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ABSTRACT: 

Fabrication of antibacterial materials with sustained release of active components is of 

great importance for long-term antibacterial applications. Graphene oxide (GO) has 

been found to be an excellent carrier for accumulating the antibacterial peptide of 

G(IIKK)4I-NH2 and mediating its loading into the layer-by-layer (LBL) films for 

sustained release applications. G(IIKK)4I-NH2 takes random coiled conformation in 

monomeric state below 0.17 mM but self-assembles into supramolecular aggregates 

with α-helical secondary structure at higher concentrations. It can bind onto GO 

surface in both monomeric and aggregate states to form stable GO@G(IIKK)4I-NH2 

composites. Upon binding the local amphiphilic environment of GO surface induces a 

conformational transition of G(IIKK)4I-NH2 monomers from random coils to α-helix. 

The aggregate binding enhances the loading amount greatly. 1 mg GO can load as 

high as 1.7 mg of peptide at saturation. This enables the GO@G(IIKK)4I-NH2 

composites to serve as reservoirs for the sustained release of active G(IIKK)4I-NH2 

monomers. Moreover, G(IIKK)4I-NH2 itself shows low efficiency in LBL assembly, 

while the GO@G(IIKK)4I-NH2 composites are ideal LBL assembling units with 

highly enhanced loading efficiency of G(IIKK)4I-NH2. The LBL films involving 

degradable poly(β-amino esters) can realize the sustained release of G(IIKK)4I-NH2 

for bacteria killing in a well-controlled manner. This study demonstrates an efficient 

strategy for fabrication of long-durable antibacterial materials and surface coatings by 

using GO as the carrier for drug accumulation and loading. 

 

KEYWORDS: Sustained release, Antibacterial peptides, Self-assembly, Graphene 

oxide, Layer-by-layer 
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1. INTRODUCTION 

For conventional drug dosing methods of tablets, sprays, or injections, drug levels 

usually fluctuate between a maximum and a minimum when repeated administration 

is undertaken. This has potential risks of either toxicity if the maximum drug 

concentration is above the toxic level or inefficacy if the minimum drug concentration 

is below the minimum effective level. The latter may also make the drug resistance 

more easily happen because intermittent drug inefficacy is one of the main causes of 

drug resistance.
1
  

 

Controlled release systems that can release drug in a fixed, predetermined pattern are 

appreciated for overcoming these shortcomings. A sustained release system can be 

designed to release drug slowly and continuously so as to maintain a uniform drug 

concentration for a prolonged time period by a single dosage. This will lead to smaller 

dosages and fewer side effects and also lower the chances of inducing drug 

resistance.
2
 

 

For a sustained release system, a high drug loading amount and a controllable drug 

release process are two important aspects that enable long-term applications. The two 

criteria both call for suitable drug carriers and formulations. Recently, graphene oxide 

(GO), the single- or few-layer graphite oxide sheets,
3-9

 has been intensively 

investigated as drug carriers due to several advantages. Firstly, GO has higher drug 

loading capacity due to its large surface area as well as diverse binding mechanisms 

with drug molecules, e.g. hydrophobic interaction, electrostatic interaction, hydrogen 

bonding, and π-π stacking.
7, 10-14

 Secondly, it shows good biocompatibility and can 

effectively deliver the drug into cells.
7, 15-16

 Furthermore, GO has a lot of active sites 
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such as hydroxyl and carboxyl groups, which enable convenient immobilization of 

target molecules on the surface for its controlled delivery.
17-18

 These aspects all make 

GO a promising material for controlled drug delivery and release.  

 

Layer-by-layer (LBL) assembly is a simple and promising strategy for fabrication of 

sustained release coatings because the active components can be loaded into the films 

by repeated adsorption process. An efficient LBL process usually requires polycations 

and polyanions with infinite binding sites to enable a stable adsorption layer,
19

 while 

the small molecules are usually difficult to be loaded into the LBL films with a high 

amount due to its non-polymeric nature.
20-22

 Some small molecules, e.g. antibacterial 

peptides, have been incorporated into the LBL multilayers either by covalent binding 

or by noncovalent assembly.
23-28

 However, it remains a great challenge about how to 

improve the loading efficiency and how to maximize the loading amount.
29

 

 

Recently we have carried out studies on a class of short cationic α-helical peptides, 

G(IIKK)nI-NH2 (n = 1‒4).
30-32

 They have repeated hydrophilic/hydrophobic residues, 

which can align along two opposite sides to give a folded conformation with 

amphiphilic structure, mimicking the structure and function of natural antimicrobial 

peptides (AMPs).
33-35

 These peptides can kill both Gram-positive and Gram-negative 

bacteria effectively either by membrane permeabilization or by acting on certain 

cytoplasmic targets.
31, 36-37

 

 

Here, we report the fabrication of antibacterial materials with the sustained release of 

the antibacterial peptide of G(IIKK)4I-NH2. G(IIKK)4I-NH2 was found to 

self-assemble into ordered supramolecular aggregates, which can then bind onto GO 
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nanosheets to form stable GO@G(IIKK)4I-NH2 composites with a high loading 

amount. These composites can not only be used as reservoirs for the sustained release 

of active G(IIKK)4I-NH2 monomers, but also can mediate the successful 

incorporation of a high amount of G(IIKK)4I-NH2 into the layer-by-layer (LBL) films 

so as to construct antibacterial coatings. The study demonstrates an efficient strategy 

for the fabrication of long-durable antibacterial bulk materials and surface coatings by 

using GO as the carrier for drug accumulation and loading. 

 

2. EXPERIMENTAL 

2.1. Materials 

The peptides of G(IIKK)4I-NH2 and W(IIKK)4I-NH2 (purity > 96%) were purchased 

from Shanghai Top-Peptide Biotechnology Co. Ltd. GO and poly(β-amino esters) 

(poly β) were synthesized according to the literature methods.
38-39

 Bacteria of 

Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 6538), and 

Pseudomonas aeruginosa (ATCC 9027) were obtained from the American Type 

Culture Collection (ATCC) company. E. coli, S. aureus, and P. aeruginosa were 

grown in Tryptic soy broth (TSB). All of the other chemicals were purchased from 

Sigma-Aldrich and used as received. Milli-Q water (18 MΩ cm) was used for all the 

experiments. 

 

2.2. Preparation of GO Sheets 

GO sheets were prepared by a modified Hummers’ method.
40

 Firstly, 6 g of KMnO4 

was slowly added into a mixture of graphite powder (2 g), NaNO3 (1 g) and H2SO4 (> 

95%, 46 mL) under stirring. During the process the temperature was kept below 20°C 

with an ice bath. After complete mixing the temperature was increased to 35 °C and 
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incubated for 20 h. Then 92 mL of water was added into the mixtures and the 

temperature was increased to 98 °C and then incubated for 15 min. After that 280 ml 

of pure water and 5 ml of H2O2 was further added into the system for dilution. The 

solid mixture was then centrifuged and washed and the remaining graphite oxide and 

normal graphite powder were collected. The raw GO suspension was obtained by 

applying an ultrasonic process to isolate the thin layers from oxidized graphite sheets. 

By suitable ultrasonic treatment the size of the GO sheets can be controlled. The solid 

residual was removed by another centrifugation process. Finally, a dialysis process is 

applied to get rid of soluble impurities. 

 

2.3.  Electrical Conductivity 

Electrical conductivity was measured on a DDS-307 conductometer (Shanghai Leici 

Corporation, China) at 25.0 ± 0.2 °C. The conductivity was plotted as a function of 

the G(IIKK)4I-NH2 concentration. The critical aggregation concentration (CAC) was 

determined by intersection of the two linear fits in different concentration regions 

below and above the CAC. 

 

2.4. Transmission Electron Microscopy (TEM) and cryo-TEM 

Both negative-staining TEM and cryo-TEM images were obtained on a JEM 

1400Plus (JEOL) electron microscope at an accelerating voltage of 120 kV. The 

negative-staining samples were prepared by casting the sample solution onto the 

copper grid for adsorption of 5 min and then negatively stained with 2% uranyl 

acetate for 2 min. Cryo-TEM samples were prepared with an environment-controlled 

vitrification system. Firstly, 5 μL of sample solution was deposited on a copper grid 

with a laced support coating and the excess solution was wicked away with filter 
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papers to leave only a thin solution film on the mesh holes. Then the specimen was 

vitrified by quickly dipping into the liquid ethane of −165 °C. The specimen was 

stored and transferred to a Gatan 626 cryogenic sample holder in the liquid nitrogen 

and imaged at −174 °C. 

 

2.5. Atomic Force Microscopy (AFM) 

AFM measurements were performed on a MultiMode Nanoscope IVa system (Digital 

Instruments, Santa Barbara, CA). Tapping mode images were captured using 

TESP-V2 silicon probes (Bruker, Germany) with a nominal spring constant of 42 N 

m
-1

. For sample preparation, 5‒10 L of the sample solution was deposited onto a 

freshly cleaved mica surface for adsorption of ~30 s. Then, the sample was dried 

under a nitrogen stream. The images were analyzed using the vendor-supplied 

software (version 1.40, Bruker). 

 

2.6. Scanning Electron Microscopy (SEM) 

SEM images were obtained on a JEOL JSM-840 electron microscope operating at 15 

kV. Before imaging the LBL films were mounted on a SEM sample holder and 

sputter coated with a thin layer of platinum. 

 

2.7. UV-Vis Measurements 

UV-Vis measurements were performed on a UV-1700 spectrophotometer (Phama 

Spec, Shimadzu) at room temperature. The spectra were collected in the wavelength 

range of 200‒800 nm. For the GO@G(IIKK)4I-NH2 mixed solutions, the absorption 

value at 400 nm was used for turbidity evaluation. For the W(IIKK)4I-NH2 solutions, 

the absorption value at 280 nm was used for producing the standard curve as well as 
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calculating the W(IIKK)4I-NH2 concentration. 

 

2.8. Circular Dichroism (CD) 

CD spectra were recorded on a MOS-450/AF-CD spectrophotometer (BioLogic, 

France) at room temperature. For the solution samples, a 0.5 mm quartz cells were 

used and scans were collected in a wavelength range of 190‒280 nm. In contrast, the 

LBL films were assembled on the quartz slides and measured directly. Each scan was 

repeated three times and the averaged value was given as the final result. 

 

2.9. Zeta Potential (ζ) 

The ζ values were obtained on a ZEN3600 Nano-ZS equipment (Malvern Instruments, 

Worcestershire, UK) at room temperature. A clear disposable capillary cell with 

model number of DTS1060C was used. 

 

2.10. Spectroscopic Ellipsometry (SE) 

A UVISEL spectroscopic ellipsometer (Jobin-Yvon) was used to follow the thickness 

growth of the LBL films. The grazing incidence angle was set at 70º. The 

ellipsometry measures the polarization difference between the incident light and 

outgoing light in terms of an amplitude ratio ( tan ) and phase difference ( ). Light 

can be considered as two orthogonal components, p wave and s wave, which are 

parallel and perpendicular to the plane of incidence, respectively. The Fresnel 

reflection coefficient of these two components, rp and rs, can be determined as 

follow:
41

 

tan i

p sr r e        (1) 
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The reflection coefficient can be also written in terms of material thickness (d) and 

refractive index (n), thus we can obtain one of these coupled parameters if we know 

the other. In our work, the refractive index is defined using a Cauchy model: 

2 4
( )

B C
n A

 
        (2) 

where λ is the light wavelength and A, B and C are constants. 

 

2.11. Antibacterial Activity Determination 

Antibacterial activities of G(IIKK)4I-NH2 and the GO@G(IIKK)4I-NH2 composites 

were evaluated by the tetrazolium reduction (MTT) test and the minimum inhibitory 

concentration (MIC) was determined. Briefly, G(IIKK)4I-NH2 or the 

GO@G(IIKK)4I-NH2 composite was dissolved in buffer solution of pH 7.4 and 

sterilized under ultraviolet radiation for a few hours. 200 μl of bacterial dispersion 

after overnight culture was pipetted into a 96-well plate. The optical density at 600 

nm (OD600) was measured using a Sunrise microplate reader (Tecan Group Ltd.). The 

bacterial cultures were calibrated to the OD600 of 0.8, and 1:2000 (v/v) diluted in the 

broth. Peptide solutions were two-fold diluted using buffer solution in the 96-well 

plates with the total volume of 100 μl in each well. 100 μl of the diluted bacterial 

inoculum was pipetted into each well for mixing with the peptide solution. The 

bacterial cultures were incubated at 37 ºC with shaking at 100 rpm for 18 h, followed 

by measurements of the OD600. The MICs were determined as the lowest AMP 

concentrations of antibiotics at which bacterial growth cannot be observed.
42

 

Triplicate experiments were performed with three technical replicates for each 

measurement. Errors were calculated by standard deviations of the replicate 

measurements. 
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2.12. LBL Film Construction 

LBL films were constructed by using the GO@G(IIKK)4I-NH2 composites (as a 

positively charged unit), polyacrylic acid (PAA, polyanion), and poly(β-amino esters) 

(poly β, polycation) as three assembling units. Poly β is a hydrolytically degradable 

polycation with ester bonds, which can be used in LBL assembly to control the film 

degradation and release of active components.
19, 24, 39, 43-48

 
1
H-NMR analysis was used 

to confirm the structure of the final product (Figure S1). Each LBL cycle contains a 

sequential dipping of the substrate in the solution of poly β, PAA, the mixed solution 

of GO (0.15 mg/mL) and G(IIKK)4I-NH2 (1.0 mM), and PAA again for adsorption of 

5 min. The sample was rinsed with water after each adsorption process. The resultant 

LBL film is denoted as (poly β/PAA/GO@G(IIKK)4I-NH2/PAA)n, where n is the 

cycle number. G(IIKK)4I-NH2 solution was also used for LBL assembly for 

comparison. 

 

2.13. Drug Loading and Release 

For easy determination of the peptide concentration, the N-terminal glycine residue of 

G(IIKK)4I-NH2 was substituted by tryptophan (W) to produce W(IIKK)4I-NH2, which 

has strong UV-vis signal at 280 nm and facilitates concentration determination. For 

loading efficiency determination, various amount of W(IIKK)4I-NH2 was dissolved in 

2 mL of Hepes solution with 0.3 mg/ml GO and incubated in a shaker at 37 ºC for 30 

h. Then, the dispersion was centrifuged at 15,000 rpm for 30 min. The absorbance of 

the supernatant at 280 nm was measured and used to calculate the non-adsorbed 

W(IIKK)4I-NH2 concentration by referring to a standard curve (Figure S2, Supporting 

Information). The loading efficiency was calculated by the formula “the loading 
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efficiency = (the dosing amount ‒ the non-adsorbed amount)/the dosing amount”. The 

precipitate obtained was then carefully rinsed and used to produce the release profile 

with the dialysis method (MWCO = 14 kDa) against 20 ml of Hepes buffer. The 

release reservoir was kept under constant stirring. At various time points 2 mL of the 

dialyzate was taken out for concentration determination and an equal volume of the 

fresh Hepes buffer was replenished to it. 

 

For determining the peptide release from the LBL film, a glass slide coated with (poly 

β/PAA/GO@W(IIKK)4I-NH2/PAA)15 multilayers was immersed in 20.0 mL of Hepes 

buffered solution of pH 7.0. At various time points the absorbance of the solution was 

recorded and used for calculating the released W(IIKK)4I-NH2 amount. In another 

experiment, a mixture of G(IIKK)4I-NH2 and W(IIKK)4I-NH2 at the molar ratio of 

95:5 was used for LBL assembly, where W(IIKK)4I-NH2 was used as a reference for 

determining the released G(IIKK)4I-NH2 concentration in the following experiment of 

peptide release from the LBL films. 

 

2.14. Kirby-Bauer Disk Diffusion Assay 

The antibacterial activity of the (poly β/PAA/GO@G(IIKK)4I-NH2/PAA)n LBL films 

was assessed by the Kirby-Bauer method. 500 μL of the bacterial suspension in the 

logarithmic growth phase with a density of 10
6
~10

7
 CFU/ml was added to the 

agar-containing culture medium and mixed evenly. After about 10 min the culture 

medium was solidified. The glass slides coated with (poly 

β/PAA/G(IIKK)4I-NH2/PAA)n or (poly β/PAA/GO@G(IIKK)4I-NH2/PAA)n were 

attached to the solid medium. A clean glass slide was used as control. Bacterial 

inhibition zones were measured after 24 hours of incubation at 30°C. 
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3. RESULTS AND DISCUSSION 

3.1. Self-Assembly of G(IIKK)4I-NH2 

We have shown that G(IIKK)4I-NH2 exhibits antibacterial activity at quite low 

concentrations of <10 µM, where it exists and functions as monomers.
30

 Here, we 

report that G(IIKK)4I-NH2 can also self-assemble into supramolecular aggregates at 

higher concentrations. The CAC of G(IIKK)4I-NH2 was determined to be about 0.17 

mM from the electrical conductivity measurement (Figure 1a). Both AFM and TEM 

results show that G(IIKK)4I-NH2 self-assembled into short fibrils with height of ~2.0 

nm at 0.5 mM (Figure 1b). These structures exist in a concentration range of up to 5.0 

mM. With further increasing the concentration, G(IIKK)4I-NH2 formed long fibrils 

with length of over one micrometer and height of about 4.0 nm (Figure 1c and 1d). At 

25.0 mM the entanglement of the fibrils can even cause the gelation of the solution 

and give a self-supporting hydrogel, as verified by the test-tube inverting method (the 

inset of Figure 1c). The increase in both length and diameter indicates the gradual 

growth of the self-assembled structures at different stages. 

 

Figure 1. (a) Determination of the CAC of G(IIKK)4I-NH2 in aqueous solution of pH 

of 4.0 ± 0.3 from the plot of electrical conductivity vs peptide concentration. (b) AFM 
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image of the self-assembled structures of G(IIKK)4I-NH2 at 0.5 mM. The insets show 

the cryo-TEM image and the section analysis corresponding to the blue line. (c) 

Cryo-TEM and (d) AFM images of the self-assembled structures of G(IIKK)4I-NH2 at 

the gelling concentration of 25.0 mM. The insets of images c and d show the 

photograph of the self-supporting hydrogel and the corresponding section analysis, 

respectively.  

 

3.2. Formation of the GO@G(IIKK)4I-NH2 Composites 

GO are single- or few-layer graphite oxide sheets with basic structural network of 

polyaromatic benzene rings. The morphology and size of the GO sheets were 

characterized by AFM (Figure S3a). They give a size distribution of 100‒2000 nm in 

lateral dimension (Figure S3b). Except for some wrinkled and overlapped areas, the 

sheets give a thickness value of 0.85‒1.2 nm (Figure S3c), corresponding to the 

single-layer sheets. They produce negative ζ values of –(42 ± 10) mV due to the 

presence of many carboxylic acid groups and phenol hydroxyl groups at the surface 

(Figure S3d).
49-52

 These hydrophilic groups and the negative charges enable the good 

dispersion of GO sheets in aqueous solution. Upon adsorption of G(IIKK)4I-NH2, 

however, the size and ζ value of the GO@G(IIKK)4I-NH2 composites exhibit 

significant variation. The turbidity results (Figure 2a) show that below 0.05 mM of 

G(IIKK)4I-NH2, the solution absorbance keeps a low value of ~0.15 and only slightly 

increases with increasing peptide concentration. The solution remained clear at this 

concentration range. However, in the G(IIKK)4I-NH2 concentration range of 0.05 mM 

to 0.1 mM, the turbidity shows a sharp increase. And from 0.1 mM to 0.5 mM, the 

absorbance keeps at high levels and precipitates were found. Then above 1.0 mM the 

absorbance decreases with redispersion of the precipitates and the solution returns to 
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be translucent again. During complexation the ζ value of the GO@G(IIKK)4I-NH2 

composites increased gradually with increasing peptide concentration (Fig. 2b). 

However, it remains negative at peptide concentrations of below 0.1 mM, indicating 

that the GO@G(IIKK)4I-NH2 composites take net negative charges. Then above 0.1 

mM the ζ value turns to be positive, indicating a charge reversal of the 

GO@G(IIKK)4I-NH2 composites. The ζ potential reaches equilibrium of about +30 

mV at the peptide concentration of ~0.5 mM. 

 

Figure 2. Turbidity (a) and zeta potential (b) values of the GO/G(IIKK)4I-NH2 mixed 

dispersions with the concentration of GO fixed at 0.15 mg/mL while the concentration 

of G(IIKK)4I-NH2 was gradually increased. 

 

Both turbidity and ζ results give clues to the process of GO/G(IIKK)4I-NH2 

complexation. Since GO is negatively charged and G(IIKK)4I-NH2 is positively 

charged, binding of G(IIKK)4I-NH2 onto the GO surface will lead to charge 

neutralization and reversal. At G(IIKK)4I-NH2 concentrations of below 0.05 mM, the 

GO negative charges are in significant excess comparing to the positive charges of the 

adsorbed G(IIKK)4I-NH2 molecules, therefore, the GO@G(IIKK)4I-NH2 composites 

maintain a high amount of net negative charges and are dispersed well in solution. In 

the concentration range of 0.05‒0.5 mM, the negative charges of GO are comparable 

with the positive charges of G(IIKK)4I-NH2 in number. Neutralization of the two 
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species results in poor dispersion and precipitation of the GO@G(IIKK)4I-NH2 

composites and produces the maximum turbidity region. Then above 0.5 mM, the 

positive charges of G(IIKK)4I-NH2 are in great excess comparing to the negative 

charges of GO, therefore, the GO@G(IIKK)4I-NH2 composites take high net positive 

charges and become redispersed into the solution again. 

 

The CD spectra of the G(IIKK)4I-NH2 solution and the GO/G(IIKK)4I-NH2 mixed 

solution characterize the secondary structures (Figure 3). At concentrations of 0.05 

mM and 0.1 mM, which are below the CAC, the CD spectra show a negative peak at 

about 197 nm, typical of random coiled conformation.
30, 53

 While at concentrations 

above the CAC, that is, 0.5 mM and 1.0 mM, the CD spectra give two negative peaks, 

one at ~208 nm and another at 200‒225 nm, characteristic of α-helix conformation.
30, 

53
 The results suggest that G(IIKK)4I-NH2 takes random coils in monomeric state but 

turns into α-helix when forming aggregates. However, upon binding to GO surface, 

both G(IIKK)4I-NH2 monomers and aggregates adopt α-helix secondary structures, as 

indicated by the two peaks at 204‒208 nm and 220‒225 nm in all of the cases. Clearly, 

the peptide monomers had a conformational transition from random coils to α-helix 

before and after binding onto GO surface. 
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Figure 3. CD spectra of the GO/G(IIKK)4I-NH2 mixed solutions as well as the 

corresponding G(IIKK)4I-NH2 solutions at different concentrations, (a) 0.05 mM, (b) 

0.1 mM, (c) 0.5 mM, and (d) 1.0 mM. 

 

G(IIKK)4I-NH2 monomers and aggregates may well have different binding 

mechanisms on GO surface. We have shown that G(IIKK)4I-NH2 takes random coiled 

conformation in aqueous solutions but form α-helix when inserting into negatively 

charged lipid membranes.
30

 In fact, GO has similarity to lipids in the nature of 

amphiphilicity and it can be viewed as a sheet-like surfactant.
54-57

 For G(IIKK)4I-NH2 

monomers, they bind onto GO surface with the positive Lys residues electrostatically 

anchoring at the surface negative sites and the Ile residues hydrophobically interacting 

with the surface benzene rings. Such interactions induce G(IIKK)4I-NH2 folding into 

the α-helix conformation with Lys and Ile residues aligning along two opposite sides, 

forming an amphiphilic structure similar to the one predicted by Schiffer−Edmundson 

wheel projection (Figure S4).
30

 While for G(IIKK)4I-NH2 aggregates, since the 
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hydrophobic Ile residues are embedded in the inner core and the positively charged 

Lys residues are left outward, they will bind on GO by mainly electrostatic interaction. 

Once in contact, however, structural deformation and rearrangement may occur, 

driven again by hydrophobic interaction. Thus, the interacting processes are broadly 

similar even though the exact molecular processes may differ. 

 

Figure 4 shows the morphologies of the GO sheets and the GO@G(IIKK)4I-NH2 

composites. The GO sheets again have a height of around 1.0 nm and the surfaces are 

very smooth except some folding areas. However, when interacting with 

G(IIKK)4I-NH2, a large amount of G(IIKK)4I-NH2 nanospheres and fibrils are 

adsorbed on the GO surface. The section profile of Figure 4b shows heights of about 

1.0 nm for the GO sheets and 1.0‒2.0 nm for the G(IIKK)4I-NH2 aggregates. The 

G(IIKK)4I-NH2 aggregates sometimes distribute relatively even on the GO surface 

(Fig. 4b and 4d), but in most cases they are more ready to locate at the edges of GO 

sheets (Fig. 4c and 4e). The reason behind this is that most negatively charged 

carboxylic acid groups distribute at the edges and few charged groups on the basal 

plane,
49-52

 thus the charged GO sheet edges being the main binding sites for 

G(IIKK)4I-NH2 aggregates. Moreover, the adsorbed aggregates may induce folding of 

the GO sheets, especially at the edge areas as denoted by the black arrows in Figure 

4b. 
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Figure 4. AFM morphologies of the GO sheets (a). AFM (b, c) and negative-staining 

TEM (d, e) morphologies of the GO@G(IIKK)4I-NH2 composites produced from the 

mixed solution of GO (0.15 mg/mL) and G(IIKK)4I-NH2 (1.0 mM). 

 

3.3. Antibacterial Properties of the GO@G(IIKK)4I-NH2 Composites 

G(IIKK)4I-NH2 is a highly efficient antibiotic that has quite low MIC values against 

several bacteria.
30

 It is interesting to explore how its antibacterial ability will be 

affected by complexing to GO. Free G(IIKK)4I-NH2 shows MIC of ~6 μM and ~12 

μM againt E. coli and S. aureus, respectively, as seen from the inset of Figure 5a. 

However, for the GO/G(IIKK)4I-NH2 mixed system, the MIC against E. coli and S. 

aureus is 100 ± 10 μM and 80 ± 7 μM, respectively, as measured by the 

G(IIKK)4I-NH2 concentration. These values are about 10 times higher than those of 

free G(IIKK)4I-NH2. The significantly increased MIC value is reasoned as follows. 

The binding and complexing of G(IIKK)4I-NH2 molecules with bacterial membrane is 
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crucial for bacterial killing.
30

 Such interactions need involvement of both the positive 

charges and the hydrophobic segment of G(IIKK)4I-NH2 molecules. Therefore, free 

G(IIKK)4I-NH2 molecules should be the most efficient species for killing bacteria. 

However, for the GO/G(IIKK)4I-NH2 mixtures, most of the G(IIKK)4I-NH2 molecules 

were adsorbed and confined on the GO surface. This greatly lowered the 

concentration of free G(IIKK)4I-NH2 monomers that could interact with bacteria and 

thus to result in significant increase of the apparent MIC value.  

 

Figure 5. (a) The MTT results showing the antibacterial effects of the 

GO/G(IIKK)4I-NH2 mixed system against bacteria of E. coli (Gram-negative) and S. 

aureus (Gram-positive). The inset shows the results of free G(IIKK)4I-NH2 for 

comparison. (b) The peptide release profile from the GO@W(IIKK)4I-NH2 

composites. 

 

Noting that the free G(IIKK)4I-NH2 concentration can be regulated by controlling the 

equilibrium of molecular exchange between G(IIKK)4I-NH2 monomers and the 

GO@G(IIKK)4I-NH2 composites, we suggest that the latter can be used as reservoirs 

for sustained G(IIKK)4I-NH2 release. The loading efficiency and release profile of the 

peptide on GO sheets were then determined by using W(IIKK)4I-NH2 for easy 

concentration determination. It was found that 1 mg of GO can adsorb as high as 1.70 
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± 0.15 mg of peptide molecules at saturation (Figure S5). The high loading amount 

assures the capacity of the GO@peptide composites as reservoirs for peptide release. 

Figure 5b shows the peptide release profile from the GO@W(IIKK)4I-NH2 

composites. The accumulative released amount of the peptide increases gradually 

with time for up to 10 days, clearly showing the excellent sustained release ability of 

the GO@peptide composites. 

 

3.4. Construction of Antibacterial LBL Films by Using the GO@G(IIKK)4I-NH2 

Composites as Assembling Units 

LBL is a simple and efficient method to fabricate functional surface coatings. 

However, it usually requires polyelectrolytes or building blocks with massive charges. 

G(IIKK)4I-NH2 itself does not assure efficient LBL assembly due to the limited 

charge number. Here, the GO@G(IIKK)4I-NH2 composites were found to be excellent 

assembling units for LBL construction that can highly enhance the loading efficiency 

of G(IIKK)4I-NH2. The LBL films were constructed by using the 

GO@G(IIKK)4I-NH2 composites as a positively charged unit, PAA as a polyanion 

and poly β as a polycation. Free G(IIKK)4I-NH2 was also used for LBL construction 

as a control. Figure 6a shows the thickness growth profiles of the LBL films. In both 

cases the film thickness shows a linear dependence on the number of deposition cycle. 

However, the thickness of the (poly β/PAA/GO@G(IIKK)4I-NH2/PAA)n film 

increases more sharply than that of the (poly β/PAA/G(IIKK)4I-NH2/PAA)n film, 

which indicates that more components were loaded into the LBL film by using the 

composites instead of G(IIKK)4I-NH2 itself. The CD spectra of the (poly 

β/PAA/GO@G(IIKK)4I-NH2/PAA)n film exhibit typical α-helix signal with two 

negative peaks at 208 and 222 nm (Figure 6b). The absolute peak intensity at 222 nm 
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also gives a linear dependence on the cycle number. The results show that 

G(IIKK)4I-NH2 can be more efficiently loaded into the LBL multilayers by using 

GO@G(IIKK)4I-NH2 composites. The formation of the composites not only can 

accumulate G(IIKK)4I-NH2 on GO surface but also enhance the stability of 

G(IIKK)4I-NH2 aggregates in LBL process.  

 

The surface morphology of the (poly β/PAA/GO@G(IIKK)4I-NH2/PAA)50 film was 

characterized by both SEM and AFM and the results are shown in Figure 6c. The film 

surface has many wrinkles, which resulted from the adsorbed GO sheets. The (poly 

β/PAA/GO@G(IIKK)4I-NH2/PAA)50 multilayer shows a compact film with thickness 

of ~1.2 μm, as seen from the cross-sectional image in Figure 6d. This is a clear sign of 

the efficient LBL film construction. 

 

Figure 6. (a) The thickness growth of the (poly β/PAA/GO@G(IIKK)4I-NH2/PAA)n 

and (poly β/PAA/G(IIKK)4I-NH2/PAA)n LBL films. (b) CD spectra of the (poly 

β/PAA/GO@G(IIKK)4I-NH2/PAA)n film. The inset shows the linear dependence of 
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the absolute CD intensity at 222 nm on the deposition cycle number. (c) SEM and 

AFM morphology images of the (poly β/PAA/GO@G(IIKK)4I-NH2/PAA)50 film. (d) 

Cross-sectional SEM image of the (poly β/PAA/GO@G(IIKK)4I-NH2/PAA)50 film. 

 

The peptide release from the (poly β/PAA/GO@W(IIKK)4I-NH2/PAA)15 film was 

further investigated by incubation in buffer solution of pH 7.0 (Figure 7a). In the first 

day, the peptide release speed was slightly higher, probably involving a release burst 

due to the loosely bound peptides. In the following several days, the release amount 

showed approximately a linear increase with time, indicating successful degradation 

of the LBL film to enable the peptide escape. The release process lasted for about 7 

days and beyond that the release amount did not increase further. The results clearly 

show that the loaded peptide can be successfully released from the LBL film in a 

well-controlled manner and the release length scale can be quite large. The CD 

spectrum of the solution after incubating with a (poly β/PAA/GO@G(IIKK)4I/PAA)15 

film shows a single negative minimum at ~200 nm, indicating random coiled 

conformation (Figure 7b). The result shows that the released G(IIKK)4I-NH2 

molecules mainly present as free monomers, e.g., the functional bacteria-killing 

species. 
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Figure 7. (a) Time-dependent release profile of W(IIKK)4I-NH2 from the (poly 

β/PAA/GO@W(IIKK)4I-NH2/PAA)15 film (2 cm × 4 cm) when incubating in 20.0 mL 

of Hepes solution of pH 7.0. (b) The CD spectrum of the solution after incubation 

with a (poly β/PAA/GO@G(IIKK)4I/PAA)15 film for 12 h. (c) The MTT results 

showing the antibacterial efficiency of the LBL-released G(IIKK)4I-NH2 against 

different bacteria. Free G(IIKK)4I-NH2 was used as control. (d) Kirby-Bauer disk 

diffusion assay by recording the inhibition zones after bacterial culture at 30°C for 24 

hours. (i) bare glass slide, (ii) glass slide coated with (poly 

β/PAA/GO@G(IIKK)4I-NH2/PAA)15 film, and (iii) glass slide coated with (poly 

β/PAA/G(IIKK)4I-NH2/PAA)15 film. 

 

One crucial aspect is that whether the peptide molecules released from the LBL films 

retain their antibacterial capability. The antibacterial efficiency of the LBL-released 

G(IIKK)4I-NH2 against different bacteria was then assessed by MTT assay. The 

results show that the LBL-released G(IIKK)4I-NH2 gives MIC values of about 2.0, 
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10.5, 10.5, and 11.5 µM for the four bacteria of B. subtilis, P. aeruginosa, S. aureus, 

and E. coli, respectively, which are approximately the same as the MIC values 

obtained from free G(IIKK)4I-NH2 (Figure 7c). This clearly shows that the 

LBL-released G(IIKK)4I-NH2 molecules retain their high bacteria-killing efficiency. 

Kirby-Bauer disk diffusion assay was further performed to confirm the antibacterial 

ability of the LBL films (Figure 7d). The bare glass slide gives no antibacterial zone. 

The glass slide coated with (poly β/PAA/G(IIKK)4I-NH2/PAA)15 multilayers gives the 

antibacterial zone of about 1 mm, and the glass slide coated with the (poly 

β/PAA/GO@G(IIKK)4I-NH2/PAA)15 film produces antibacterial zone of about 3 mm. 

Clearly, the LBL film constructed with GO@G(IIKK)4I-NH2 composites gives much 

higher antibacterial efficiency. The results confirm that the loading amount of 

G(IIKK)4I-NH2 in the LBL multilayers can be greatly increased by using the 

GO@G(IIKK)4I-NH2 composites as assembling units. 

 

The advantages of the LBL systems loaded with antibacterial peptides for controlled 

release are as follows. Firstly, the loading amount of antimicrobial peptides can be 

easily tuned by varying the cycle number of the LBL process. Therefore, the 

saturation limit of the peptide release can be greatly increased if more cycles were 

applied. Secondly, the release speed of the antimicrobial peptide from the LBL film 

can be adjusted by changing the content of degradable polymer (poly β here) in the 

multilayers. Moreover, the assembly-disassembly equilibrium between peptide 

aggregates and monomers can also be used to control the release profile. 

 

4. CONCLUSIONS 

The self-assembly of G(IIKK)4I-NH2, its complexing with GO and use of the 
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GO@G(IIKK)4I-NH2 composites in the LBL assembly have been studied. 

G(IIKK)4I-NH2 molecules exist as monomers with random coiled conformation at 

lower concentrations while self-assembled into supramolecular aggregates with 

α-helix secondary structure at concentrations above the CAC. Being positively 

charged, G(IIKK)4I-NH2 can bind onto the negatively charged GO surface and form 

stable supramolecular GO@G(IIKK)4I-NH2 composites. During complex formation 

the amphiphilic nature of GO sheets induces a secondary structural transition of 

G(IIKK)4I-NH2 monomers from random coils to α-helix. The aggregate binding on 

GO surface greatly enhances the loading amount of G(IIKK)4I-NH2, which further 

enables the GO@G(IIKK)4I-NH2 composites to act as reservoirs for the sustained 

release of the active antibacterial molecules. Moreover, the GO@G(IIKK)4I-NH2 

composites work as excellent assembling units for LBL assembly, which can increase 

the loading efficiency of G(IIKK)4I-NH2 in the multilayers greatly. The LBL films 

involving degradable poly β can realize sustained release of G(IIKK)4I-NH2 for 

bacterial killing in a well-controlled manner. 

 

The present study aids the development of bulk materials or surface coatings with 

long-term antibacterial capability via sustained drug release. By probing into the 

self-assembly behavior of the antibacterial peptide G(IIKK)4I-NH2 and its 

complexation with GO, this study not only unravels the mechanistic interaction 

process but also provides potential materials for sustained release applications via the 

controlled loading and release of the small antibacterial molecules from constructing 

the LBL multilayers. Noting that graphitic carbon nitride has specific photoactivity 

and can form composites with GO,
58-59

 one interesting future research topic is to 

produce photoactive antibacterial materials by involving graphitic carbon nitride in 
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the composites. 
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Figure S1. The standard calculation curve derived by linear fitting of the absorbance 

at 280 nm of W(IIKK)4I-NH2 solutions at different concentrations. 

 

 

Figure S2. The molecular structure of poly(β-amino esters) and the 
1
H-NMR results. 
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Figure S3. (a) AFM morphology of the GO sheets. (b) Section analysis corresponding 

to the black line in image a. (c) Zeta potential distribution of the GO sheets in aqueous 

solution of 0.15 mg/mL. 

 

 

Figure S4. The Schiffer−Edmundson wheel projection of G(IIKK)4I-NH2 as drawn by 

using the online tool at http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py. 

 

http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py
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Figure S5. The loading efficiency of W(IIKK)4I-NH2 on GO at different 

W(IIKK)4I-NH2 dosing amount. At saturation 1 mg of GO can adsorb 1.70 ± 0.15 mg 

W(IIKK)4I-NH2. 

 

  

Figure S6. MS spectrum of the solution incubated with the (poly 

β/PAA/GO@W(IIKK)4I-NH2/PAA)15 film for 2 h. Since the theoretical molecular 

weight of G(IIKK)4I-NH2 ([M]) is 2117.88, the signal of 2141.26 is ascribed to 

[M+Na
+
] peak. 

 


