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Abstract

:

A bioinspired method of communication among biodevices based on fluorescent nanoparticles is herein presented. This approach does not use electromagnetic waves but rather the exchange of chemical systems—a method known as molecular communication. The example outlined was based on the fluorescence properties of carbon dots and follows a circular economy approach as the method involves preparation from the juice of lemon waste. The synthesis is herein presented, and the fluorescence properties and diffusion coefficient are evaluated. The application of carbon dots to molecular communication was studied from a theoretical point of view by numerically solving the differential equation that governs the phenomenon. The theoretical results were used to develop a prototype molecular communication platform that enables the communication of simple messages via aqueous fluids to a fluorescence-detecting biodevice receiver.
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1. Introduction


Molecular communication (MoCo), as a general concept, refers to all the biological processes in which information is exchanged by means of molecular messengers [1], such as mRNA, ions, etc., or the chemical communication methods used by plants and animals based on pheromones or terpenes [2,3,4]. Recently, this term has been used to describe bio-inspired artificial communication systems, in which information particles (messengers) encode and transfer information between a transmitter and a receiver [5]. The predominant target application for artificial MoCo is biomedicine and cybernetics, and biological systems are the ideal environment for using information particles to connect bio-implanted devices and create networks according to the internet of things (IoT) approach [6]. A MoCo system needs three principal components to work: a transmitter, a communication medium, and a receiver. The transmitter releases small amounts of particles that propagate in a communication medium that may be liquid or gaseous. Through the communication medium, the particles reach the receiver, which is responsible for detecting and decoding the information encoded in the latter [7]. An initial and simple differentiation between MoCo systems relates to the distance travelled by the messengers between the transmitter and the receiver; MoCo can take place both at the micro or nanometric scale and through long-range communication systems, just like in natural biological systems [8,9].



The type of environment in which the signal is propagated can also generate communication differences, particularly if the propagation occurs in an open or closed system.



Open environments, like open air or aqueous pools, can be exploited for the propagation of a chemical signal, whereas confined environments, such as pipes or capillaries, are used for spontaneous diffusion of molecules or flow-driven transportation [10,11]. For this work, a prototype platform was used in which messenger transport takes place in a closed system, specifically: in a microfluidic communication channel. This prototype is schematised in Figure 1 in a way that divides the transmitter, the communication channel, and the receiver.



A system designed in this way is suitable for the creation of an artificial MoCo platform for the simple reasons that its transmitter enables generation of a chemical impulse that contains the information in its entirety, its communication channel enables the transport of the impulse, and its receiver picks up the signal and translates it into the initial message. In addition, such a system does not require much energy to generate and propagate signals, offering yet a further advantage.



Several signal modulation schemes have been suggested for use in MoCo and a further differentiation can be made based on the distinction between synchronised and non-synchronised communication. In the former, the concentration pulse of the messenger orders the encoding and decoding of messages. Upon application, the transmitter releases chemical messengers in an impulsive manner with each symbol bearing an associated and specific emission pattern. Of the numerous modulation schemes proposed in the literature, we selected the following: the on-off keying (OOK) and the concentration shift keying (CSK) [12,13,14,15,16]. With the binary scheme, in OOK modulation, the transmitter sends C1 chemical messengers for transmission of bit 1 but does not transmit a messenger when it codes bit 0. This means that the transmitter acts in apparent “on” and “off” states for the transmission of bits 1 and 0, respectively. In CSK, the transmitter releases chemical messengers C1 and C0 for the transmission of bits 1 and 0, respectively, with C1 representing the number of messengers higher than a specific threshold value and C0 the numbers lower. In this work, we exploited information nanoparticles (NPs) and used the OOK scheme in binary coding to send messages.



We have shown that the most suitable information NPs for these purposes are carbon nanoparticles (CNPs), more specifically, carbon dots (CDs) [17]. CDs, since their discovery in 2004, have aroused enormous interest not only for their optical properties but also for the simplicity with which they can be made biocompatible. CDs are generally produced whenever carbonization of a carbon source occurs. They are synthesized in the laboratory from carbon precursors of organic [18,19,20,21] or inorganic [22] nature mainly by pyrolysis or hydrothermal synthesis techniques. The simplicity with which CDs can be produced has driven recent research into biomass as a carbon source. One of the first examples of using biomass to produce carbon quantum dots is based on simple single-step hydrothermal synthesis from orange juice [23]. We present here the use of lemon juice from waste lemons for the synthesis of high-value information NPs for biomedical applications in the emerging technological field of MoCo. The motivation behind the use of citrus fruit waste stems from its abundance: citrus is the most important fruit crop in terms of value worldwide. In 2016, the Food and Agriculture Organization of the United Nations FAO (2017) estimated the world’s citrus fruit production at about 124.2 million tons, with oranges accounting for around 67 million tons. Globally, about 41 million tons of citrus fruits are industrially processed every year, mostly to produce juice [24]. However, the citrus fruit industry suffers considerably during the post-harvest phase from rot and thus reduced shelf life. Infection is by multiple fungal pathogens, including Penicillium species plures (spp)., Phytophthora spp., Alternaria spp., Colletotrichum spp., and Geothrichum spp., causing considerable losses [25,26]. The impact of these pathogens extends to the marketplace—the aesthetic quality of rot-affected fruit highly limits their sales potential. Thus, post-harvest rots have a large impact on the citrus fruit market: they reduce the shelf-life of fruit, are a limiting factor for their long-distance shipment, and impact storage and sales on vendor’s shelves. The unfortunate result is huge quantities of unsold products, which is thus a large waste problem, causing significant economic losses.



Addressing this, we have the concepts of circular economics, green economics, zero-waste societies, and green chemistry—all underpinned by the valorisation of unsold products and waste. Indeed, the concept of circular economics incorporates new innovative fields of technology and, in many cases, the recovery of obsolete technology forms part of the development of new technologies. The same can be done for the development of nanotechnologies via the recovery of valuable precursors otherwise considered waste. Indeed, we present here the transformation of a low-value (virtually zero-value) waste into a high-value nanotechnology resource in the field of biomedicine. It was not the aim of this work to contribute to this innovation in the field of MoCo; however, importantly, we demonstrate the possibility of valorising a raw waste material (lemons) in line with the concept of circular economics by providing it a second use via preparation of highly fluorescent CDs for use in fields such as biomedicine.




2. Materials and Methods


CDs were synthetized from 100 mL of neat lemon juice (named lemon-only CDs) from the unsold waste of a large-scale retail shop (which the authors thank for the donation) or by adding this to 3.3 g of branched polyethylenimine (PEI) 50 wt.% in water (Aldrich) (named lemon-PEI CDs) in a 400 mL crystallizer. The crystallizer was then placed on a heating plate at 175 °C to trigger the decomposition process. When the colour of the solution changed from lemon yellow to caramel (typically after 15–20 min), three additions of 33 mL ultrapure water were made, 10 min apart. A fourth 33 mL aliquot of water was then added, and the resulting mixture was allowed to cool to room temperature. The purification process of the CDs thus obtained was carried out in three steps. Firstly, the non-polar residues were removed by extraction with 15 mL of chloroform (Aldrich), mixing the solution of CDs with pure chloroform (Aldrich) in a separating funnel. After vigorous agitation, the organic phase was separated from the aqueous phase by exploiting the immiscibility between the two phases. This process was repeated three times, always using renewed chloroform. A dialysis purification process was then carried out to remove the smaller but aqueously soluble residues. Dialysis was carried out by placing the CDs solution inside a dialysis tube (Membra-Cel MC18 with a molecular weight cut-off of 14,000 Dalton) and placing it in a 400 mL beaker filled with ultrapure water under constant agitation. In total, the water was replaced with fresh water three times (at 1-h intervals). A final dialysis run was also carried out overnight. Finally, a cryocentrifugation step was carried out for 1 h 50 min, at 6000 rpm, and 3 °C temperature. The supernatant was collected and used for subsequent characterization and MoCo experiments.



UV–vis analysis was performed using a Jasco V-750 spectrophotometer, and fluorescence analysis was performed using a Varian Cary Eclipse fluorescence spectrophotometer. The fluorescence yield was estimated with respect to sodium fluorescein dihydrate (Aldrich), which was used as a fluorescent standard. We considered an average diameter for both lemon-PEI CDs and lemon-only CDs, which were 1.5 nm and 1.8 nm, respectively with a density of 2.23 g/cm3 (graphite density). Knowing these parameters, the weight of the individual nanoparticles was estimated. Next, we calculated the number of nanoparticles by knowing the weight of each one, and using Avogadro’s number, we found the moles of CDs. From the latter, we estimated the molar mass. The resulting estimation was a molar mass for lemon-PEI NPs of approximately 2376 g/mol, and a molar mass for lemon-only CDs of approximately 4095 g/mol. The fluorescence yield percentage was calculated considering the maximum fluorescence intensity of both CDs and sodium fluorescein, normalized for molar concentration according to Equation (1).


   %   fluorescent   yeld    =      I   Max   CDs       M  CDs          I   Max   STD       M  STD         · 100  



(1)




where,    I   Max   STD      is the maximum fluorescence intensity of the    M  STD     molar solution of sodium fluorescein, and    I   Max   CDs      is the maximum fluorescence intensity of the    M  CDs     molar solution—estimated according to the previous CD procedure. The choice of the concentration of the NP suspensions was made considering the concentration-quenching effects of the CDs [27]; thus, the concentration chosen was based on the maximum fluorescence yield. Infrared analysis was obtained using a PerkinElmer spectrometer. To carry out the characterisation using the Fourier Transform Infrared (FT-IR) technique, we first dried a small amount of CDs. We then prepared a tablet consisting of 1% nanoparticles and the remaining part of anhydrous KBr. The FT-IR spectrum was acquired over an interval of 4000 to 500 cm−1, with a wavenumber step of 0.1 cm−1. Thirty-six subsequent scans were added. Atomic force microscopy (AFM) images were obtained using a Nanoscope IIIA multimode apparatus from Digital Instruments (Santa Barbara, CA, USA) used in tapping mode in air on a silicon substrate. Tap 300 G silicon probes from Budget Sensors, with a nominal resonance frequency of 300 kHz, were employed. NMR-DOSY information was gathered using a Varian UNITY Inova 500 MHz spectrometer (1H at 499.88 MHz, 13C NMR at 125.7 MHz) equipped with a pulse field gradient module (Z axis) and a tuneable 5 mm Varian inverse detection probe (ID-PFG). Simulations of the transport process in MoCo were performed using Comsol Multyphysics software and its two interfaces “Laminar Flow” and “Transport of Diluted Species.” In the specific case, we modelled a tube 200 mm long and 0.40 mm wide; we used a flow velocity of 5.7 mm/s and a concentration of the transported substance of 10−3 mol/m3. Two diffusion coefficients (D1 and D2) whose ratio was equal to 10 were used to obtain the simulations concerning the transport of the substance under lower and higher transverse diffusion conditions. A single diffusion coefficient of 1.5 × 10−10 m2/s was used to perform the transmission of a simulated message. Further, to obtain the individual bits that make up the letters E, C, and O of the word “ECO,” the same simulation was repeated by sending the substance with a concentration of 10−3 mol/m3 to receive bit 1 and sending no substance (concentration 0 mol/m3) to receive bit 0. At the end of the iterative simulation, results were concatenated.



The MoCo platform was manufactured in-house. The transmitter was the Rheodyne 7725 6-way injection valve, which was used to inject 20 uL of particle solution into the flow. The channel consists of a Supelco teflon tube (ID 0.4 mm, OD 1.58 mm, length 200 mm, cat no 5-8702). The receiver was the fluorescence detector (Shimadzu RF535) connected to the pipe outlet. The control center consisted of a standard PC interfaced to a keythley 2611 b used as a voltmeter. Python scripts were developed for data acquisition. The microfluidic system consisted of a piston pump controlled by a stepper motor to ensure constant flow speed and a Teflon tube that connected the transmitter and the receiver. The piston pump was designed in-house and made from components purchased at RS Components and in-house printed parts made with a 3D printer (Alfawise u30 pro using PETG material). The detection of the fluorescence emitted by the nanomessengers was performed in flow by means of a detector from an in-flow fluorometer (from Shimadzu). An aqueous fluid with a viscosity of 3.5 mPa·s was used as a carrier.




3. Results


Two types of CDs were synthesised: one by using only lemon juice as a carbonaceous source (named lemon-only CDs) and the other by adding polyethyleneimine to the lemon juice (named lemon-PEI CDs). It is known that the synthesis of CDs in the presence of PEI has two positive effects on the quality of the CDs obtained [28,29]. Firstly, during the hydrothermal decomposition process, the PEI acts as an additional source of nitrogen, [30,31] although to a lesser degree than previously reported due to stability issues in the range up to 200 °C [32,33]. The result is an increase in the doping of the carbonaceous core of the CDs, improving the quantum yield [34,35]. Secondly, due to its polyimine structure, it acts as a passivating agent that functionalizes the surface of the CDs. The effect of surface passivation introduces emissive energy traps to promote recombination of electron–carbon pairs [36], resulting in a further increase in quantum yield.



The use of CDs as information NPs for MoCo requires not only unique optical properties but also adequate fluid dynamic properties to minimize information dispersal during transport. Therefore, investigation of CD dimensions is fundamental because dimensions correlate with fluid dynamic properties. In the specific case, a low size dispersion normalizes self-diffusivity effects thus minimizing chemical signal broadening during transport in the communication channel. It is known that the dispersion size of these NPs depends on the strategy of synthesis selected [37,38,39].



The AFM characterization reported in Figure 2a shows the typical distribution lemon-PEI CDs obtained with the adopted synthesis strategy. A section analysis was performed by observing the relative height of each NP in cross-sectional mode (example in Figure 2b). The histogram shows a size dispersion of about ± 0.5 nm, centered around 1.5 nm. This dimensional uniformity was obtained with a very simple and inexpensive synthesis strategy in terms of materials and solvents. Efficient synthesis derived from the combination of the use of PEI in the carbonization phase of the active components in lemon juice and from the dialysis process [40]. For lemon-only CDs, a size dispersion of about ±0.5 nm was obtained, but this was time-centered around 2 nm (Figure 2c,d). However, slightly larger particles greater than 3 nm were also detected, which were probably formed due to the absence of PEI acting as a capping agent. For a complete characterization of the NPs, an extensive analysis of optical properties was performed using IR, UV–vis, and fluorescence spectroscopy. We found that lemon-only CDs displayed the typical properties of citric-acid-derived CDs that have been widely reported in the literature (not reported here) [41,42]. Regarding lemon-PEI CDs, the FT-IR spectra, reported in Figure 3a, shows the characteristic absorption peaks for the stretching vibration of C=O at 1712 cm−1, C-N or C–O bonds at 1200 cm−1, N–H and O–H at 3370 and 3028 cm−1, and C–H or O–H bending at 1394 cm−1. In addition, several characteristic peaks of PEI for lemon-PEI CDs, such as 2940 and 2852 cm−1, related to CH2 asymmetric and symmetric stretching vibration, and 1566 cm−1 for a N–H bond, [43] could be seen. Considering the peaks of the bonds in which nitrogen is present, we could confirm N-doping and passivation with PEI. The UV–vis absorption spectrum (Figure 3b) indicated peaks at 350 and 230 nm. Specifically, the peak at deep UV is related to the π–π* transition of aromatic systems in the carbonized core of the CNPs, whereas peaks at low energies around 300 nm are related to the n–π* transition and surface functional groups, such as C=O [44,45].



In MoCo, a high fluorescence yield has a fundamental impact on the efficiency and reliability of information transmission. First, it allows for higher intensities at the receiver, thus improving the signal-to-noise ratio, reducing inter-symbol-interference effects. It enables use of lower concentrations of information NPs, therefore resulting in less consumption and, in the case of use in biological systems, less bio-impact. Figure 4a shows the photoluminescent (PL) spectra of the lemon-PEI CDs when irradiated with excitation wavelengths in the range of 250 to 400 nm. The strongest emission peak is centered at 470 nm upon excitation at 340 nm. The fluorescence map shown in Figure 4b appears as a small defined area in which the fluorescence falls within a relatively narrow window of emission wavelengths. This feature allows fluorescence to be easily distinguishable from any interferents present within the communication channel during application in MoCo. Lemon-only CDs show a broader fluorescence emission spectrum (Figure 4d) than PEI- treated CDs, although they are comparable in terms of intensity. The lemon-only CD solution typically appears “cloudy” due to the presence of suspended particulate matter, as shown in Figure 4f, which cannot be separated by centrifugation (up to 15,000 rpm) or filtration (0.2 μm of pore size).



Fluorescent NPs undergo self-quenching processes [46] that can be described by the Stern–Volmer mechanism and the following equation:


  I  (   c  d e t    )  = k  (  1 −  e  − ε  c  det d      )  ·  1  1 + K  c  d e t      



(2)




where,  ε  is the molar extinction coefficient,  d  the optical path, and  K  the S–V constant [47]. For the lemon-PEI CDs, we started from a suspension with a concentration of 5.40 g/L and then carried out the various dilutions shown on the x-axis in Figure 5a. The trend of the fluorescence followed the expected curve according with Equation (2). Fluorescence increased with dilution because of the reduction in self-quenching up to reaching a maximum. After the strong dilution takes over, fluorescence decreases. The maximum fluorescence intensity was obtained for the suspension diluted 1:4, corresponding to a concentration of 1.35 g/L. The same procedure was carried out for the lemon-only CDs, this time starting from a concentration of 7.55 g/L and obtaining the maximum fluorescence intensity for the suspension diluted 1:6 (Figure 5b), corresponding to 1.26 g/L. Quantitatively, the fluorescence yield of lemon-PEI and lemon-only CDs was compared with sodium fluorescein, used as a standard, at the dilution showing the highest fluorescence (see Figure 5) [48]. We obtained no relevant difference between the fluorescence yields of lemon-PEI and lemon-only CDs, at 5.2% and 6.3%, respectively. Moreover, quenching effects were observed at concentrations that were much higher than those typically used in a MoCo experiment.



Another important feature for the application of CDs in MoCo relates to the physical properties that regulate diffusion and transport phenomena. A sizeable percentage of MoCo study is concerned with the propagation patterns of information particles within communication channels. The applicable models are highly variable and depend on the geometry of the channel, the channel environment, and the type of propagation involved, whether flow-assisted or purely diffusive [49,50,51]. The idea of applying MoCo to biological systems requires rigorous study of all possible contexts, which, as it stands, remain only partially theorized [52,53,54]. Above all, it is necessary to follow an experimental approach, which is currently not very common. From a theoretical point of view, we can start with the models concerning the transport of matter within confined systems such as capillaries, where a continuous flow assists the movement of information particles. This study can be conducted by exploiting the advection–diffusion model (3):


  ∂ C / ∂ t = ∇ ·  (  D ∇ C  )  − ∇ ·  (  ν C  )   



(3)




where,  C  is the concentration of the bit of messengers released for communication in the body vessel,  t  is the time,  D  is the diffusion coefficient of the messenger, and  ν  is the flow velocity of the body fluid. It must be considered that both the coefficient  D  and the velocity, from a numerical point of view, are tensors and depend strongly on the fluid dynamic conditions of the communication channel. With the aim of applying MoCo in biological environments, like in bloody vases, in a circular section capillary with a diameter of less than a millimetre and velocity in the order of mm/s, the flow can be considered laminar [55], and therefore the phenomena of dispersion of information particles during transport depends on the shape of the laminar flow profile and the diffusion coefficient, [56] whose contribution requires further investigation. Assuming the value of the diffusion coefficient is isotropic, it is possible to deconstruct it into two contributions: axial and transversal to the flow. The shape of the laminar flow makes the information particles moving along the capillary “arrow”-shaped. This is clearly visible in the simulation results reported in Figure 6b. The effect of the axial contribution on dispersion of the NPs is negligible with respect to the consequence of NPs’ transportation carried by the flow. Concerning the transversal diffusion, in the case of high-aspect-ratio channels (such as microfluidic channels in bloody vessels) the effect of this component is much more pronounced. NPs experience two concentration gradients driving the dispersion: (i) in the front from the centre towards the walls and (ii) in the tail from the walls towards the centre. This is schematized in Figure 6a. As time increases, and as the nanoparticle bit moves toward the detector, transverse scattering will minimize the arrow effect. This is schematized in Figure 6b and is clearly visible in the simulation results reported in Figure 6d.



Thus, estimating the diffusion coefficient of CDs is essential to design and optimize the MoCo setup. D can be calculated using the Stokes–Einstein equation:


  D =    k B  T   6 π η  r n     



(4)




where,    k B    is the Boltzmann constant,  T  is the temperature,  η  is the fluid viscosity, and    r n    is the NP’s radius, by considering CDs spherical objects. We estimated a diffusion coefficient of 1.5 × 10−10 m2/s by considering a temperature of 298.15 K, a viscosity of 1 mPa · s, and an average nanoparticle radius of 1.5 nm.



Experimentally, we measured the diffusion coefficient by the diffusion-ordered spectroscopy (DOSY) technique. The DOSY spectrum represented in Figure 7 was obtained using lemon-PEI CDs dispersed in deuterium oxide (D2O) at 27 °C. It indicates two different systems: the first relates to the CDs, described by a diffusion coefficient between 1.5 and 2 × 10−10 m2/s, and the second is connected to molecular residues probably derived from PEI and with a higher diffusion coefficient (about 8 × 10−10 m2/s). We found a similar D in the case of only-lemon CDs.



Holding the results of the complete synthesis and characterization of NPs, we designed, simulated, and experimentally validated a prototypal system for MoCo mimicking body fluid vessels using these CDs obtained from lemon waste as molecular messengers. Figure 8a shows the result of simulating a message sent by exploiting information NPs using an on-off-keying (OOK) modulation method [57] in binary coding. The message transmitted corresponds to the word “ECO” encoded in simplified ASCII. Figure 8b,c show the results for the actual experiment’s communication of the same message. Similar results were obtained with both types of CDs. The bit interval was 125 s. This value does not represent the condition of maximum efficiency. Further studies are needed to optimize this parameter. However, we can state that a perfect transmission of the message, in accordance with the simulation previously carried out, was achieved, enabling us to argue that being easily synthesized, eco-friendly, low cost, soluble/dispersible (in aqueous fluids), and easy to detect, the NPs prepared from lemon waste have the potential to be applied in emerging technological fields. Although the fluorescent nanoparticles were prepared from food waste sources, the results obtained can be considered comparable to what has already been reported in the literature with fluorescent nanoparticles synthesized from pure reagents. A perfect transmission of the message, in accordance with the simulation previously carried out, was achieved, enabling us to argue that being easily synthesized, eco-friendly, low-cost, soluble/dispersible (in aqueous fluids), and easy to detect, the NPs prepared from lemon waste have the potential to be applied in emerging technological fields.




4. Conclusions


MoCo is a new paradigm of bio-inspired communication where the transport of information occurs through information particles. Here, we showed that it is possible, when applied to MoCo, to turn a waste by-product from the citrus supply chain into information NPs, providing this waste with newfound added value. We showed a simple example of an application that can open the way to potential biomedical applications of CDs, which remains an unpredictable field of innovation. Although, at the moment, only the transmitted bit sequence was reported, and further studies are ongoing to mathematically characterize the pulse shapes with the aim of designing different detection schemes.
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Figure 1. Schematic representation of the MoCo prototypal platform applied for communication trough body fluid among implanted biodevices. 
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Figure 2. (a) 5 × 5μm2 AFM image of lemon-PEI CDs deposited onto silicon substrate (z scale: 0–20°); (b) histogram analysis of lemon-PEI CDs’ height obtained by several sections, three of which are represented in the inset; (c) 5 × 5 μm2 AFM image of lemon-only CDs deposited onto silicon substrate (z scale: 0–20°); (d) histogram analysis of height of lemon-only CDs obtained by several sections, three of which are represented in the inset. 
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Figure 3. (a) FT-IR spectra and (b) UV–vis spectra of an aqueous suspension of lemon-PEI CDs. 
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Figure 4. (a,d) Overlay of fluorescence spectra of aqueous suspensions of lemon-PEI CDs and lemon-only CDs, respectively, acquired at several excitation wavelenghts as reported in the labels; (b,e) excitation–emission maps of aqueous suspensions of lemon-PEI CDs and lemon-only CDs, respectively; (c,f) photos depicting the qualitative appearance of the aqueous suspensions of lemon-PEI and lemon-only CDs. 
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Figure 5. (a) Intensity of fluorescence peak as a function of the dilution of an aqueous suspension of lemon-PEI CDs (λex = 340 nm, λem = 470 nm); (b) intensity of fluorescence peak as a function of the dilution of an aqueous suspension of lemon-only CDs (λex = 330 nm, λem = 440 nm). 
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Figure 6. (a) Schematic representation of the transversal diffusion following concentration gradients; (b) schematic representation of the effect of the transversal diffusion at high diffusion coefficient; false colour map of simulated molecular messenger concentration distribution with lower diffusion coefficient (c), and with higher diffusion coefficient (d). 
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Figure 7. DOSY spectrum of lemon-PEI CDs dispersed in deuterium oxide (D2O). Diffusion coefficient values, D, are reported on the y-axis. 
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Figure 8. (a) Simulated message corresponding to “ECO” word in binary coding (simplified ASCII), obtained by modelling a capillary 0.40 mm in radius and 200 mm in length and setting the RMS velocity of the flow to 5.7 mm/s and the pulse of information particles to a volume of 20 μL; experimentally, transmission of the word “ECO” was performed by using (b)lemon-only and (c) lemon-PEI carbon dots, respectively. 
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