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Abstract

Liquid-phase exfoliation (LPE) of graphite shows great potential as mass scalable and low-cost method for
production of solution-processed graphene, which can be used for a wide range of applications. Due to the
hydrophobic nature of graphene, a stabilising agent is needed to exfoliate graphite in water - in particular,
pyrene derivatives have been shown to be very effective at exfoliating graphite, by producing either positively
or negatively charged dispersions, depending on the functional group used.

In this work we have synthesised amphoteric amino acid-based pyrene derivatives, using amino acid-based
functional groups (lysine and taurine), and tested them as exfoliating agent for the LPE of graphene. Atomic
Force Microscopy shows the flakes to have average size between 100 — 300 nm, while qualitative Raman analysis
shows the dispersion to be composed mainly by single and few-layer flakes, as also confirmed by Transmission
Electron Microscopy. Finally, we demonstrate that the surface charge of graphene can be adjusted by a
systematic change of the pH level. Although both stabilisers demonstrated to be able to exfoliate graphite in
water, pyrene-based lysine produces more concentrated and stable graphene dispersion, whose surface charge
changes between positive to negative depending on pH level. In contrast, sedimentation of the dispersed
material was observed at extreme pH for graphene dispersions obtained with pyrene-substituted taurine. This
is attributed to the low pKa of the sulfonic group in taurine, which remains negatively charged even at very low
pH.

Design, System, Application

Graphene, a 2-dimensional crystal made of sp? carbon atoms arranged in a hexagonal lattice, has shown great
potential because of its exceptional properties. One of the challenges of using graphene for biomedical
applications is the need to stabilise graphene in an aqueous medium, without compromising its outstanding
properties. Pyrene derivatives, such as 1-pyrenesulfonic acid sodium salt, have demonstrated excellent
exfoliating and stabilising abilities, by allowing producing highly concentrated and stable graphene dispersions
in water. Here, we have synthesised pyrene derivatives with biomolecular functional groups, such as lysine and
taurine, to provide biocompatibility and amphoteric properties that allow control of the surface charge. These
pyrene derivatives were used for producing stable graphene dispersion in water, whose charge can be tuned by
changing the pH level. This tunable surface charge can be utilised to enhance and/or reduce interaction with
specific molecules of interest in future applications.
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Introduction

Since the discovery of graphenel, a single layer of graphite, research on this advanced material has significantly
expanded in many fields?3, owing to its exceptional properties, such as high electronic and thermal
conductivities, large specific surface area, and remarkable mechanical and chemical stability3. Currently, there
is the need to develop mass-scalable, simple, low cost, highly efficient and environmental-friendly techniques
for the production of graphene.

Liquid phase exfoliation (LPE) marked a decade of research as a mass-scalable and versatile technique to produce
graphene and other two-dimensional materials in solution. 47 LPE can be performed in different ways: with bath
or tip- sonication, shear mixing and ball milling and microfluidization to produce solution-processed graphene.
47-11 Owing to its mass-scalability and versatility, graphene produced by LPE has shown great potential in many
applications, including biological and medical applications, such as flexible biomedical electronic devices, bio-
medical imaging, and gene and drug delivery. 12718

In particular, when focusing on biological applications, water is the obvious solvent choice. However, graphene
is not dispersible in water.*!® Thus, one of the most popular methods to produce graphene for biomedical
applications is based on the alteration of its surface properties, i.e. oxidation of graphene to produce graphene
oxide (GO), which significantly enhances the dispersibility of graphene in water, but it also disrupts its
conjugated m-system.?° Although GO offers high hydrophilicity and potential of using the oxygen groups for
further functionalisation tailored to specific applications, its production involves use of toxic chemicals and time-
consuming processing for purification.?! On the other hand, non-covalent functionalisation, based on the use of
amphiphilic molecule, has shown to be an effective method to produce stable aqueous solutions of defects-free
graphene nanosheets.??2* |n particular, pyrene derivatives have shown to produce concentrated and stable
dispersions,?*~2° owing to their it - t interaction with graphene, and relatively good solubility in water due to the
sulfonic group. In particular, previous works from our group?*2%27 have demonstrated efficient exfoliation using
1-pyrenesulfonic acid sodium salt to produce stable, concentrated and biocompatible dispersions of graphene.
For biomedical application, it is of vital importance to understand the properties of graphene and its effects in
a biological environment. It has been shown!221,3031 that the properties of graphene, such as lateral size and
thickness, type and degree of functionalisation, and surface charge, can significantly influence the biological
interaction of graphene, including its toxicity, bio-distribution, degradation, and biotransformation. In particular,
the charge on the graphene surface could be utilized to control its interaction with other biomolecules, either
by enhancing or reducing its interaction with specific types of biomaterials or biosystems,'>3233 or used for
effective drug delivery3*. Therefore, it is important to test and compare negatively- and positively-charged
graphene dispersions. Currently, both GO and oxygen-free graphene dispersions produced with 1-
pyrenesulfonic acid sodium salt are negatively charged. Thus, further functionalisation is needed to change the
sign of the charge. A few studies have also reported the use of other types of pyrene derivatives, such as amino
pyrene or pyrenyliminolipids, to produce positively charged graphene,?>2%3> often resulting in low-concentrated
and/or unstable graphene dispersions, which therefore cannot be exploited for biological applications.

In this work we propose an alternative approach, based on the use of a charge-tunable stabiliser, thus allowing
for direct comparison of biological effects associated to the type of charge. To the best of our knowledge, only
one approach has been reported so far to produce charge-tunable graphene dispersions for biological
applications. This is based on the use of bovine serum albumin (BSA).3%37 The tunable surface charge is due to
the amphoteric nature of BSA; however, graphene exfoliation is not very efficient, as dispersions mostly contain
thick graphene layers.3537 B-lactoglobulin, ovalbumin, lysozyme, and hemoglobin have been also tested, but BSA
was reported to have the highest exfoliation efficiency amongst all.37:38

In this work, we designed a new family of pyrene-based stabilisers, composed of a pyrene base linked to amino
acids, lysine (py-lys) or taurine (py-tau), for efficient production of stable aqueous dispersion of graphene with
tunable surface charge. The smaller size, simple structure and aromaticity of pyrene-based stabilisers allow
improved interaction with graphene, compared to BSA, and therefore better exfoliation efficiency. Rather than
using a protein containing a large number of amino acids, our approach is based on the use of a simple pyrene
derivative, which is functionalised with a single amino acid. Furthermore, our approach avoids problems related
to the structure or folding of the protein on the exfoliation efficiency.3%37 The amphoteric pyrene derivatives are
used to produce stable graphene dispersions in water by LPE. The material is characterised by using different
techniques: the concentration of the dispersions is determined by UV-Vis spectroscopy, while thickness and
lateral size distribution of the exfoliated graphene nanosheets are characterised by Raman spectroscopy, Atomic
Force Microscopy (AFM), and transmission electron microscopy (TEM). Zeta potential (Z) is used as a measure of
surface charge of graphene nanosheets. Here, the change of surface charge of graphene is studied by monitoring
the zeta potential () by changing the pH level. We found that both amphoteric pyrene derivatives can be used
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for graphene exfoliation, although dispersions obtained with py-lys showed higher concentration and better
stability, at both high and low pH levels. Thus, we demonstrated a simple method to obtain charge-tunable
aqueous graphene dispersions with potential for use in biological applications.

Experimental Section

Synthesis

Synthesis of pyrene derivatives with amphoteric functional groups

For better biocompatibility of the produced graphene dispersion, naturally occurring biomolecular functional
groups were chosen: lysine and taurine, which are amino acids, the building blocks of proteins, with amphoteric
nature. The pyrene-lysine adduct (py-lys, in the Supporting Information) was prepared using 1-pyrenylacetic acid
(52 in the SI, Sigma-Aldrich) and an adequately protected lysine derivative (S1 in the Sl). The amide bond
formation was performed using hydroxybenzotriazole/1,3-diiscaropropylcarbodiimide (HOBt/DIC, Fisher
Scientific) as the coupling reagents and the resulting products were deprotected with trifluoroacetic acid (TFA,
Sigma-Aldrich) to yield the corresponding unprotected product as TFA salt. The desired product was obtained
as a free-flowing solid after precipitation in ether. The pyrene-taurine adduct (py-tau in the Sl) was obtained by
reductive amination between commercially available 1-pyrenecarboxaldehyde (Sigma-Aldrich) and taurine
(Sigma-Aldrich) with sodium borohydride as the reducing agent. The desired product was obtained after re-
crystallisation in CH,Cl,. Further synthesis and characterisation details of materials are available in the
Supporting Information.

Preparation of graphene dispersions

Graphene dispersions were prepared via LPE of graphite in water. In details, 3 mg-:ml~* of graphite (Graphexel
Itd.) was added to 100 ml of de-ionized (DI) water, previously mixed with 0.4 mg-ml~ of pyrene derivatives (py-
lys or py-tau). The mixture was then sonicated at 600W using a Hilsonic bath sonicator for 7 days at constant
temperature. Afterwards, un-exfoliated graphite was removed by 2-steps centrifugation (Sigma 1-14k
refrigerated centrifuge) at 3500 rpm (903g) for 20 minutes. After each centrifugation steps, the supernatant
containing graphene and the pyrene derivatives in water was collected. The corresponding graphene dispersions
produced with py-lys and py-tau are called Gr/py-lys and Gr/py-tau, respectively.

Characterization

UV-Vis Spectroscopy

The final concentration of graphene is determined by UV-Vis spectroscopy. The UV-Vis spectrum of graphene
appears flat and featureless in the visible-IR region,* so the absorption is measured at 660 nm for estimation of
the graphene nanosheet concentration using the Beer-Lambert law.3® An absorption coefficient of 2460 L-g-
ILm™ is used for estimating the graphene concentration.t224° A Perkin-Elmer 1-900 UV-Vis-NIR
spectrophotometer was used to acquire the spectra.

Zeta-Potential Measurements

Electrophoretic mobility (1) was measured using a ZetaSizer Nano ZS (Malvern Instruments, UK) after dilution
of samples with water in the folded capillary cells (Malvern Instruments, UK). Default instrument settings for
water-based system and automatic analysis were used for all measurements, performed at 25°C and at the
natural pH. The equipment software automatically converted the U to zeta-potential ({) values by the Henry’s
equation*': W = 2el F(ka)/3n where ¢ is dielectric constant, n is the solution viscosity and F(ka) is the Henry’s
function which is approximated to the value of 1.5 using Smoluchowski approximation for polar media, valid for
dispersed particles of any shape including platelet-like particles. All values for samples are mean + SD, calculated
from triplicate measurements.

pH Measurement

pH measurements of graphene dispersions were performed with a bench top pH meter (Mettler Toledo Seven
Easy S20, US) equipped with a pH electrode integrated with temperature probe (InLabExpert Pro). Adjustment
of pH of graphene dispersions, ranged between 1.0 and 13.0, was made by using concentrated HCl and NaOH
solutions to achieve acidic and basic pH level, respectively. Typically, only a few tens to a few hundred pL of
concentrated HCl and NaOH solutions were added to 4 ml of graphene dispersions to minimise the change in
the graphene concentration.

AFM

A Bruker Atomic Force Microscope (MultiMode 8) in Peak Force Tapping mode, equipped with ScanAsyst-Air
tips was used to determine the lateral size distribution of the flakes. The sample was prepared by drop casting
the solution on a clean silicon substrate; several areas of 100 um? were scanned and about 500 flakes were
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selected for lateral size analysis. Lateral dimension and thickness distributions of graphene nanosheets were
carried out using Gwyddion scanning probe microscopy data processing software.

Raman Spectroscopy

Raman measurements were performed using a Renishaw Invia Raman spectrometer equipped with 514.5 nm
excitation line, using 2.0 mW laser power on the sample. Graphene dispersions were drop cast onto silicon
substrates and Raman measurements were taken with a 100x (NA=0.85) objective lens and 2400 grooves/mm
grating. Typically more than 50 Raman spectra were obtained on individual flakes for each sample for statistical
analysis.

TEM

Graphene dispersions were diluted until optically transparent using deionised water. This corresponds to a
diluted dispersion concentration of less than 5 ug-mL=* which suppresses flake aggregation during deposition. A
300 mesh Cu TEM grid with a lacey carbon support film (Agar Scientific) was placed onto filter paper and a single
drop of diluted dispersion was deposited onto the carbon film. The TEM grid was then dried at 50 °C under
reduced pressure for 30 minutes to remove residual water. Bright field imaging and electron diffraction were
carried out using a Tecnai G2 20 S-TWIN Analytical TEM (FEI) operating at 200 kV.

Results and discussion

Exfoliation of graphene and its characterisation

Aqueous graphene dispersions were prepared by ultrasonication of graphite powder in water mixed with pyrene
derivatives (py-lys and py-tau, Figure 1 a-b).

(d) | ' | 'Thick Layer
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NHo TFA |

[ FLG (py-tau)
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@

N/\/SOS
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| S A
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Gr/py-lys (x10 dilution)

Gr/py-tau (x5 dilution) ~

300 400 500 600 700 800 1200 1400 1600 2600 2800
Wavelength (nm) Raman Shift (cm'1)
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Figure 1 Chemical structure of (a) py-lys and (b) py-tau; (c) UV-Vis spectra of the obtained graphene
dispersions. Inset: photograph of (left) Gr/py-lys and (right) Gr/py-tau dispersions; (d) Representative Raman
spectra for graphene flakes prepared with py-tau (red curves are the Lorentzian fits of the 2D peaks).

Gr/py-lys Gr/py-tau
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Concentra_tlon 0.232 0.074
(mg:ml™)
pH 31 4.1
Zeta potential(7) 22.9 -30.4
(mV)
Average Flake Size 221 276
(nm)
Percentage of single-layer ~44% ~42%
graphene flakes

Table 1 Summary of the properties of the graphene dispersions obtained using py-lys and py-tau exfoliating
agents.

Figure 1 (c) shows the UV-Vis spectrum of the graphene dispersions: graphene shows flat absorption in visible-
IR region with broad absorption peak around 270 nm corresponding to m—1t* electron transition.*? Small pyrene
peaks are also observed in the region between 300 — 400 nm. From the UV-Vis spectra, we calculated a
concentration of 0.232 and 0.074 mg-ml~ for graphene dispersions prepared with py-lys and py-tau, respectively.
Thus, the graphene dispersion prepared with py-lys showed higher graphene exfoliation and stabilisation
efficiency compared to that obtained using py-tau as exfoliating agent. This could be due to the different
distance of the charged functional group from the pyrene base: the more distant the charged functional groups,
the better the separation of interactions between pyrene adsorption on graphene surface and solvation of the
functional groups within water molecules, as observed for traditional surfactants.*® Parviz et al.?> observed a
similar behavior with carboxylated pyrenes: 1-pyrenebutyric acid showed higher exfoliation efficiency compared
to 1-pyrenecarboxylic acid owing to increased distance between the pyrene base and the functional group.
Both of the as-prepared graphene dispersions were acidic, showing pH of 3.1 and 4.1 for Gr/py-lys and Gr/py-
tau, respectively. The zeta potential of the as-prepared graphene dispersions are 22.9 mV and -30.4 mV for
Gr/py-lys and Gr/py-tau, respectively. The different charge of as-prepared graphene dispersions could be
attributed to two major factors: the different pH levels of the two dispersions and the different acid dissociation
constant (pka) values of the sulfonate group (pKa = -7) compared to that of carboxylic acid (pka = +5). Due to
the extremely low pKa value of sulfonate group, negative charge is prevalent for Gr/py-tau, whereas for Gr/py-
lys, carboxylic acid would not likely to be dissociated at pH 3 in its as-prepared state, while the ammonium group
will remain protonated in both compounds at acidic pH.

The exfoliated graphene nanosheets were further characterised by AFM, TEM and Raman spectroscopy for
thickness and lateral size measurement. Figure 2(a) and (b) show representative AFM images and the
corresponding height profile for representative graphene nanosheets from Gr/py-lys and Gr/py-tau, respectively.
For statistical analysis of thickness and lateral size distribution, AFM images of larger area with more than two
hundreds of individual flakes were used (Figures S1 and S3).The corresponding histograms are shown in Figures
S2 and S4. AFM shows that the average flake size for Gr/py-lys and Gr/py-tau are 221nm and 276 nm,
respectively, with more than 90% of the flakes having a size between 50 nm and 800 nm, which is typical of
graphene dispersions obtained by LPE with pyrene derivatives.?#?%27 Thickness analysis of graphene flakes from
AFM images shows that most of the flakes have a thickness in the range of 2 — 10 nm. It should be noted that
although the theoretical thickness of single-layer graphene is ~0.34 nm, the height measurement by AFM do not
provide this thickness for graphene due to the instrumental offset caused by capillary forces or adhesion.*44>
This effect is very relevant for graphene produced by LPE as solvent molecules and exfoliating agents are
adsorbed on both surfaces. Many studies have reported a measured height of 1 — 2 nm for single layer graphene
produced by solution-processing.%23:27:46
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Figure 2 Representative AFM image and the corresponding height profile of selected graphene nanosheets of
samples: (a) Gr/py-lys and (b) Gr/py-tau. (c) Representative Bright Field-TEM image and corresponding
diffraction pattern of a representative graphene nanosheet of the Gr/py-lys sample.

Raman spectroscopy is a widely used technique for the characterization of graphene.*’=*° The Raman spectrum
of graphene shows two characteristic bands, the G- and 2D peaks, associated to the in-plane stretching vibration
of sp? carbons and to the breathing mode of the six-atom ring, respectively.>® Moreover, there is an additional
characteristic band, the D-peak, which is activated by defects.*” In the case of mechanically exfoliated graphene,
the shape of the 2D band can be used for identification of graphene.>® A similar approach can be used also for
graphene produced by LPE.>>> However, there are some important differences: the Raman spectrum of
graphene produced by LPE is different from that of mechanically exfoliated graphene: first, a D-band is always
present, activated by the edges, being the flakes of smaller size compared to the laser spot; second, the 2D band
can show complex lineshapes due to solvent or stabiliser molecules adsorption, structural changes and/or re-
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stacking of flakes.*®>6:57 Here we use a qualitative protocol based on the shape of the 2D peak, which was
introduced in our previous works on characterisation of graphene produced by LPE.>1=> The protocol consists in
fitting the 2D peak with single Lorentzian lineshape (Figure 1d). The quality of the fit, measured by the residual
fit coefficient, allows distinguishing between single-layer graphene (SLG), few-layer graphene sheets (FLG) and
thick graphitic layers (>10 layers) with AB stacking. Representative Raman spectra for each type of graphene
layers are shown in Figure S5. Using this protocol and by measuring 50 isolated flakes, the percentage of SLG is
~44% and 42% for Gr/py-lys and Gr/py-tau, respectively. This is in good agreement with the SLG content typically
measured in graphene dispersions made by LPE, (~¥30% of SLG), analysed using the same protocol in other
works.>1-5>

To support AFM and Raman analysis, Gr/py-lys flakes were analysed by TEM. Representative TEM images of the
graphene flakes are shown in Figure 2(c). TEM measurements showed several flakes with lateral size of a few
hundred nanometers, in agreement with AFM measurements. Also, most of graphene flakes measured by TEM
were observed to be SLG or FLG. More TEM images can be found in the Supporting Information.

(a) 4o v
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Figure 3 (a) Zeta potential measurements at different pH level. Photographs of the graphene dispersions at

T 3
'
) .
different pH level (pH 1 to pH 13 from left to right) after 1 day storage for (b) Gr/py-lys and (c) Gr/py-tau.

In order to change the surface charge of the graphene flakes in the solution, the pH of the as-prepared
dispersions was systematically adjusted using concentrated HCl and NaOH solutions, starting from the as
prepared dispersion (pH~3-4) and by increasing or decreasing the pH. The change in graphene concentration
was minimised by using minimal amount (less than 10% volume increase) of HCl and NaOH solutions. Figure 3(a)
shows the zeta potential change while tuning the pH: Gr/py-lys solution shows strong decrease of zeta potential,
with a change in its sign, from 32.4 mV to —36.8 mV by increasing the pH from 1 to 13. The zeta potential of
Gr/py-tau solution stays negative throughout all pH level (from —6.6 mV to —27.1 mV by increasing the pH from
1to 13). The difference in the behaviour of the two samples is attributed to their functional groups: py-lys with
a carboxylic acid and a primary amine shows more sensitive response (i.e. changing its protonated state) to pH
changes in the solution, whereas py-tau shows less sensitive response due to the strong tendency of the
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sulfonate group to stay deprotonated and the presence of a secondary amine group that allows the molecule to
become neutral at low pH values by being protonated or negatively charged at higher ones by deprotonation.
The stability of graphene dispersion is often measured by the absolute value of zeta potential, with benchmark
stability values of £30 mV.>® As the zeta potential changes with the pH, a strong change in the stability of the
dispersion is expected. This is confirmed by visual inspection of the dispersions after one day from preparation.
As shown in Figure 3(b) and (c), when the zeta potential of the dispersion is close to zero, the dispersion becomes
unstable and stronger sedimentation is observed, e.g. at pH = 7 for Gr/py-lys and pH =1 for Gr/py-tau. However,
as soon as the zeta potential gets close to 30 mV, then stable dispersions are obtained. The optimum pH values,
in term of stability, are pH =1 and pH =13 for Gr/py-lys and pH > 5 for Gr/py-tau. Note however that Gr/py-tau
at pH = 13 showed lower zeta potential ({=-27.1 mV) and more sedimentation than at pH =9 (7 =-38.2 mV) or
pH =11 (=-35.1 mV). This is due to the increased concentration of ionic species in the solution, which can lead
to decreased electrostatic repulsion between the dispersed flakes, and therefore to re-stacking and
sedimentation.

Finally, it is interesting to compare our results, where the pH is tuned after exfoliation, with the ones obtained
by exfoliating graphite in a solution of py-lys and py-tau, already at different pH. Thus, graphite was sonicated
for 7 days in py-lys and py-tau solutions, prepared at three different pH levels: acidic (pH = 1), as-prepared and
basic (pH = 12), following the same exfoliation protocol described in the experimental section. Figure S7 clearly
shows that almost no exfoliation and complete sedimentation after just one day standing (even without
centrifugation step) is obtained by exfoliation with both py-lys and py-tau solutions at extreme pH levels, in
contrast to the results obtained by tuning the pH after exfoliation. This is because at extreme pH, due to the
high concentration of ionic species in the solution, the interaction between the pyrene molecules and graphene
is disrupted. This observation is in agreement with previous studies by Schlierf et al.,?® using pyrene
functionalised with sulfonic groups, where it was observed that exfoliation of graphene is less effective at
extreme pH due to the effect of ionic strength, inducing destabilisation.?®

Conclusion

In this study, we have designed and produced pyrene-based stabilisers functionalised with amino acids for
efficient production of aqueous graphene dispersions with amphoteric properties. Two types of pyrene
derivatives were prepared and tested: pyrene-substituted lysine (py-lys) and taurine (py-tau). Both stabilisers
were able to exfoliate graphite, producing dispersions containing good amounts of single-layer graphene.
However, the use of py-lys as stabiliser gives rise to higher exfoliation efficiency by producing stable and
relatively highly concentrated graphene dispersions. Furthermore, this stabiliser allows producing graphene
dispersions with tunable charge by systematic change of the pH level, without producing sedimentation or
destabilisation of the dispersed material at low or high pH. In contrast, due to the very low pKa value of the
sulfonate group in py-tau, stable dispersions were observed only for pH levels between 5 and 11.

In conclusion, we have shown a simple approach that allows producing tunable surface charge graphene
dispersions using simple stabilisers such as pyrene derivatives, functionalised with specific amino acids. As the
amount and sign of the surface charge can be tuned by changing the pH of the solution, these dispersions offer
a great potential for in vitro and in vivo studies.
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