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On demand electrochemical release of drugs from porous reduced graphene oxide modified flexible electrodes

Despite the advantages of an electrochemical control for drug release, only a handful of electrochemical-based release systems have been developed so far. We report herein on the development of an electrochemically activatable platform for on-demand delivery of drugs. It is based on flexible gold thin film electrodes coated with porous reduced graphene oxide (prGO) nanosheets onto which the drug of interest has been integrated beforehand. Two different drugs are investigated here: ondansetron hydrochloride (ODS), a selective 5-HT3 receptor antagonist used for preventing nausea and vomiting caused by chemotherapy and radiotherapy, and ampicillin (AMP), an antibiotic to prevent and treat a number of bacterial infections such as respiratory tract infections, urinary tract infections, and meningitis. In the case of ODS, application of a negative potential bias of -0.8 V results in a sustained slow ODS release with an ODS flux of 47 μg cm-2 h-1. In the case of AMP, we show that polyethyleneimine modified prGO (prGO/PEI) is an extremely efficient matrix. Upon the application of +0.8 V, 24% of AMP could be released from the electrical interface in a time span of 2 h. The released AMP kept its antibacterial activity as demonstrated by antimicrobial tests. These examples illustrate the major benefits of the developed approach for biomedical applications.

Introduction

The development of a general platform for efficient on-demand delivery of a variety of drugs remains an unachieved task. While a large variety of stimuli carriers for drug delivery at the nano and microscale have been designed and tested, for each drug, special formulations have to be designed taking into Post-print DOI: 10.1039/C7TB00687J -Journal: J. Mater. Chem. B -Post-print consideration the physico-chemical properties of the therapeutics. The development of a loading matrix allowing the integration of a variety of active principles would consequently be of high interest. Considerable efforts have been directed in recent years towards the use of porous structures as drug loading matrices due to their high surface area, tunable pore size and well-defined surface architectures. [1][2][3][4][5] Porous graphene based nanostructures, such as porous reduced graphene oxide (prGO), withstand high mechanical strength and also show superior electrochemical properties when compared with rGO. 6,7 While prGO architectures have been widely used for the fabrication of high-performance energy storage devices [8][9][10][11] and for sensing, 7,12 their benefits for the loading and release of drugs have not been focused upon yet. As the resident porosity increases the specific surface area, higher drug loading is expected to be achieved on such nanostructured materials.

In this work, we demonstrate the use of porous reduced graphene oxide (prGO) for drug loading. Electrochemical stimulate has become a particularly appealing method for the on demand delivery of therapeutics [13][14][15][16][17][18] and will be used here as a release strategy. Undoubtedly, prGO nanostructures are ideal platforms for the loading and electrochemically triggered release of drugs. Their high surface area together with an abundance of localized π-electrons at the surface of the nanosheets enables π-π interactions with the aromatic part of drugs, allowing high loading capacitance; and the conducting properties make them ideal for electrochemical applications. Drop-casting a drug loaded prGO matrix onto electrodes made of gold coated Kapton (K/Au) (Fig. 1) results in flexible interfaces, which can be electrochemically addressed. Indeed, despite all the advantages that electrochemistry offers, such as low-cost, excellent control over applied potential or current, miniaturization etc., only a handful of electrochemical-based release systems have been shown to release drugs of therapeutic relevant concentrations. Two different drugs were tested for loading onto prGO and subsequent electrochemical release: ondansetron (ODS) and ampicillin (AMP). ODS, a serotonin subtype 3 (5-HT3) receptor antagonist, is commonly used in the treatment of chemotherapy-induced nausea vomiting. Chemotherapy-induced nausea vomiting is, next to others, one of the most painful side effects DOI: 10.1039/C7TB00687J -Journal: J. Mater. Chem. B -Post-print of chemotherapy, causing significant discomfort and anxiety. A study by Rogers and Blackburn shows that about 70% of patients receiving chemotherapy will experience high nausea levels and are inclined to give up treatment. 19 Even though ODS is validated as a good candidate for patients receiving highly emetogenic agents, its use has been limited in people having difficulties in swallowing after chemotherapy. Besides oral delivery, numerous alternative delivery systems have been investigated, including transdermal [20][21][22][23][24] and nasal administration. 25 We have recently developed a flexible transdermal patch for the photothermal triggered release of ODS. We have demonstrated that these ODS loaded patches have a high drug delivery performance upon irradiation with a continuous laser beam at 980 nm due to an induced photothermal heating effect. 24 The other drug investigated is the antibiotic AMP, as treatment of bacterial infections is still one of the most challenging tasks in the biomedical field. With the overuse of antibiotics and the resulting growing number of multidrug-resistant bacteria, the development of on demand antibiotic delivery systems is a practical strategy for reducing the generation of antibiotic resistance and increasing the lifespan of newly developed antibiotics. [26][27][28] Biodegradable polymers have been considered and investigated for the past decade as antibiotic delivery carriers for the local treatment of infections. 26,[29][30][31] In these systems, matrix degradation and erosion result in the release of encaged antibiotics with often low antibiotic release rates. We show here not only that a polyethyleneimine (PEI) modified prGO matrix has excellent loading capacity for AMP, but most importantly that upon application of +0.8 V, AMP release up to 24% can be reached in only 2 h. More importantly, the fact that the electrochemically released antibiotic did not lose its activity for the destruction of pathogens was in addition validated by studying the bacterial viability of E. coli pathogens.

Experimental section

Materials

Ondansetron (ODS) hydrochloride, hydrogen peroxide (H2O2), sodium hydroxide (NaOH), hydrazine monohydrate, potassium hexacyanoferrate(II) (K4Fe(CN)6), and branched polyethyleneimine (PEI, Mw ∼ 25 000) were purchased from Sigma-Aldrich (Darmstadt, Germany) and used as received.

Graphene oxide (GO) powder was purchased from Graphenea, Spain and ampicillin (AMP) from Fisher Scientific.

Kapton® HN polyimide foils with a thickness of 125 μm were obtained from DuPont (Circleville, OH, USA).

Synthesis of reduced graphene oxide (rGO)

Reduced graphene oxide (rGO) was prepared from a GO precursor using hydrazine reduction. Briefly, to 5 mL GO aqueous suspension (0.5 mg mL -1 ) was added hydrazine hydrate (0.50 mL, 32.1 mM) and heated in an oil bath at 100 °C for 24 h over which the reduced GO gradually precipitated out of the solution. The product was isolated by filtration over a PVDF membrane with a 0.45 μm pore size, washed copiously with water (5 × 20 mL) and methanol (5 × 20 mL) and dried in an oven at 100 °C overnight. The synthesis of prGO was based on previous work by some of us. 32 rGO powder (100 mg) was dispersed in H2O2 (100 mL; 30%), ultrasonicated for 30 min and the mixture was refluxed for 12 h at 60 °C. The obtained solution was filtered and the recovered prGO powder was dialysed to remove H2O2 and to separate it from small sized graphene quantum dots.

Synthesis of porous

Loading of rGO or prGO with drugs

2.4.1. Ondansetron (ODS). rGO or prGO (0.5-1 mg mL -1 ) was sonicated with ondansetron (500 μg mL -1 ) for 2 h while stirring. All samples were centrifuged at 13500 rpm for 30 min. The concentration of ODS loaded onto the rGO or prGO matrix was determined using UV/vis spectroscopy at 312 nm.

2.4.2. Ampicillin (AMP). prGO and prGO/PEI matrices were loaded with ampicillin (AMP) by mixing them with 10 μL of AMP solution (10 mg mL -1 ) and stirring the suspensions for 2 h at room temperature. The prGO/PEI matrix was obtained first by mixing the two substances at a volume ratio of 1/1 (0.1-1 mg mL -1 ) and stirring for 30 min at room temperature. All samples were centrifuged at 13500 rpm for 30 min. The concentration of AMP loaded onto the prGO/PEI matrix was determined using HPLC analysis.

Modification of gold coated Kapton foils with rGO/ODS, prGO/ODS, prGO/AMP or prGO/PEI/AMP

Kapton foils (10 × 10 mm 2 ) were first cleaned with acetone in an ultrasonic water bath for 30 min, followed with isopropanol for 10 min and then dried under a nitrogen flow. Gold coated Kapton films were prepared by thermal evaporation of 5 nm of titanium and 50 nm of gold onto cleaned Kapton interfaces. Titanium was used as an adhesion layer between the gold surface and Kapton. Drop-casting of rGO/ODS, prGO/ODS, prGO/AMP or prGO/PEI/AMP onto Kapton/Au (three times) resulted in the K/Au-rGO/ODS, K/Au-prGO/ODS, K/Au-prGO/AMP and K/Au-prGO/PEI/AMP flexible electrodes used in this work.

Instrumentation

2.6.1 Scanning electron microscopy (SEM). SEM images were obtained using an electron microscope ULTRA 55 (Zeiss, France) equipped with a thermal field emission emitter and three different detectors (an EsB detector with a filter grid, a high efficiency In-lens SE detector and an Everhart-Thornley Secondary Electron Detector).

Transmission electron microscopy (TEM)

. High resolution transmission electron microscopy (HR-TEM) analysis of the prepared samples was carried out using a FEI, TECNAI G2 F20 instrument operated at an accelerated voltage of 300 kV (Cs = 0.6 mm, resolution 1.7 Å). For the TEM analysis the sample was prepared by drop coating 10 μL of the dispersed solution of 1 mg material in 5 mL isopropyl alcohol over carbon coated 200 mesh Cu grids. The catalyst drop coated Cu grid was dried and the prepared sample was used for imaging purposes.

2.6.3 UV/Vis measurements. Absorption spectra were recorded using a Perkin Elmer Lambda UV-Vis 950 spectrophotometer in a 1 cm quartz cuvette. The wavelength range was 200-1100 nm.

2.6.4 Zeta-potential measurements. Zeta-potential measurements were performed using a Zeta-sizer Nano-ZS (Malvern Instruments Inc. Worcestershire, UK). Samples were diluted to 10 μg mL -1 and measured in Milli-Q water at a pH of 7.0.

2.6.5 Electrochemical measurements. Electrochemical measurements were performed with a potentiostat/galvanostat (Autolab, The Netherlands). A conventional three-electrode configuration was employed using a silver wire, a platinum mesh as a reference and an auxiliary electrode, respectively. The concentration of ODS loaded onto rGO or prGO films and released from the K/Au-rGO/ODS or K/Au-prGO/ODS electrodes was determined using UV-vis spectroscopy. First a calibration curve of a series of ODS solutions of different concentrations was established. In the case of determination of ODS loaded onto rGO or prGO, the concentration of ODS remaining in the supernatant solution used for loading was measured, allowing the determination of the ODS concentration in rGO or prGO film according to:

UV method for quantification of ODS

[ODS]G = [ODS]initial -[ODS]supernatant
with [ODS]G = concentration of ODS on the rGO or prGO matrix (μg mL -1 )

with [ODS]initial = initial concentration of ODS in solution (500 μg mL -1 )

with [ODS]supernatant = concentration of ODS in the supernatant (μg mL -1 )

In the case of release, the concentration of ODS in the electrolyte solution was determined directly using UV/Vis spectroscopy.

High-performance liquid chromatography (HPLC) for quantification of AMP loading

The concentration of AMP loaded onto prGO/PEI was determined using an HPLC system (Shimadzu, Tokyo, Japan) equipped with a 5 μm C4 QS Uptisphere® 300 Å, 250 mm × 4.6 mm column (Interchim, Montluçon, France) heated to 40 °C. The mobile phase consisted of a mixture of eluent A (trifluoroacetic acid 0.1% in water) and eluent B (trifluoroacetic acid 0.1% in acetonitrile) at a flow rate of 1 mL min -1 . The samples were injected at a volume of 40 μL and the detection wavelength was 227 nm. First a calibration curve of a series of AMP solutions of different concentrations was generated. The concentration of AMP remaining in the supernatant solution used for loading was measured, allowing the determination of the AMP concentration in the prGO/PEI film as described for ODS.

Electrochemical release

2.9.1. Ondansetron (ODS). Release experiments were performed in 1 mL PBS (0.1 M, pH 7.4). The quantity of ODS released into the electrolyte solution was determined by UV-vis spectroscopy at 312 nm, using a calibration curve with an ODS concentration ranging from 1 to 60 μg mL -1 .

2.9.2. Ampicillin (AMP). Release experiments were performed in 1 mL PBS (0.1 M, pH 7.4). The quantity of AMP released into the electrolyte solution was determined by UV-Vis analysis (see the ESI, † Fig. S1A), using a calibration curve with an AMP concentration ranging from 5 to 100 μg mL -1 (see the ESI, † Fig. S2, y (area) = 1.11 + 0.589 × [AMP] (μg mL -1 , R = 0.999)).

Bacterial growth conditions

A single C43 (DE3) E. coli colony from an LB agar plate was inoculated overnight in Luria Bertani (LB) broth at 37 °C with moderate shaking (180 rpm). Upon 50-fold dilution, incubation was prolonged until OD600 had reached 0.6-1.

Bacteria cell viability

Following electrochemical release of AMP, survival of the bacteria was measured by determining the titer of viable bacteria able to grow. A 10-fold dilution series of the bacterial solutions in phosphate buffer saline was spotted in 10 μL aliquots on LB-agar medium. Visual counting of the number of colonies upon overnight incubation at 37 °C allowed reading out of the initial and final concentrations of the E. coli strain in cfu mL -1 . DOI: 10.1039/C7TB00687J -Journal: J. Mater. Chem. B -Post-print

Results and discussion

Loading of ODS onto rGO and prGO

Fig. 2A displays TEM images of hydrazine reduced graphene oxide (rGO) and the resulting rGO that was further treated with hydrogen peroxide (H2O2) at elevated temperature. The generation of oxidizing free radicals (OH˙, O˙, HO2˙) leads to the formation of an increasing number of epoxy groups on rGO, which upon hydrolysis to hydroxyl groups result in a subsequent breaking of C-C, as evidenced in the TEM images. While rGO displays transparent continuous nanosheets, uniformly distributed nanopores (4-6 nm in diameter) are observed after H2O2 treatment. Drop-casting rGO and prGO onto gold coated Kapton film (Fig. 2B) results in bendable and flexible electrical interfaces that can be easily implemented onto the human body. The choice of 4,4′-oxydiphenylene-pyromellitimide, registered under the name Kapton, was based on its high thermal stability (>300 °C) and chemical resistance, as well as excellent flexibility and adhesive properties. Fig. 2C exhibits the cyclic voltammetric responses of K/Au electrodes before and after coating with rGO or prGO using [Fe(CN)6] 3-/4-as the redox couple. Well defined electrochemical signals were observed in all three cases, with a considerable increase in redox current for K/Au coated with prGO. The increased current correlated with an increased surface area (Fig. 2D) and good electronic properties of prGO as reported previously by us. 7 Interestingly, even bending the electrode did not change the electrochemical behavior of the electrical interface. Both matrices, rGO and prGO, were loaded with ondansetron (ODS) using different weight ratios. ODS (500 μg mL -1 ) was loaded onto rGO or prGO by sonicating a suspension of the respective graphene based nanomaterial in water (pH 7.4) for 4 h. The positively charged pyridine network of ODS is believed to interact with rGO and prGO through π-π stacking and/or electrostatic interactions, although DOI: 10.1039/C7TB00687J -Journal: J. Mater. Chem. B -Post-print other contributions such as hydrogen bonding and/or van der Waals interactions cannot be excluded. UV/Vis spectroscopy was used for the quantification of the remaining ODS in solution (Fig. 3A), where a linear relationship between the absorption band at 312 nm and ODS concentration was determined between 1-60 μg mL -1 . As seen in Fig. 3B, at a rGO/ODS or prGO/ODS weight ratio of 0.5 (500 μg mL -1 rGO or prGO and 250 μg mL -1 of ODS), prGO showed a three times higher loading capacity for ODS. Using a weight ratio of prGO/ODS = 1/1, a loading efficiency of 99% was determined. The loading capacity of ODS onto prGO is pH dependent, with a higher ODS loading at a pH of ≥ 7 (Fig. 3C), most likely due to the better solubility of ODS at a more alkaline pH. The improved ODS loading on prGO prompted us to use these nanostructures for further characterization and electrochemically triggered release studies. 

Electrochemical triggered release of ODS

To evaluate the electrochemical release performance of the K/Au-prGO/ODS interface under physiological conditions (pH = 7.4), different voltage pulses were applied to the electrical interface and the amount of ODS released was determined using UV/Vis absorption spectroscopy. The cyclic voltammetry (CV) in PBS (0.1 M, pH 7.4) of a K/Au-prGO/ODS (Fig. 4A) indicates that ODS has no electrochemical activity. In comparison to K/Au, the oxygen reduction band at around -0.4 V is increased on K/Au-prGO/ODS. Before determining the amount of ODS released during electrochemical activation, the stability of the K/Au-prGO/ODS electrodes was established (Fig. 4B). Immersion of the interfaces for 6 h at a pH of 7 without the application of a potential resulted in only 2 ± 1% ODS release, indicating that passive release results in a very low amount of free ODS. Application of a negative potential of -0.8 V vs. SCE resulted in a somewhat higher amount of ODS released when compared with the application of +0.8 V vs. SCE. However, even under these conditions, a considerable amount of ODS was released from the prGO-ODS matrix. The larger drug release under negative potential bias is believed to be due to local pH and charge variations. At a potential bias of -0.8 V, reduction of DOI: 10.1039/C7TB00687J -Journal: J. Mater. Chem. B -Post-print dissolved oxygen occurs, generating OH -ions. 15 The resulting lower pH close to the electrode surface might favor the release of ODS from the prGO matrix. Indeed, release into oxygen-free solutions for 1 h results in only 3% ODS release compared with 12% in aerated solutions. Furthermore, performing ODS release into PBS solutions at a pH of 9 results in a higher ODS release overall (Fig. 4C). On the other hand, at a potential bias of +0.8 V, the positively charged interface might overcome electrostatic interaction between ODS (pKa of ∼7.4) 33 and prGO, leading to a significant release of ODS with time. Notably, passive release (no potential bias) results in a small fraction of ODS released, underlying the stability of the interface under the chosen conditions and the need of an electrochemical bias for on demand release.

Compared with the electrochemically triggered release of insulin from rGO, with up to 70% release in 30 min, the release of the smaller ODS molecule is rather slow. It is also in contrast to the recently reported photothermal release of ODS on photothermally activatable skin patches: 24 irradiation for 30 min resulted in a release of 15% ODS, while electrochemical release of ODS after 30 min was between 5 and 7%. However, while the photothermal approach resulted in a release maximum after 30 min irradiation, the release of ODS as shown here is constant over a long period of time. From Fig. 4B, the flux of ODS from the electrode into solution can be determined from the slope. After a lag time of about 1 h, the ODS flux (J) into solution is determined as 47 μg cm -2 h -1 . Such a flux is highly promising for follow up transdermal studies where ODS fluxes between 1 μg cm -2 h -1 and 4 μg cm -2 h -1 are reported. 24,25,34 Considering that the usual oral dose of ODS is between 16 and 32 mg a day and the oral bioavailability of ODS is 60%, for an effective ODS delivery system, about 10-20 mg a day should be delivered into the blood circulation, i.e. 2.5-5 mg every 6 h. 35 A K/Au-prGO/ODS electrode of 1 cm 2 delivers about 282 μg ODS in 6 h. An electrode of around 10 cm 2 in size is theoretically needed to deliver the daily amount required. What makes the architecture also of DOI: 10.1039/C7TB00687J -Journal: J. Mater. Chem. B -Post-print practical interest is that the K/Au electrode can be recharged with prGO/ODS and subsequently used for ODS release for six cycles without any loss of its performance (Fig. 4C).

Loading and release of AMP from prGO/PEI/AMP modified electrodes

Antibiotics incorporated into local delivery systems ideally demonstrate broad and sufficient efficacy as well as chemical stability. We opted here for the integration of ampicillin (AMP) into the electrochemical release matrix. AMP is part of the aminopenicillin family and the presence of the aromatic ring together with amino and carboxylic acid functions makes AMP most likely to interact with prGO through π-π stacking and/or electrostatic interactions. The preservation of the amino group upon integration into prGO is important as this function helps the drug to penetrate the outer membrane of Gram-negative bacteria. The loading capacity of prGO for AMP as determined from HPLC analysis (Fig. 5A), where a linear relationship between 5-100 μg mL -1 is observed, is however rather low (Fig. 5B). AMP has acid carboxylic groups with a pKa ≈ 4-5, being thus ionized at physiological pH. The presence of the basic amino group (pKa ≈ 9) makes AMP a zwitterion at physiological pH, as amino groups are also predominately positively ionized. As prGO has a zeta potential of -19 ± 2 mV, electrostatic repulsion might prevail in this case. We consequently loaded AMP onto prGO previously modified with polyethyleneimine (PEI) by simple stirring for 2 h at room temperature. The zeta potential of the formed prGO/PEI matrix was +41 ± 2 mV due to the presence of PEI. On these matrices, an AMP loading capacity of 100% was achieved using a prGO/AMP weight ratio of ≥2.5 (250 μg mL -1 prGO/PEI and 100 μg mL -1 of AMP) (Fig. 5B). The addition of PEI to the prGO matrix also had a positive effect on the stability of the AMP modified electrodes (Fig. 5C): while up to 60% of AMP was released from prGO/AMP, in the case of prGO/PEI/AMP only 2 ± 1% was released over a time span of 2 h. DOI: 10.1039/C7TB00687J -Journal: J. Mater. Chem. B -Post-print

The application of -0.8 V vs. SCE for 2 h to the prGO/PEI/APM modified electrical interface showed no significant AMP release as determined by UV/Vis spectroscopy (see the ESI, † Fig. S1), the amount being comparable to that of passive release (Fig. 5C). This was in contrast with ODS, where the application of -0.8 V vs. SCE resulted in a significant ODS release over time (Fig. 4B). The higher solubility of ODS under alkaline conditions, generated locally upon the application of a potential bias of -0.8 V due to the generation of OHions, is believed to be the underlying potential controlled release mechanism in the case of ODS. This does not apply to AMP. Furthermore, the high pH buffering capacity of PEI is believed to play an additional important role to limit AMP release under the application of a negative potential. On the other hand, biasing the prGO/PEI/AMP at +0.8 V vs. SCE exhibits a release of ≈24% (equivalent to 24 μg mL -1 ) over a 2 h time span (Fig. 6A). The positively charged interface seems to be favorable to zwitterions such as AMP to be detached from the electrode surface. While aminopenicillins are generally stable in the dry state, the drugs are stable only for short periods of time in solution. Following electrochemical release of AMP, survival of the bacteria was thus measured by determining the titer of viable bacteria able to grow. The minimum inhibitory concentration of AMP at which 50% of E. coli C43 isolates were inhibited was experimentally determined as MIC50 = 4.9 ± 0.5 μg mL -1 (Fig. 6B), consistent with previous reports. Fig. 6C shows the OD600 values determined after incubation of E. coli for 2 h with different AMP samples using 2 μg mL -1 AMP as a negative control (below MIC50 value) and 5 μg mL -1 AMP as a positive control (MIC50 value). In accordance with the electrochemical release profile, about 2 μg mL -1 were released in the first 15 min, below the MIC50 value, while after 1 h the critical 5 μg mL -1 AMP was released from the matrix.

Conclusion

In summary, novel porous reduced graphene oxide based electrochemical interfaces for the efficient and on-demand delivery of therapeutics have been developed. We demonstrated the adaptability of this DOI: 10.1039/C7TB00687J -Journal: J. Mater. Chem. B -Post-print approach by loading the matrix with two different drugs of therapeutic interest: ondansetron, a druglimiting chemotherapy-induced nausea and vomiting, and ampicillin, a broad-band antibiotic against Gram-positive and -negative pathogens. Biasing the electrical interface at -0.8 V resulted in a constant ODS flux of 47 μg cm -2 h -1 from the interface into the solution. To deliver the therapeutic ODS dose of 415-830 μg h -1 in the blood circulation, a 10 cm 2 large electrode would be required. While feasible to construct, such a system is rather large, and several electrodes rather than one big one should be applied in a real case therapy. The addition of skin enhancer molecules such as Tween might also be favorable for an increased ODS release over time, making the approach of higher interest for therapeutic means.

In the case of ampicillin, PEI modified prGO was found to be a better suited loading matrix, where upon application of +0.8 V, concentrations far above the minimum inhibitory concentration of AMP for E. coli could be released in a time span of 3 h. In this case, the size of the interface is already well adapted for real therapy. We believe that the approach developed in this study can be applied to any active principle/drug of interest and contribute to different biomedical therapies. Experiments on possible transdermal ODS and AMP delivery using electrochemically released ODS are currently under way. These might open up new avenues for the development of electrochemical assisted transdermal delivery of drugs on demand.

Fig. 1

 1 Fig. 1 Schematic illustration of the fabrication of flexible Kapton/Au-based interfaces modified with porous reduced graphene oxide (prGO) loaded with ondansetron (ODS), and polyethyleneimine (PEI) modified prGO loaded with ampicillin (AMP) for electrochemical triggered on demand release.
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Fig. 2 (

 2 Fig. 2 (A) Transmission electron microscopy (TEM) images of reduced graphene oxide (rGO) and porous reduced graphene oxide (prGO); (B) photographs of the K/Au flexible electrode before and after coating with prGO by drop casting; (C) cyclic voltammograms of K/Au (black), K/Au-rGO (grey) and K/Au-prGO (green) using [Fe(CN)6]3-/4-(5 mM)/PBS (0.1 M), scan rate = 50 mV s-1; (D) SEM images of K/Au-rGO and K/Au-prGO.

Fig. 3 (

 3 Fig. 3 (A) UV/Vis spectra of different concentrations of ODS and the corresponding calibration curve; (B) loading capacity of rGO (grey) and prGO (blue) with ODS (500 μg mL-1) at pH 7 upon varying the rGO/ODS and prGO/ODS ratios; (C) influence of pH on ODS loading (500 μg mL-1) (pH was adjusted by the addition of HCl and NaOH to PBS solutions).

Fig. 4 (

 4 Fig. 4 (A) Cyclic voltammograms of K/Au (black) and K/Au-prGO/ODs (green) in PBS (0.1 M, pH 7.4), scan rate = 50 mV s-1; (B) electrochemical triggered ODS release over time into PBS (0.1 M, pH 7.4) upon the application of +0.8 V (green) or -0.8 V (blue), and under passive diffusion (no potential applied); (C) amount of ODS released upon reloading K/Au with prGO/ODS several times.

Fig. 5 (

 5 Fig. 5 (A) HPLC curve of ampicillin (AMP) at different concentrations and the corresponding calibration curve; (B) loading capacity of prGO (grey) and prGO/PEI (blue) matrix with AMP (100 μg mL-1) upon varying the ratio of prGO and prGO/PEI with AMP; (C) stability of electrochemical interfaces modified by drop-casting of prGO/AMP (grey) or prGO/PEI/AMP (blue) upon immersion for 2 h into PBS (0.1 M, pH 7.4) without application of a potential (passive diffusion).

Fig. 6 (

 6 Fig. 6 (A) Electrochemical triggered AMP release from K/Au-prGO/PEI/AMP with 100 μg mL-1 incorporated AMP over time into PBS (0.1 M, pH 7.4) upon application of +0.8 V (green) or -0.8 V (blue); (B) planktonic growth of E. coli (inoculum of 1 × 108 cfu mL-1) in the absence and presence of different concentrations of AMP (0-100 μg mL-1); (C) change of OD600 at 2 h (extracted from (B)); (D) comparison of the action of free AMP (2 μg mL-1, negative control), AMP (5 μg mL-1; positive control) and electrochemically released AMP at different time intervals when incubated with E. coli (1 × 108 cfu mL-1) for 2 h.
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