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Abstract. 

The development of a skin-mounted patch capable of controlled transcutaneous delivery of 

therapeutics through thermal activation provides a unique solution for the controlled release of 

active principles over long-term periods. Here, we report on a flexible transdermal patch for 

photothermal triggered release of ondansetron (ODS), a commonly used drug for the treatment 

of chemotherapy-induced nausea and vomiting and used as model compound here. To achieve 

this, a dispersion of ODS-loaded reduced graphene oxide (rGO-ODS) nanosheets were 

deposited onto Kapton to produce a flexible polyimide-based patch. It is demonstrated that ODS 

loaded Kapton/rGO patches have a high drug delivery performance upon irradiation with a 

continuous laser beam at 980 nm for 10 min due to an induced photothermal heating effect. The 

ability of ODS impregnated Kapton/rGO patches as transdermal delivery scaffolds for ODS 

across the skin is in addition investigated using porcine ear skin as a model. We show that the 

cumulative quantity and flux of ODS passing the skin are highly depending on the laser power 

density used. At 5 W cm− 2 irradiation, the ODS flux across pig skin was determined to be 

1.6 μg cm− 2 h− 1 comparable to other approaches. The use of tween 20 as skin enhancer could 

significantly increase the ODS flux to 13.2 μg cm− 2 h− 1. While the skin penetration 

enhancement is comparable to that obtained using other well-known permeation enhancers, the 

actual superiority and interest of the proposed approach is that the Kapton/rGO photoactivatable 

skin patch can be loaded with any drugs and therapeutics of interest, making the approach 

extremely versatile. The on demand delivery of drugs upon local laser irradiation and the 

Post-print 

https://doi.org/10.1016/j.jconrel.2016.11.029
https://doi.org/10.1016/j.jconrel.2016.11.029


2  

DOI: https://doi.org/10.1016/j.jconrel.2016.11.029 – Journal: Journal of Controlled Release – Post-

print 

possibility to reload the interface with the drug makes this new drug administration route very 

appealing. 

 

Graphical abstract 

 

 

1. Introduction 

Recent achievements in materials science and nanotechnology have led to the development of 

various suited materials as carriers of drugs and therapeutics [1–9]. Particularly, graphene-

based materials have gained a great deal of interest in this domain due to their high loading 

capacity [3,10–16]. For example, the loading ratio (weight ratio of loaded drug to carrier) of 

graphene oxide (GO) towards doxorubicin hydrochloride, an anticancer drug, could reach up to 

200%, much higher than that of other nanocarriers such as nanoparticles with a loading ratio 

lower than 100% [13]. 

Various external stimuli have been employed to initiate drug release from graphene-based 

matrices, including pH [13,14,17], electrical [18], electrochemical [10,11,19] and light [15,20]. 

For on-demand release of drugs with high spatial and temporal resolution, light stimulation has 

shown to be an effective approach. Such photo-controlled drug delivery systems are often based 

on light induced photoreactions, which trigger drug release from the nanocarriers [6,21,22]. In 

the case of graphene-based drug-loaded scaffolds, near-infrared (NIR) light triggered 

photothermal effects are above all used to drive the release of therapeutics [15,20,23]. The 

effectiveness of graphene as NIR-absorbing photothermal agent compared to other carbon 

allotropes is enhanced by the rapid light-to-heat conversion of reduced graphene oxide (rGO) 

under low-power NIR irradiation [24]. The readily manufacturing of NIR laser pointer devices 

and the transparency of tissue in the NIR region make such delivery approaches amendable to 

clinical settings [25]. Besides a recent report by Matteini et al., where photothermal films 

composed of dispersion of rGO nanosheets loaded with doxorubicin in chitosan scaffolds have 

been proposed as delivery systems [20], photoablation of tumors by cellular uptake of graphene-

based nanomatrices is most widely investigated [16,26]. However, photothermal active patches 

mounted on the skin, capable of controlled transcutaneous delivery of therapeutics through 

thermal activation, might provide a unique solution for the controlled release of active 

principles over long-term periods. It could thus represent a promising biomedical technology 

for the treatment of certain types of diseases such as cancer, diabetes and chronic pain. 

In this work, the development of a drug loaded transdermal skin patch, where the embedded 

therapeutics can be released at demand using a photothermal trigger is presented (Fig. 1). 
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Transdermal therapeutic systems, mostly known under the name of transdermal patches, are 

systems that deliver effective amount of drugs to the systemic circulation via the skin [27–30]. 

Compared to oral systems, they have the advantage of overcoming first-pass metabolism of 

drugs in the gut and liver, improved patient compliance and reduced side effects, and have 

proven to be of great therapeutic utility. However, there are several factors which make the 

transdermal delivery of various drugs a challenging issue. The unique structural features of the 

stratum corneum, the outermost layer of the skin, only permits lipophilic drugs with small 

molecular weight (< 500 Da) to penetrate via passive diffusion [31]. A variety of methods have 

been tested to enhance the permeability of the stratum corneum. The design of chemical 

formulations, with chemical skin enhancers such as solvents and surfactants, as well as the 

synthesis of co-drug modified therapeutics to disrupt the structure of the stratum corneum, have 

been proposed [32–34]. On the other hand, physical techniques including mechanical and 

thermal approaches have been investigated to generate micrometer disruptions in the stratum 

corneum structure. The use of microneedles filled with drugs is one of the painless strategies to 

pierce the stratum corneum and to enhance drug permeation [10,29,35]. Laser ablation-

enhanced transdermal drug delivery using wavelengths of CO2 and Er:YAG lasers at 10,600 nm 

and 2940 nm have been investigated to heat the skin to hundreds of degrees for a very short 

period of time in order to disrupt the stratum corneum structure [36,37]. Other studies have 

shown that heat can be used as an external trigger to increase skin permeability and is expected 

to enhance in addition blood vessel permeability, thus facilitating transdermal drug delivery 

[38,39]. Temperature dependent drug release through a hyperthermia effect is also one of the 

approaches used to trigger efficient drug release from graphene nanomatrices [15,20,23]. 

 

Figure 1. 

Schematic illustration of the fabrication of a flexible photoactive skin-patch 

based on ODS-loaded rGO deposited onto Kapton. 

We investigate, here, if a transdermal skin patch obtained by impregnation of rGO nanosheets 

with ondansetron (ODS) as a model drug and deposited onto a flexible polyimide-based 

interface, Kapton, can deliver therapeutics across the skin at demand using NIR photothermal 

triggering to initiate drug release from the patch (Fig. 1). NIR light causes little tissue absorption 

and minimal thermal effect, but can penetrate up to 10 cm into soft tissues [40]. ODS, a selective 
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5-HT3 receptor antagonist used in the treatment of nausea and vomiting related to cancer 

chemotherapy [41] was chosen as model drug. ODS appears to be a well suited transdermal 

agent as it has a molecular weight of 293 Da, a logP value of 2.07, and a pKA of about 7.4 

[28,42]. As passive transdermal delivery of ODS is very low, skin enhancers are normally added 

to pharmaceutical ODS formulations to enable in vitro skin permeation [43–45]. The interest in 

ODS motivated us to use this drug for the loading of the developed transdermal skin patch and 

to investigate the efficacy for ODS delivery through the skin upon NIR irradiation of the patch. 

With a pKa of 7.6, thus being positively charged at stratum corneum pH (between 4.5 and 6.8), 

it is hoped furthermore that the interaction with negatively charged cell junctions in the stratum 

corneum will result in enhanced percutaneous penetration activity. 

2. Experimental section 

2.1 Materials 

Hydrogen peroxide (H2O2), sulfuric acid (H2SO4), sodium hydroxide (NaOH), 

dimethylsulfoxide (DMSO), hydrazine hydrate, acetonitrile (CH3CN) and Tween 20 were 

purchased from Sigma-Aldrich (Darmstadt, Germany) and used as received. Ondansetron 

(ODS) and graphene oxide (GO) were purchased from Biotrend (Zurich, Switzerland) and 

Graphenea (Spain), respectively. Kapton® HN Polyimide foils with a thickness of 125 μm were 

obtained from DuPont (Circleville, OH, USA). 

2.2 Synthesis of reduced graphene oxide (rGO) 

Graphene oxide (GO) was synthesized from graphite powder by a modified Hummers' method 

[46]. 5 mg of the synthesized GO were dispersed in 1 mL of water and exfoliated through 

ultrasonication for 3 h. This aqueous suspension of GO was used as a stock suspension in 

subsequent experiments. The reduction of GO to reduced graphene oxide (rGO) was performed 

by adding hydrazine hydrate (0.50 mL, 32.1 mM) to 5 mL GO aqueous suspension 

(0.5 mg mL− 1) in a round bottom flask and heated in an oil bath at 100 °C for 24 h. During this 

time, the reduced GO gradually precipitates out of the solution. The product was isolated by 

filtration over a polyvinylidene difluoride (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 60 °C for 

6 h [47]. 

2.3. Loading of rGO with ondansetron (ODS) 

rGO (1–5 mg mL− 1) was sonicated with ondansetron (500 μg mL− 1) for 2 h under stirring. All 

samples were centrifugated at 13,500 rpm for 30 min. The concentration of ODS loaded onto 

the rGO matrix was determined using UV/Vis spectrometry (see Fig. 3A). A calibration curve 

(inset Fig. 3A) was established at 310 nm using a series of ODS solutions of different 

concentrations. The concentration of ODS remaining in the supernatant solution used for 

loading of rGO was first determined using the calibration curve. The ODS concentration in the 

patch was calculated according to equation 

     (1) 
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with [ODS]rGO = concentration of ODS on the rGO matrix (μg mL− 1) 

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

with [ODS]supernatent = concentration of ODS in supernatant (μg mL− 1) 

2.4. Preparation of Kapton/rGO-ODS flexible skin patch 

Kapton foils (10 × 10 mm2) were cleaned with acetone in an ultrasonic water bath for 30 min, 

followed with isopropanol for 10 min and then dried under a nitrogen flow. The cleaned Kapton 

foils were modified with rGO-ODS by drop-casting (100 μL) three times, followed by drying 

at room temperature for several hours. 

2.5. Characterization of the ondansetron loaded Kapton/rGO 

2.5.1. 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 (EsB detector with filter grid, 

high efficiency In-lens SE detector and Everhart-Thornley Secondary Electron Detector). 

2.5.2. 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. 

2.5.3. Zeta potential measurements 

The zeta potential was determined using dynamic light scattering principle (Malvern Zetasizer, 

NanoZS). The values of zeta potential of rGO (50 μg mL− 1) and their mixtures with ODS in 

water at various pH (4, 6, 7 and 9) were recorded. 

2.5.4. Contact angle measurements 

Water contact angles were measured using 2 μL of deionized water. A remote-computer 

controlled goniometer system (DIGIDROP by GBX, France) was used for measuring the 

contact angles. The accuracy is ± 1°. All measurements were performed in ambient atmosphere 

at room temperature. 

2.6. HPLC/UV method for quantification of ondansetron permeation through skin 

Chromatographic analyses were performed using a Waters system (Milfors, MA, USA) 

equipped with a gradient quaternary 600E metering pump, an online degasser apparatus, a 717 

plus autosampler and a 996 photodiode array detector. Data were collected and processed on a 

computer running with Empower solftware (version 2) from Waters. Separations were carried 

out on a reversed-phase Kinetex C18 (100 × 4.60 mm i.d., 2.6 μm) column (Phenomenex, Le 

Pecq, France) preceded by a guard C18 column (1 × 4.60 mm). Isocratic elution was performed 

https://doi.org/10.1016/j.jconrel.2016.11.029
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at 1 mL min− 1 with a mobile phase consisting of H2O/acetonitrile (80/20 - v/v) mixture, 

containing 0.1% formic acid. The column was thermostated at 25 °C. Samples were filtered 

through a 0.45 μm regenerated cellulose membrane prior to loading the column (injection 

volume: 20 μL). Detection was performed at 310 nm. This method permits the analysis of ODS 

in < 6 min with a linear range between 0.1 and 100 μg L− 1, according to a linear regression 

(R2 > 0.999). 

2.7. Photothermal release of ODS into solution 

Release experiments were performed into 1 mL deionized water. The skin patch was irradiated 

with a continuous mode laser (Gbox model, Fournier Medical Solution) with an output light at 

980 nm at various power densities (1–10 W cm− 2) for various time intervals (1–60 min). 

Thermal images were captured by an Infrared Camera (Thermovision A40) and treated using 

ThermaCam Researcher Pro 2.9 software. The quantity of drug released was determined by 

assessment of ondansetron concentration in the supernatant after irradiation, by UV 

spectrometry method, at 310 nm, using a calibration curve with ODS concentration ranging 

from 1 to 100 μg mL− 1. 

2.8. Skin permeation experiments 

Skin permeation studies were performed using fresh porcine ear skin purchased in a local 

slaughterhouse. After thorough rinsing the pig ear with distilled water, the cartilage and the 

adipose tissue layer were removed with the aid of a surgical scalpel. The skin was gently shaved 

and cut into 1.8 cm2 circular pieces. After measurement of its thickness using a digimatic 

micrometer (Mitutoyo, France), the skin was used immediately thereafter for diffusion 

experiments. 

ODS skin diffusion experiments were carried out using static Franz diffusion cells (SES GmbH, 

Analyse System, Bechenheim, Germany) exhibiting an effective area of 0.64 cm2. After filling 

the receptor compartment with degassed PBS (1 ×, pH 7.4), the solution was maintained at 

32 °C and stirred with a magnetic stirring bar at around 500 rpm. The porcine skin was carefully 

clamped between the donor and the receptor compartment (3.1 mL). Pre-incubation in the 

receptor compartment medium for 1 h was performed before the ODS modified skin patch was 

applied to the skin previously wetted with 100 μL of water to insure contact between the patch 

and the skin. The diffusion experiment was started and followed for 6 h. The ODS modified 

skin patch was irradiated with a continuous wave laser at 980 nm for 10 min using different 

power densities (0–10 W cm− 2), just after the patch application. At determined time intervals 

(1 h), 250 μL aliquots of diffused solution were removed from the receptor compartment and 

analysed by HPLC. After each sampling, an equal volume of fresh diffusion medium was added 

to the receptor compartment to maintain a constant volume. All experiments were performed in 

triplicates. 

The release and permeation profiles were determined by plotting the cumulative amount of 

ODS in the receptor compartment (Qexp) (Eq. (2)) against time. 

    (2) 
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with Qexp = cumulative amount of ODS diffused through the skin (μg) 

cn = concentration of ODS (μg mL− 1) determined at the nth sampling interval 

V = volume of the acceptor phase (receptor compartment) (mL) 

The ODS flux (J) was determined according to Eq. (3): 

    (3) 

with J = flux of ODS through the skin (μg cm− 2 h− 1) 

A = linear slope of the cumulative amount versus time curves in equilibrium conditions 

(μg h− 1) 

S = surface of the membrane of the Franz cell (0.64 cm2) 

2.9. Effect of surfactant Tween 20 on skin permeation of ODS 

The effect of Tween 20 on the permeation efficiency of ODS through pig skin was evaluated in 

two ways. In the first approach, Tween 20 was integrated into the rGO/ODS mixture by 

sonicating rGO (1 mg mL− 1) with ondansetron (500 μg mL− 1) and Tween 20 (500 μg mL− 1) 

for 2 h under stirring. The samples were centrifugated at 13.500 rpm for 30 min, washed with 

water and drop casted (100 μL, three times) onto cleaned Kapton foils, followed by drying at 

room temperature for several hours. 

The other experimental set up consisted in applying the ODS modified skin patch to the skin 

previously wetted with 200 μL of a mixture of water/tween 20 (85/15 w:w %). The diffusion 

experiments were performed as explained in 2.8. 

2.10. Evaluation of ODS trapped in the skin 

To estimate the amount of ODS trapped in the skin, the skin was added into water/ice mixture 

for 10 min and sonicated in the presence of ZnO2 beads (4 mm in diameter), before being 

centrifuged for 30 min at 13500 rpm using an ultracentrifuge (Mini Scan Fuge ORIGIO). The 

liquid phase was collected and filtrated through a 0.1 μm Nylon filter (Whatman Puradisc 

13 mm) and the amount of ODS determined by HPLC/UV. 

2.11. Skin staining and histology 

Immediately after the laser release studies, the porcine skin was cleaned in water, dissected and 

placed in paraformaldehyde (4% v/v) for 24 h in order to fix the tissue. The samples were 

paraffined, sectioned and stained with the Masson's trichrome dye. 

 

https://doi.org/10.1016/j.jconrel.2016.11.029
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3. Results and discussion 

3.1. Design and characteristics of rGO/Kapton flexible photoactive skin patches 

The fabrication of a flexible photoactive skin patch is based on drop-casting a suspension of 

drug-loaded rGO onto 1 cm2 large films of poly (4,4′-oxydiphenylene-pyromellitimide), 

registered under the name Kapton (Fig. 1). 

The choice of Kapton as a patch material is based on some of its interesting physico-chemical 

properties. Highly aromatic polyimide resins such as Kapton have high thermal stability 

(> 300 °C), a high glass transition temperature (Tg > 200 °C), proven chemical resistance as 

well as excellent flexibility and adhesive properties [48–50]. The optical absorption of GO, 

rGO, rGO/Kapton is depicted in Fig. 2A. The absorbance intensity at 980 nm was found to be 

boosted in the Kapton film. The SEM image of a rGO/Kapton matrix (Fig. 2B) shows that the 

entire interface is coated with a thin film of wrinkling paper-like structures as expected for rGO. 

The rGO/Kapton patches are stable in air for several months. 

 

Figure 2. 

(A) UV/Vis absorption spectra of an aqueous solution of GO (2 mg mL− 1, 

green), quartz interfaces coated with rGO thin films by drop-casting (2 

mg mL− 1, three times, grey), Kapton film (red) and Kapton coated by 

drop casting with rGO (2 mg mL− 1, three times black) (2 mg mL− 1); 

(B) SEM image of rGO loaded Kapton patch; (C) Comparison of 

photothermal heating capacity of glass (grey), Kapton (red), glass/rGO 

(blue) and Kapton/rGO (black) of water under NIR illumination (980 nm) 

for 10 min at 4 W cm− 2 together with final temperature in form of a bar 

diagram. 
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3.2. Photothermal properties of the skin patch 

As the aim of the work is the development of a skin patch that can be activated by a continuous-

wave NIR to provide on-demand drug delivery over an extended period of time due to an 

induced temperature change, the photothermal heating ability of the patch was determined. The 

use of NIR light in the range of 700–1100 nm is necessary, as the absorption of NIR photons 

of the skin is minimal in this spectral region. The wavelength of 980 nm is widely used in the 

construction of biomedical lasers and thus was used throughout the work. While this 

wavelength falls within the vibration onset of water molecules with consequently higher 

absorption cross section, absorption by water molecules at 980 nm is not causing problems in 

most cases [51,52], and might be beneficial for the photothermal delivery across the skin. One 

of the main advantages using 980 nm excitation rather than 810 nm is associated with deeper 

tissue penetration and a low level degradation of biomolecules and cellular photo-damage. The 

photothermal heating ability of Kapton, and rGO/Kapton was determined under NIR irradiation 

(Fig. 2C). Even though Kapton has a strong absorption at 980 nm, it shows no photothermal 

heating ability even under high laser power irradiation of 4 W cm− 2. Upon coating with rGO, 

temperatures up to 88 °C are reached within 10 min. To evaluate if Kapton has any synergistic 

effect on the final temperature, the photothermal heating curves of glass and glass modified by 

drop casting with rGO are recorded (Fig. 2C). Glass alone does not heat as expected. The 

glass/rGO interface exhibits a somewhat smaller final solution temperature of 81 °C compared 

to the 88 °C achieved using rGO/Kapton, indicating a rather small impact of Kapton on the 

photothermal properties of the patch. 

3.3. Loading of skin patch with ondansetron (ODS) 

ODS was integrated into rGO by sonicating a suspension of rGO (1–5 mg mL− 1) in water 

(pH 7) with 500 μg mL− 1 of ODS for 4 h. The loading mechanism is believed to occur through 

π-π stacking and/or charge interactions between rGO and the positively charged pyridine 

network of ODS, although other contributions such hydrogen bonding and/or van der Waals 

interactions cannot be excluded. The loading capacity of rGO for ODS was evaluated by 

measuring the concentration of ODS in solution before and after loading using UV/Vis 

spectrometric measurements at 310 nm. At this wavelength, ODS displays a well-defined 

absorption band which scales linearly with its concentration in solution (Fig. 3A). As can be 

seen from Fig. 3B, ODS loading increased upon increasing the ratio of [rGO]/[ODS]. A loading 

efficiency of 98% was reached for a rGO/ODS ratio of 4 (Fig. 3C). Further increase of the 

[rGO]/[ODS] ratio to 6 did not result in any increase of ODS loading at pH 7. The loading 

capacity of rGO was found to be pH dependent, with higher ODS loading at pH ≥ 7 (Fig. 3D). 

With a pKa of 7.6, under pH 7.6 ODS is mainly in a cationic form (99.97%, 97.5% and 80% at 

pH 4, 6 and 7, respectively) whereas at pH 9 it is mainly neutral (96.2%). As π-π stacking 

interactions are pH independent, the higher ODS loading under basic conditions might be due 

to a better solubility of ODS. 
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Figure 3 

ODS loading on the skin patch:  

(A) UV/Vis spectrum of ODS solution (inset: calibration curve;  

(B) ODS (500 μg mL− 1) loading capacity of rGO as a function of rGO content 

at pH 7;  

(C) ODS loading efficiency;  

(D) Influence of pH on ODS loading (500 μg mL− 1) onto rGO (2 mg mL− 1);  

(E) Photothermal heating curves of water using a Kapton/rGO patch under 

NIR illumination (980 nm) at different laser power densities using a 

continuous wave laser;  

(F) Change in water solution temperature (1 mL) during illumination of 

Kapton-rGO patch at 980 nm for 10 min as a function of laser power 

density. 

The photothermal heating curves as a function of laser power of a patch formed by drop-casting 

a rGO-ODS (ratio of 4) onto Kapton are seen in Fig. 3E, F. The presence of ODS does not 

impact the solution temperature as the same temperatures were reached at 4 W cm− 2 for 

Kapton/rGO-ODS (Fig. 3E) and Kapton/rGO (Fig. 2C). Depending on the laser power density 

used, the solution temperature can be tuned between 20 and 155 °C. This wide temperature 

range achieved allows investigation of the effect of temperature on skin disruption and on drug 

delivery. In the case of laser ablation-enhanced transdermal drug delivery, the skin gets heated 
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to hundreds of degrees for very short time periods (μs-ms), which perforates or removes the 

stratum corneum (SC): temperatures between 100 and 150 °C results in disordering of the SC 

lipid structures; temperatures between 150 and 200 °C disrupt the SC keratin network 

structures, while temperatures above 300 °C result in a decomposition and vaporization of 

keratin to create micropores in the SC, which leads to increased skin permeability [53]. Pulsed 

CO2 and Er:YAG lasers are required, because their emitting mid-infrared wavelength matches 

the absorption wavelength of water molecules, resulting in strong light absorption and skin 

heating [36,54]. NIR light alone, as used here, is however not sufficient to remove the stratum 

corneum. 

3.4. Release of ondansetron (ODS) from ODS Kapton/rGO patches 

Before determining the amount of ODS released during photothemal activation, the long term 

stability of the ODS loaded Kapton/rGO patch was established. Around 5 ± 2% of ODS desorbs 

from the patch after 1 day immersion in a solution of pH 7, indicating a stable interface over 

time. Fig. 4A displays the amount of photochemically released ODS upon illumination of the 

patch at 980 nm for 10 min with a continuous laser at different laser powers. The proportion of 

ODS released increases with increasing the laser power density. At 0.7 W cm− 1, only a small 

fraction of ODS was released. A temperature of 50 °C (Fig. 3F) seems not sufficient to change 

the affinity between ODS and rGO. At a laser power of 3 W cm− 1, corresponding to 89 °C, the 

ODS proportion released after 10 min reached a maximal value. Despite increasing the laser 

power density to 10 W cm− 1 did not increase further ODS release (Fig. 4A). An important 

feature of the patch is its reusability. Reloading of ODS onto the patch after photothermal 

release could be performed with the same efficiency for at least 6 cycles (Fig. 4B), making the 

patch of particular interest for the development of on-demand delivery platforms. The ODS 

loaded patch also provides sustained drug release upon NIR trigger. Fig. 4C exhibits the total 

amount of ODS released from the patch over 9 days when activated once a day for 10 min by 

laser illumination at 980 nm (3 W cm− 2). While in the first day 15% (75 μg mL− 1), on the 

second day 14% (70 μg mL− 1) and the third day 10% (50 μg mL− 1) of ODS were released from 

the matrix, thereafter the amount is kept constant at 8.8% (44 μg mL− 1). This experiment 

demonstrates that the photoactivated Kapton/rGO interface facilitates the release of multiple 

drug doses at demand using the same patch, without being recharged. Under the chosen 

conditions the patch can be indeed used for a least a week safely. 
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Figure 4. 

ODS release:  

(A) Concentration of photothermally released ODS into water (pH 7) from 

Kapton/rGO patch (formed by mixing 500 μg mL− 1 ODS with 1 mg mL− 1 

rGO) using a continous wave laser at 980 nm, 0.7–10 W cm− 2 with 

illumination time of 10 min;  

(B) Reloading (at pH 7 with 500 μg mL− 1) and release of ODS (980 nm, 

10 min, 3 W cm− 2) from patch for 6 cycles;  

(C) Cumulative fractional release of ODS over 9 days upon activation once a 

day for 10 min (980 nm, 3 W cm− 2); (D) Concentration of photothermally 

released ODS into water (pH 7) from Kapton/rGO patch upon pulsed light 

irradiation at 980 nm and 3 W cm− 2. 

It has been previously demonstrated that photo-thermal ablation using pulsed rather than 

continuous laser light produces instant heating, which ceases at the end of each light pulse, 

resulting in much less temperature increase in the skin and favorable release [55]. In addition, 

the release profile of ODS under laser pulses of 100 ms, with a dead time of 500 ms, has been 

examined (Fig. 4D). Under laser light pulses activation, only a fraction of ODS was released 

when compared to that under continuous illumination (Fig. 4A). As the temperatures obtained 

using pulsed illumination were much lower than those under continuous one, it seems that the 

temperature plays a major role in the release. 

3.5. Transdermal ODS delivery through pig skin 

To determine the impact of NIR laser irradiation on the skin penetration ability and profile of 

ODS from Kapton/rGO-ODS patch reservoir, the transdermal flux of ODS through skin was 

investigated using a Franz diffusion cells set-up. Skin permeation studies were performed using 
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porcine ear skin since its stratum corneum is very similar to that of human stratum corneum[56]. 

The thickness of the skin was determined as being 1.6 ± 0.4 mm. As dry skin provides a 

significant barrier to drug diffusion, the pig skin was wetted before the deposition of the 

Kapton/rGO patch. The Kapton/rGO-ODS patch was irradiated for 10 min at 980 nm at 

different laser power densities between 0 and 10 W cm− 2 and the passage of ODS through the 

skin was followed over 6 h and quantified using HPLC/UV (see SI Fig. S1) where a linear 

relationship between peak area and ODS concentration between 0.1 and 10 μg mL− 1 is 

obtained, with a limit of detection of 0.1 μg mL− 1. 

As can be seen from Fig. 5A, no passive transdermal diffusion of ODS was observed. This was 

validated both by depositing (1) ODS loaded Kapton/rGO patches onto the pig skin without 

laser stimulation or (2) when 200 μL of an ODS solution (100 μg mL− 1) were deposited on the 

skin. This is in line with reported data by others [43,44]. 

 

Figure 5 

(A) In vitro permeation profiles of ODS (cumulative amount permeated vs 

time) through porcine skin from Kapton/rGO-ODS patches formed by mixing 

500 μg mL− 1 ODS with 1 mg mL− 1 rGO upon light irradiation for 10 min 

using a continuous wave laser at 980 nm at different laser power densities; 

(0.7–10 W cm− 2);  

(B) Flux of ODS determined from panel A;  

(CD) Photographs of pig skin before and after laser irradiation at 5 and 

10 W cm− 2 for 10 min. 

In vitro release profiles of ODS upon laser irradiation indicate a laser power density correlated 

with increase in the quantity of ODS crossing the skin (Fig. 5A). After a lag time of about 1 h, 

transdermal ODS delivery is observed when laser power densities of 2 and 5 W cm− 2 were 
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used, with a more efficient penetration of ODS at the higher laser power density. While a 

constant increase of ODS permeation is seen in the case of 2 W cm− 2, in the case of 5 W cm− 2 

ODS penetration is more effective in the first 3 h, then stagnates with a reuptake at longer 

penetration times. 

This enhancement is correlated to the temperature increase at the vicinity of the skin from 34 °C 

(0.7 W cm− 2) to 41 °C (2 W cm− 2) and finally 60 °C (5 W cm− 2). Indeed, controlled heat 

application can significantly enhance local skin perfusion and drug uptake from patches with 

correlate with an increased ODS transdermal delivery [57]. Surprisingly, application of a laser 

power density of 10 W cm− 2, which leads to even higher local temperature of ≈ 89 °C, shows 

no ODS passage over time. Such temperatures should result in a disorder of the lipid structures 

of the stratum corneum and probably in the disruption of the keratin network structures of 

stratum corneum, promoting drug penetration through the skin [36]. Different to laser ablation, 

in our case, the heat pulse is longer and heat propagation deeper into the tissue is expected, 

which might prevent ODS penetration, once damaged. Fig. 5C shows photographic images of 

the pig skin before and after laser irradiation at 5 and 10 W cm− 2. It can be noticed, that while 

no significant burns are seen until laser power densities of 5 W cm− 2, the pig skin was strongly 

burned at 10 W cm− 2. 

The results of the laser irradiation of ODS Kapton/rGO patches using power densities of 

5 W cm− 2 were thus investigated in more details. To determine if the rest of the ODS, which 

has not passed the skin, is retained in the skin rather than passed through, the amount of skin 

trapped ODS left was determined. Indeed, from the 495 μg ODS initially loaded on the 

Kapton/rGO patch, after 6 h, 70 ± 10 μg was found to be trapped in the skin. In total, 79.6 μg 

ODS (16%) has thus has been released from the skin patch upon illumination at 5 W cm− 2, 

which is in accordance with results obtained in water (Fig. 4B). 

From Fig. 5A, the ODS flux (J) across pig skin at 5 W cm− 2 irradiation was determined to be 

J = 3.1 μg cm− 2 h− 1 for the first 3 h and then to decrease to J = 1.6 μg cm− 2 h− 1 thereafter (Fig. 

5B). These values are comparable to that reported by Mashru et al. at pH 7.4 with an ODS flux 

of J = 2.52 μg cm− 2 h− 1[58]. The results are also in line with the permeation parameters of ODS 

through exercised hairless mouse skin with a flux of J = 4.04 μg cm− 2 h− 1 reported by Gwak et 

al. using binary diethylene glycol monoethyl ether (DGME)/propylene glycol manocaprylate 

(PGMC) vehicles with a DGME/PGMC ratio of 1/100 [45]. 

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 transdermal delivery system, about 10–20 mg a 

day should be delivered via the skin into the blood circulation, i.e. 2.5–5 mg each 6 h [45]. 

Considering that a 25 cm2 patch could be used, an ODS delivery of about 480 μg every 6 h can 

be reached, which would necessitate currently the use of several patches. 

3.6. Histological analysis of laser-irradiated pig skin 

The impact of the laser-irradiation on the skin structure was in addition taken into account by 

performing some histological investigations immediately after the laser activation experiments. 

Masson's trichrome dye was used for staining as it is commonly used in order to distinguish 

cells from a specific tissue from cells of other connective tissues by distinguishable colorations 

of each tissue. Using this dye, keratin and muscle fibers are colored red, collagen and bone blue 
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or green, cytoplasm red or pink, and cell nuclei are brown to black. As can be seen in Fig. 6, no 

significant histological changes were observed up to a laser power density of 2 W cm− 2. In the 

case of 5 W cm− 2, which resulted in a large enhanced ODS permeation, modification of the 

skin epidermis structure is noticed. A total disruption of the stratum corneum is observed, which 

is in line with the possibility of transdermal ODS delivery. The collagen cell structure changes 

to a keratin like (scar tissue). 

 

Figure 6 

Representative photographes and histology of pig ear skin after treatment 

with different laser power densities at 980 nm for 10 min. Scale 

bar = 0.5 mm.; the black spots on the skin are due to rGO. 

3.7. Effect of addition of penetration enhancer on the ODS flux 

The addition of penetration enhancers to transdermal delivery systems is known to improve 

drug penetration through the skin either by altering the skin barrier or by modifying the 

thermodynamic activity of penetrates [32]. We opted for the use of surfactant Tween 20, a 

known efficient skin enhancer used for ODS transdermal delivery [44]. Fig. 7A shows the in 

vitro permeation profiles of ODS through porcine skin using either a skin patch where Tween 

20 had been integrated into the rGO/ODs formulation and when the porcine skin was simply 

wetted with 200 μL of a solution of Tween 20 (15 wt.% in water) before the Kapton/rGO-ODS 

patch was placed onto the skin. Integration of Tween 20 into the skin patch (Kapton/rGO-ODS-

tween 20) results in about 2.8 times higher permeated ODS, with an ODS flux of 

4.49 μg cm− 2 h− 1. However, the ODS flux was significantly enhanced to 

13.2 ± 1.5 μg cm− 2 h− 1 when Tween 20 was directly deposited onto the pig skin and not 

integrated into the patch formulation. With a skin patch of 25 cm2 about 2 ± 0.2 mg of ODS are 

delivered every 6 h, a therapeutically correct dose. 
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Figure 7 

In vitro permeation profiles of cumulative permeated ODS through porcine 

skin upon light irradiation for 10 min using a continous wave laser at 980 nm 

at 5 W cm− 2) from Kapton/rGO-ODS (red; formed by mixing 500 μg mL− 1 

ODS with 1 mg mL− 1 rGO), Kapton/rGO-ODS-tween 20 impregnated 

patches (grey; formed by mixing 500 μg mL− 1 ODS with 500 μg mL− 1 tween 

20 and 1 mg mL− 1 rGO) and from Kapton/rGO-ODS by wetting the skin with 

tween 20 (200 μL, 15 wt.% in water); (B) Flux of ODS determined. 

4. Conclusion 

In summary, we have developed a new strategy for the transdermal delivery of drugs using a 

composite patch based on Kapton modified with reduced graphene oxide (rGO). Ondansetron 

(ODS), a common drug to limit chemotherapy induced nausea and vomiting was used as a 

model drug to validate the concept. While ODS has a very good oral bioavailability, good water 

solubility and low molecular weight, its low permeability does not allow passive transdermal 

delivery. We could show that the use of ODS loaded Kapton/rGO patch upon laser-irradiation 

at 980 nm for 10 min results in an enhanced skin penetration without the use of permeation 

enhancers. The release strategy is based on a photothermally induced temperature increase, 

which modulates the affinity of ODS to rGO, and results in a controlled ODS release from the 

patch. Using porcine ear skin as a model the cumulative quantity of ODS passing the skin and 

the ODS flux are highly dependent on the laser power density used. At 5 W cm− 2 irradiation, 

the ODS flux across pig skin was determined to be 1.6 μg cm− 2 h− 1. The transdermal ODS dose 

delivered is smaller than the expected dose necessary for a therapeutic effect. However, the 

ODS flux could be increased to 13.2 μg cm− 2 h− 1 when Tween 20 was used for skin wetting. 

With a skin patch of 25 cm2, a delivery of about 2 mg every 6 h [45] can thus be reached. 

These results showing the potential of photothermal transdermal delivery using appropriate skin 

patches are encouraging and might open up new avenues for the development of NIR assisted 

transdermal delivery of different drugs using photothermal nanostructures. An intrinsic 

advantage for the proposed approach is that rGO is not delivered at the same time as the drug 

under consideration, minimizing regulatory issues as well as safety and toxicity issues. The 

fabrication costs of these skin patches are low as rGO can be produced on large scale 

industrially and as only small quantities of rGO (1 mg/mL) is needed for the fabrication of a 

patch. Furthermore, these patches can be easily recharged with ODS or any drug of interest by 
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simple immersing Kapton/rGO into the respective solution. We believe that all these criteria 

make this photoactivable patch at demand an interesting alternative to other ODS formulations. 
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