and disrupt the RBCs more read-
ily46. On the other hand, covalently attached peptides mask the electrostatic moieties present on the surface of 
rGO. Hence, it was observed that the hemolytic cytotoxicity caused by rGO was higher in comparison to peptide 
whereas, rGO-PC displayed a lower hemolytic cytotoxicity in comparison to the self-assembled conjugate.

Discussion
A sustainable peptide functionalised rGO conjugate system with a potential to exhibit reduced cytotoxicity and 
enhanced antibacterial activity was successfully synthesized through application of green chemistry approach. 
The characterization of the nanoconjugate uses XRD, FT-IR, EDX, TEM and WCA techniques. It was observed 
that corrugations present on rGO lend themselves to covalent and non-covalent coupling reactions. Thereby, 
emphasizing on the importance of nanoconjugate structure between rGO and peptides and its remarkable impact 
on the antimicrobial and hemolytic properties. WCA study revealed a decrease in hydrophobic behaviour of rGO 
making it hydrophilic upon conjugation with peptide molecules which is an essential characteristic for utilization 
of conjugate in therapeutic applications.

Enhanced antibacterial activity against E. coli along with decrease in hemolysis was exhibited by covalently 
conjugated peptide-rGO nano bioconjugate. The reported bioengineered nanoconjugate aims to open new ave-
nues for diverse applications such as prospective substitutes to conventional antibacterial platforms being used 
in sensing to drug delivery scaffolds. Further, it may find its future as an antibiofouling membrane in biomedical 
devices. This type of peptide functionalized rGO nanoconjugates can serve as suitable candidate for theranostic 
based applications with improved activity.

Methods
No experiments were performed on humans or human tissues. Hemolysis analysis was performed using human 
blood by taking a written informed consent from the volunteer prior to the commencement of the study as 
per the declaration of Helsinki, 2013, World Medical Association. The experimental protocols were approved 
by the Research Monitoring Committee, Panjab University and also, Institutional Biosafety Committee, Panjab 
University, Chandigarh, India (IBSC/PU/2019/158).

Figure 8. Inhibition zone of rGO, rGO-PC and rGO-PS on E. coli using well diffusion method at (a) 125 µg/mL 
and (b) 250 µg/mL.

https://doi.org/10.1038/s41598-020-66230-3
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Materials. Graphite Nanopowder (purity 98%), Potassium Permanganate (KMnO4) and L-ascorbic acid 
(C6H8O6) were purchased from Sisco Research Laboratories (SRL) India. Cross linkers: N-Hydroxysuccinimide 
(NHS) and N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide (EDC) were purchased from Avra Synthesis, 
India. De-ionized water (DI) was used in the preparation of samples and other solutions. Chemicals used during 
the course of this study were of commercial grade and used without further purification. Institutional ethical 
protocols were followed while performing experiments.

Apparatus. X-ray Diffraction (XRD) measurements were carried out using X’Pert Pro XRD equipped with 
x’Celerator solid-state detector. Fourier-Transform Infrared Spectroscopy (FT-IR) studies were performed using 
Perkin Elmer - Spectrum RX-FT-IR by casting sample on potassium bromide (KBr) pellets within a scan range 
of 4000–400 cm−1. KRÜSS-DSA25E was used to evaluate hydrophilic/phobic behaviour of nanoparticle mem-
branes by measuring static contact angle of a water droplet at room temperature (37 °C). Transmission Electron 
Microscopy (TEM) was used to study the morphology by using TEM, Hitachi (H-7500) 120 kV. The samples were 
prepared using the drop casting method. Minimum Inhibitory Concentration (MIC) was evaluated by observing 
readings using ELISA plate reader.

Green synthesis of reduced Graphene Oxide. Reduced graphene oxide was prepared using green 
approach reported previously in the literature23. Initially, 1 g of graphite nanopowder was introduced to 50 mL 
concentrated H2SO4 followed by constant stirring in a bath containing ice cold water. 3 g KMnO4 was slowly 
added to the mixture by maintaining the temperature below 10 °C. The obtained suspension was stirred using a 
magnetic stirrer for 25 minutes at 37 °C followed by 5 minutes sonication treatment in an ultrasonic water bath. 
The stirring-sonication process was repeated several times. 200 mL distilled water was added to the solution 
to stop the reaction. The pH of the obtained solution was adjusted to ~6 by addition of 1 M NaOH. Reducing 
solution was prepared by dissolving 10 g L-ascorbic acid in 100 mL distilled water. The solution was added to the 
exfoliated graphite oxide suspension slowly. Reduction was performed by heating the solution at 95 °C for 1 hour. 
After the reduction process was over, black precipitates were obtained by filtering the solution through cellulose 
filter paper. The precipitates were consecutively washed with 1 M HCl solution and distilled water to obtain a 
neutral pH47. Fine rGO powder was obtained by freeze-drying the filtrate for 2–3 days.

Synthesis of peptide functionalized nano bioconjugate via different interaction mecha-
nisms. Peptide was covalently conjugated with rGO by a method reported previously48. In this study, covalently 
conjugated rGO-peptide complex is abbreviated as rGO-PC. In a typical protocol, powdered rGO was dissolved in 
de-ionized water followed by sonication for 30 minutes to obtain a clear solution of rGO. Cross-linkers, 1-ethyl-3
-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) were succes-
sively added into the rGO solution and sonicated for 1 hour to generate semi-stable NHS esters linkage with 
rGO. Then, pH of the mixture was adjusted to 8. The peptides (dissolved in phosphate buffer solution (PBS), 
0.145 mM, 0.1 mL) were added to the obtained mixture followed by incubation at 4 °C in dark for 12 hours to 
enable cross-linking of the NHS esters with peptides. Unbound peptides were removed from the final solution by 
centrifugation at 11,750 g for 30 minutes. The obtained sediment was then re-dispersed in de-ionized water and 
centrifuged several times to obtain a homogenous solution.

Whereas, the non-covalent interaction between peptide and rGO complex, abbreviated as rGO-PS was 
obtained by using a protocol described earlier49. Peptide was mixed with rGO suspension in 9:1 ratio (v/v) in PBS 
followed by incubation at 25 °C for 5 minutes.

Figure 9. Percent hemolysis of RBCs incubated with increasing concentrations (16 to 500 µg/mL of rGO, rGO-
PC (a), rGO-PS (b) for 3 hours at 37 °C (n = 3).

https://doi.org/10.1038/s41598-020-66230-3
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Calculation for number of peptides molecules bound with a nanoparticle. The number of peptide 
molecules binding with one rGO nanoparticle was obtained by the following equation (Eq. 1)50.

= . –
–( )N 0 65 R R /R (1)pep rGO pep

3
rGO
3

pep
3

where,
RrGO–pep = Radius of conjugated nanoparticle
RrGO = Radius of rGO
Rpep = diameter of peptide

Hemolysis assay. The hemolytic assay of rGO and peptide functionalized conjugates (rGO-PC, rGO-PS) was 
performed according to the protocol reported previously in literature46. Briefly, fresh Ethylenediaminetetraacetic 
acid (EDTA)-stabilized human whole blood samples were collected from a healthy volunteer. Whole blood 
was added to PBS followed by centrifugation to isolate Red Blood Cells (RBCs) from serum. Separated RBCs 
were washed 4 times using PBS at 500 g for 10 minutes at 5 °C. The washed RBCs were resuspended in PBS and 
stored at low temperature till further use. To test the hemolytic activity of rGO and nano bioconjugates samples, 
diluted RBC suspension was added to rGO and conjugate suspension solutions in PBS at different concentrations 
(0–500 µg mL–1). DI water (+RBCs) and PBS (+RBCs) were used as the positive control and negative control, 
respectively. All the samples were placed on a rocking shaker in an incubator at 37 °C for 3 hours. After incuba-
tion, the samples were centrifuged at 10,016 g for 3 minutes. Following the literature described protocol46, absorb-
ance of hemoglobin in the supernatant was measured at 540 nm using a spectrophotometer. Percent hemolysis 
was calculated using Eq. 2.

sample abs nm negative control abs nm

positive control abs nm negative control abs nm
Percent haemolysis(%)

540 655 540 655

540 655 540 655
100

(2)

– –

– –
=





−

−





×

Minimum inhibitory concentration determination. Microtiter broth dilution method was used to 
determine the MIC as previously described32. MIC is defined as the value of minimal concentration that inhibits 
visible growth of microorganisms. E. coli was cultured according to the ATCC protocols/specifications. The bacte-
rial culture was inoculated in Luria-Bertani (LB) broth and was left to grow for 12 hours at 37 °C and harvested in 
the mid-exponential growth phase to obtain a final concentration of 105 colony forming units (cfu)/mL followed 
by centrifugation. The obtained pellet of cells was washed three times and re-suspended in PBS to remove residual 
macromolecules and other constituents. Then, growth of E. coli was monitored spectrophotometrically by meas-
uring the absorbance at 600 nm. Bacterial cell suspension was diluted up to the desired concentration of 105 cfu/
mL to bring the desired initial optical density. For MIC protocol, in each well of 96-well plates containing serially 
diluted samples of rGO, AMP, rGO-PS and rGO-PC were inoculated with bacterial suspension. To avoid any 
contamination, all the experimental work was done under laminar hood. Then, the samples were allowed to mix 
with LB media by using shaker at 37 °C for 3 hours followed by overnight incubation at 37 °C. Absorbance was 
observed at 600 nm after 16 hours and 24 hours, respectively. Microbial suspension in the absence of rGO-peptide 
conjugate was used as the negative control, while DI water was treated as a positive control. All experiments were 
performed in triplicates to avoid errors.

Well diffusion method. Antibacterial activity of the synthesized rGO, rGO-PC and rGO-PS was determined, 
using the agar well diffusion assay method51,52. Approximately 20 ml of molten and cooled media (Nutrient agar) 
was poured in sterilized petri dishes. The plates were left overnight at room temperature to check for any contam-
ination to appear. The bacterial test organisms were grown in nutrient broth for 24 hours. A 100 ml nutrient broth 
culture of each bacterial organism (1 × 105 cfu/ml) was used to prepare bacterial lawns. Three agar wells of 5 mm 
diameter were prepared. The wells were loaded with 20 µl of the synthesized nanoparticles. The plates containing 
the bacterial and nanoparticles were incubated at 37 °C. The plates were examined for evidence of zones of inhi-
bition, which appear as a clear area around the wells. The diameter of such zones of inhibition was measured for 
each sample and expressed in millimetre.
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