Accepted Manuscript

PEO-PPO-PEO surfactant exfoliated graphene cyclodextrin drug carriers for
photoresponsive release

Matthew D.J. Quinn, Tao Wang, Mohammad Al Kobaisi, Vincent S.J. Craig, Shannon
M. Notley

PII: S0254-0584(17)30882-9
DOI: 10.1016/j.matchemphys.2017.11.012
Reference: MAC 20132

To appearin:  Materials Chemistry and Physics

Received Date: 9 August 2017
Revised Date: 22 October 2017
Accepted Date: 5 November 2017

Please cite this article as: M.D.J. Quinn, T. Wang, M. Al Kobaisi, V.S.J. Craig, S.M. Notley, PEO-PPO-
PEO surfactant exfoliated graphene cyclodextrin drug carriers for photoresponsive release, Materials
Chemistry and Physics (2017), doi: 10.1016/j.matchemphys.2017.11.012.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.matchemphys.2017.11.012

PEO-PPO-PEO surfactant exfoliated graphene
cyclodextrin drug carriers for photoresponsive

release

Matthew D. J. Quinfi’, Tao Wand, Mohammad Al Kobaisj Vincent S. J. Craifjand

Shannon M. Notle¥y

& Department of Applied Mathematics, Research SchbPhysics and Engineering, The

Australian National University, Canberra, 2601, faka

P School of Materials Science and Engineering, NangHUniversity, Nanchang, Jiangxi,

330031, China

¢ School of Science, Faculty of Science, Engineesimd) Technology, Swinburne University of

Technology, Hawthorn, Melbourne, 3122, VIC, Ausaal

KEYWORDS: photothermal, graphene, hydrogel, nefiared, 2D, drug release

ABSTRACT: Liquid exfoliated graphene sheets wereonporated withina-cyclodextrin-

triblock copolymer supramolecular hydrogels pregangth a range of polyethylene oxide and
polypropylene oxide block sizes and ratios allowsantrol over the release properties. The
strong photothermal activity of graphene was emgidiolp externally activate drug release from

within the gels using near-infrared (NIR) irradoati These supramolecular hybrid hydrogels



showed thermoreversible changes in viscosity, wilschecessary for an injectable, multiple
release point drug delivery depot. This hybrid geape-surfactant-CD gel system with
thermoreversible properties is demonstrated heti@ibe externally NIR activated to induce

controllable drug release.

Introduction

Graphene has extraordinary thermal, electronicraachanical propertie€s’ as well as a strong
absorbance in the NIR and a low toxicity, makin@ ipromising nanomaterial for drug release
applications’® There are several well established graphene ptiodueethods; (i) physical
exfoliation allows high quality sheets to be prephbut at very low yield” ** (ii) chemical
exfoliation can produce large quantities, but thepprties are adversely affected?? (iii)
chemical vapour deposition produces larger sheesdbut at a higher price and with a lower
yield ** > Alternatively, sonication and shear methods inrappate solvents or in the presence
of surfactant, such as the method employed hepzn, produce defect free sheets at high
concentrations®*®

Surfactant assisted liquid exfoliation has beenaestrated to produce high quantities of single
and few layer pristine graphene sheets as desopiteibusly*® *° Pristine graphene exfoliation
refers to graphene produced with negligible oxmator basal plane defects, with only edge
defects present in any appreciable concentrafi@il graphene referred to within this study is
considered to be defect free and is referred tpriz$ine. The surfactant molecules aid in the
initial separation of the sheets by minimizing theerfacial tension between the liquid medium
and the sheets. By employing large triblock copdassn(Pluronics®) the surfactant molecules

also act to prevent reaggregation as the polypengybxide (PPO) segments are adsorbed onto



the basal plane and the large polyethylene oxideOjPgroups extend into solution, sterically
preventing suspension collagSe.

The addition of the cyclic oligosaccharide molecuteyclodextrin (-CD) into a surfactant
exfoliated graphene suspension allows a supramalecatwork to be formed with the resulting
gel incorporating a homogenous dispersion of gmeffe?* It has been reported by several
groups that the-CD molecule acts as a host molecule and threaidsawailable PEO groups to
form the network, whereby the host-guest interastioccur via non-covalent interactions, such
as hydrogen bonding and hydrophobic to hydrophdhteraction€>?®> As the inclusion
complexes are formed, the network extends throughmel medium and large-scale gelation
results?® The resulting complexes formed are necklace-lifgamolecular structures referred to
as polypseudorotaxan#s.

Supramolecular hydrogels are highly attractive floug delivery applications due to their
thermoreversible natur&,?® their ease of preparation as well as their inheb@compatibility
and biodegradabilit§’3? As such, these hydrogels have been extensivetijestior a range of
different protein and peptide deliveri&s® Systems have been designed to be pH or temperature
sensitive in order to allow a triggered releasei|stiproviding protection to the payload prior to
reaching the targeted siteWith such temperature activated systems, the engdis then shift to
activating localized heatinig situ. The use of near-infrared (NIR) light and suitaioéssducing
materials may answer these challenges.

The NIR region extends from approximately 650 t0 @én and is known to be a suitable range
for biological applications as absorption by waded many other biological tissue components

in this region is weak, therefore non-specific piioérmal heating is minimized. By



incorporating a NIR responsive photothermal ageithiwthe gel, the challenges of externally
activating localized heating deep within organgstie can be addressed.

A number of graphene-based materials have beemrexpfor photothermal applications with
varying levels of success.®* *°Pristine graphene sheets with no oxidized siteshenbasal
plane are excellent absorbers of NIR compared &b o the oxidized counterpart graphene
oxide (GO), even when this material is subsequeetiyced to regain conjugatiéhThe strong
absorption of graphene across a broad range of larayths combined with the remarkable
thermal conductivity of the material, makes it @8y candidate for photothermal applications.
19.41 Additionally, as the graphene sheets are atoryidhlh, the surface area to mass ratio is
highly suitable for optimal absorption and heanhsfer.

For any system considered forvivo applications the biocompatibility of all compongig of
paramount importance. Several studies have thahgree has low cytotoxicity,*? which is
further reduced in the presence of the highly baogatible polyethylene glycol (PEG) or non-
ionic triblock copolymeré®*® enabling significant doses of graphene to be padetployed.
When the inherent biocompatibility is considerec¢amjunction with the excellent photothermal
ability of graphene nanosheets, the use of a theweosible drug delivery depot loaded with
photoresponsive graphene appears to be a highiyigirgg system. Here, the effectiveness of
graphene nanosheets as NIR thermoresponsive dgeritee promotion of triggered release is

investigated.

Materials and methods

Graphene suspension preparation and characterizatio



Natural graphite flakesy-CD and four triblock copolymers; F108, F68, L64dan123 were
purchased from Sigma Aldrich and used in this stwiliout further purification (see Table S1
for specifications).

To produce graphene, suspensions of graphite flakdssurfactant were prepared at 0.5 wt.%
and 0.1 wt.% respectively. Graphite suspensiorismtohes of 200 ml were maintained at 25 °C
via a cooling jacket while ultrasonicated with adQ7Qsonica ultrasonicator and a 13 mm flat
head probe with replaceable tip at an amplitudé0o% for 2 hours. Resulting suspensions were
then centrifuged at 3000 relative centrifugal fofiaé) for 10 minutes.

The extent of exfoliation was monitored using U\gille spectroscopy. The concentration of
graphene in suspension at sequential stages ofadmm was determined using a UV-1800
Shimadzu UV Spectrophotometer via the absorban@®&@inm using the extinction coefficient
4237 ml mg m* determined by Paton et al. (Figure 1a)lhe absorbance spectra for the
graphene materials was also measured using a UP@Bhimadzu UV-vis-NIR spectrometer.
The absorbance spectra of GO and reduced graphkate @©GO), purchased from Graphenea,
were measured to provide a comparison againstrisgng graphene produced and used within
this study (Table S2). Each suspension was thenstdj to 0.03 mg il for all further
experiments or characterization tests unless otkerstated. The graphene produced was also
characterized using Raman spectroscopy, utilizikgaishaw Raman inVia Reflex with a laser
excitation of 532 nm. The particles were added wisp to a 0.22 um pore size alumina filter
(Whatman) to 500 pL and spectra were collected &ittD0 x lens with a 2400 I/mm grating
(Figure 1b).

A Jeol 2100F transmission electron microscope (TEMds used to image graphene sheets

throughout the study (Figure 1c). The nanosheets @eposited onto holey carbon TEM grids



by vacuum suctioning 100 pL of 0.03 mg hsiuspension and allowing the samples to dry for 24
hours.

Scanning electron microscopy (SEM) images of tHeliated graphene sheets were collected to
contribute to general morphology and exfoliationcedation using a Zeiss UltraPlus FESEM
without any coating at a voltage of 1 kV. Samplesevadded dropwise to an Alumina filter as
per the Raman sample preparation.

A Multimode 8 AFM (Bruker) atomic force microscog@FM) was used to image graphene
samples using ScanAsyst-Air mode. Bruker ScanA&aysprobes with nominal tip radii of 2—12
nm and a silicon nitride cantilever of spring camst 0.4 N rit were employed. Analysis on
flattened images was conducted using NanoScopeygisaoftware (V 1.5, Bruker) (Figure 1d
and 1e). Samples were prepared on silicon wafdessribed by Wang et al. in 2017.

The NIR photothermal properties of the neat graphemspensions was investigated by
performing a concentration series of photothermadting curves. A 0.5 ml aliquot was
transferred into a 4 ml glass cuvette (cut dowmdt a maximum of 2 ml) and fitted into an
insulated cuvette holder inside a light box. An 808 laser diode was positioned outside of the
light box (to avoid an additional heat source) wathoptic fibre positioned within the light box
directed at the cuvette. A convex lens was usdddos the beam in the middle (both face and
depth) of the cuvette. The 808 nm 500 mW laser wifipot size of 1.7 mm was then turned on
and the temperature measured for 15 minutes. Sany@es mixed throughout the experiment
using a magnetic stirrer bar to ensure even heéildition. It is important to note that the laser
geometry, suspension volume and concentration imilluence the temperature changes
observed. Some slight fluctuations in the obsepteatothermal curve maximums are attributed

to room temperature variations.



a-CD gel preparation and characterization

Solutions ofa-CD and surfactant were prepared and mixed to gifreal a-CD concentration of
100 mg mt* and 2 wt.% of surfactant unless otherwise stated.

To study the gelation process a Rheometrics Dyn&triess Rheometer (DSR) with 25 mm
diameter parallel plates was used. Dynamic timeepwaeasurements at 10 ratl fsequency
and 10 Pa stress at 25 °C were conducted. Thesiioos were selected to ensure that the yield
point of any of the gels was not exceeded.

All gels were freeze-dried prior to imaging, the del was then transferred onto the SEM stage
and mounted with electrically conductive tape. Skivages were performed using a Zeiss
UltraPlus FESEM with gel samples coated with platinat 10 mA for 2 minutes prior to
imaging at a voltage of 1 kV.

a-CD gel drug release parameters

A typical gel sample was composed of 2 wt.% suafai;t0.03 mg mt graphene suspension and
1 mg mi* fluorescein as the drug model and is referrecete asi-CD-surfactanigraphene. Gel
components were mixed in 5 ml glass rounded 10 mameter cuvette tubes 75 mm in height to
a total volume of 1 ml of gel with-CD at a concentration of 100 mg miThe fluorescein was
loaded into thex-CD solution and the pH was adjusted to 9.5 wittiwm hydroxide, to allow
the fluorescein to fully dissolve. All componenéx¢epting the nanosheets) were dissolved prior
to mixing. Immediately following mixing, the mixtarwas sonicated for 10 seconds, then
covered with parafilm to avoid moisture loss anidvaed to stand for approximately 6 hours.
The control samples were prepared both with anHowit graphene. To remove any fluorescein
from the walls of the vial, 6 hours after preparati4 ml of phosphate buffer solution (PBS) was

added on top of the gel and left to stand for 1@r&i@rior to the release test. Immediately prior



to the release test the PBS was discarded, theringdd 3 times with PBS and a fresh 4 ml
aliquot of PBS was added to the vial. The sampleetaradiated was then placed in the path of
the 808 nm, 500 mW beam and the control samples vptced inside the light box
approximately 30 cm away from the primary samplee Temperature within the light box was
measured in both sample positions to ensure allplemmexperienced an even ambient
temperature throughout the experiment. The laserttven turned on for the required period and
then switched off before sample extraction. Eachpda had the aqueous phase mixed prior to a
750 pL aliquot being taken, after which 750 uL ofdsh PBS was added to the vial and the
samples returned to the light box. Fixed extractiores (laser off times) were maintained at 4
minutes throughout all experiments.

The aliquot was then centrifuged for 2 minutes @dG4cf to remove any graphene that had
migrated into the PBS layer and then 500 pL waertaad the absorbance was measured at 490
nm. All release experiments were performed at ré@mperature which was monitored during
all experiments and shown to be 22.0 °C £ 1.5 °G.aflditional confirmatory experiment was

performed using a lower power (75 mW) 785 nm lalsede at 37 °C.

Results and discussion

Graphene production

The characteristic absorbance scan for exfoliateddipe graphene shows the peak maximum at
270 nm indicative of non-oxidized graphene sh&fhe wavelength scan also shows a strong
and broad absorbance in the infrared region thattagger than GO and reduced graphene oxide

(rGO) (Figure 1a). The trend of the strengtheninB Hbsorbance with increasing conjugation is



particularly clear when an incompletely reduced &®@nple is compared, showing a strong

increase in absorbance between that of GO andriedlyced GO (Table 19.
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Figure 1. (a.)UV-visibIe‘absorbance spetra of the initial Ff#8phene suspension (solid red
line), GO (green long dashes) and rGO (blue deig)y the NIR region highlighted (pale red
box) and all samples at matched concentrations.Gff fhg mt*. (b.) Raman spectra showing
unexfoliated graphite (top) and exfoliated F108pfpene (bottom) clearly showing the shoulder
on the 2D peak only present for the unexfoliateapgite.(c.) A TEM image of F108-graphene
suspension nanosheetd.) An AFM scan of the F108-graphene nanosheets with)anarked

Cross section.

Table 1. Extinction coefficient and absorbance at 808 nnmefich graphene type material.



Extinction coefficient Absorbance at 808 nm

(ml mg* m? (fixed 1 mg miY)
4237 @750 nr 0 47.73

7380@ 26511 36.68

7380@ 265 28.00°

6150@ 230 nr " 6.08

The Raman spectra collected provides thicknessnrd@bon through the ratio of the intensity of
the G and 2D peaksydlg, which is 1:0.87 for the presented spectrum, g highly
exfoliated graphene sheéts>® The shape and positioning of the 2D peak indicatdsghly
exfoliated sample approaching that of monolayeplgeae (See Figure S3). The D peak is
expected to be present for the Raman spectra tadiéar sheets of this size as the laser diameter
is larger (0.87 um) than the sheets and will treeetietect the Sthybridized carbon atoms of
the sheet edge8.The full width half maximum (FWHM) for the 2D peak 70 cm' which
indicates this is likely a bi-layer spectrdm.

The size distribution of the graphene sheets wésrméed via dynamic light scattering (DLS)
showing average hydrodynamic diameters of 370,at2b310 nm for materials exfoliated using
F108, F68 and L64 respectively which follow prexdoeports (Figure ST¥:°3In addition to the
DLS measurements, a number of image analysis metimatuding TEM, AFM and scanning
electron microscopy (SEM) were used to fully chteaze the sheets (see Figure S2 for SEM).
The AFM scan gives definitive sizing informatiorogin through the cross-sectional thickness of
the sheet marked in Figure 1d. However, the grapisbeets likely have a surfactant and water
coating present, increasing the observed thickHe&$Additionally, ensuring the sheets are
deposited flat on the silicon wafer substrate isllenging as sheet folding and stacking
contribute to convoluted scans. The polydispersityhe single and few layer graphene sheets

can also be observed in the AFM scans.
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In addition to the sizing and thickness analysis,have demonstrated the structural integrity of
the graphene through TEM electron diffraction (Fegg811).

Photothermal properties of pristine graphene

Single and few layered graphene sheets producdajuid exfoliation are suitable photothermal
agents due to the strong and broad absorbance iNIR region. As can be seen in Figure 1a,
the absorbance of pristine graphene sheets isréarger in the NIR region than that of both GO
and rGO indicating substantially better photothdreféiciency. It is clear that the surfactant
assisted liquid exfoliation production method is faore suited than the chemical exfoliation
approaches towards preparing a photothermal agesti€h roles.

The photothermal properties of the graphene sugpenswere characterized via simple
photothermal heating curves, as shown in Figuresing a wavelength in the center of the NIR
region. The stability of these suspensions undebiam and elevated temperatures is also
without competition, with many similar photothernmahterials showing a decrease in efficiency

after several cycle¥; *°as has been demonstrated previotisly.
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Figure 2. (a.) Photothermal curves as function of concentratimmwsng in ascending order; O,
0.075, 0.15, 0.225 and 0.30 mgh108-graphene over 15 minutes of irradiatitm) The

respective temperatures achieved after 15 mingtesfanction of graphene concentration.
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For photothermal applications, high thermal coniitgt(reported as high as 5000 Wn«™*)®

is important for dissipating the localized heathwit the system. For single and few layer
graphene the thermal conductivity at room tempeeatis primarily dictated by acoustic
phonons. As there is a clear change in the beha¥ithre Raman active phonons, as indicated by
Figure 1b, it can be assumed that the acousticqyi®and therefore the thermal properties of the
exfoliated graphene sheets have been altered gombved® Further, as the production method
does not produce defects within the basal plarthe phonon scattering at such points is
minimized, maintaining the desired thermal progsitiThe extent of the contribution of internal
thermal properties on the external heat dissipatigihin the system remains unclear with
significant barriers requiring consideration such the Kapitza resitanc&®® However,
percolation event$ ®2 and Ballistic transfer linkirfg' ®* will likely result to allow substantial

improvements on the bulk thermal trans¥er.

Photothermal release

a-CD-surfactant drug release studies

The unstimulated release profiles for each of tirea surfactant systems F108, F68 and L64
demonstrates that the different compositions prediubtly different gels which influence the
release rates of the drug model significantly (Fég8a). The F108 and F68 surfactant based gels,
both with an 80 wt.% PEO composition but with sabsally different sizes (14600 and 8400
Da respectively), showed very similar release f@sfiindicating that the size difference between
these surfactants has a minimal effect on the pnadluct. The release rates of the two high PEO
composition surfactants showed a significant demeahen compared to that of the smaller

surfactant with the lower PEO composition, L64 (@Q¥IR).
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Figure 3. (a.) Baseline release for eaahCD-surfactant showing the different release rébes
F108 (blue circles), F68 (green triangles) and &4 squares). Error bars show the maximum
and minimums and the data presented is the avebhgwmee samplegb.) Concentration of
fluorescein released from irradiateelCD-F108-graphene gel (red series) and irradiat€D-
F108 gel (blue triangles) demonstrating the phetottally induced drug release. To show the

photothermally induced release the blank releakeesare subtracted from both series.

The larger release rate of the L64 based gel tsfeeenore open internal network that allows the
fluorescein molecules (1.09 nm maximum lefidtho discharge. The irradiated CD-F108-
graphene gel showed a dramatic increase in theeotmation of fluorescein released into the
PBS compared to that of the stimulated graphereeded (Figure 3b). As such the blank sample
data (sample with no graphene present) was subtidcim that of the graphene loaded sample
to easily observe the stimulated release values. démonstrated that no component of ¢he
CD-surfactant system (other than the phototherrgahgg was absorbing sufficient amounts of
the NIR light to induce any additional drug releaEbere was no identifiable difference in the
unstimulated release rates of the graphene loagelenr ghat of the irradiated un-loaded graphene
gel (Figure S4). It is a fair assumption that thregdmodel fluorescein could interact with
graphene in the gel throughn stacking, however as no changes were observedebptw

graphene loaded and graphene free unstimulatesbggbles, if this event is occurring it is of a
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negligible extent and effect. Further, it is likehat the surfactant previously adsorbed during the
exfoliation process will leave little room for si§inant graphene to fluorescein interaction.

The irradiation profile of the-CD-F108-graphene gel versus that of the unloadechterpart
indicates that the increase in fluorescein releess entirely due to the photothermal action of
the graphene sheets, resulting in localized healihgs localized heating was likely expanding
the gel network or simply inducing enough of a ghelsange to activate the increased diffusion
of fluorescein. Further, it has been demonstratexVipusly that hydrogen bonding plays a
significant role in the interaction between PEO an@D moieties™ ®” Therefore it is fair to
assume that as the hydrogen bonding is disruptethédyocalized high temperature conditions
upon irradiation and that the inclusion complexes weakened inducing gel expansion and
breakdown with a corresponding spike in fluorescelaase> ®®

The thermoreversible nature of the prepared gitsvad an activation switch cycle to be
demonstrated by simply alternating periods of iaadn and non-irradiation sequentially, and
measuring the fluorescein release (Figure 4a). Télkease of fluorescein during the
photothermally activated periods presented a mankex@ase, while the non-irradiated sample
showed a consistent low rate of release. The meleates between the activated and non-
activated periods could then be directly compargddoking at the ratio of the fluorescein
concentration released during each segment fosghwle and blank (Figure 4b). This showed a
marked difference between the release rates amdshlewed a slow upwards trend, likely
indicating a decrease in the integrity of the gelidure with multiple heating and cooling

cycles, or a slight residual increase in basekneperature.
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laser on off periods to demonstrate the reversibkeire of the gel(b.) The relative degree of

release of the irradiated graphene loaded gellandetease rate of the control.

In order to demonstrate the versatility of graphémeéhe role of photothermal drug release
activator a confirmatory experiment was performethg a laser with a different wavelength of
785 nm (Figure S9). The same trend was observedispaothe flexibility provided by the
strong, broadband absorbance of the graphene sfAdwtsis of particular value as one of the
limitations observed for gold nanoparticles is thgecificity of wavelengths required for
activation, a challenge circumvented by a broadilyoabing material. This again reinforces the
suitability of graphene in this role.

From the fluorescein drug release experiments ar cb®rrelation between the surfactant
molecular architecture (likely due to the PEO cosifans) and the observed release rates is
demonstrated (Figure 3a.). In an attempt to undedsthe observed differences in release

profiles the gel viscoelastic properties were ergilo

Influence of surfactant composition on gel propergs
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The gelation kinetics af-CD with F108, F68, L64, and P123 surfactants veqglored in this

study (see Table S1 for compositions). The evatutbstorage (G’) and the loss moduli (G”)
were measured in time sweep experiments immediafedy mixing the gel components (Figure
5). The G’ and G” increase as theCD molecules thread onto the PEO chains. The paint
which the elasticity modulus crosses over the lossdulus is the gel point, a property

characteristic of viscoelastic gel materials.
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Figure 5. Gelation kinetics of the-CD gels formed with 2% dfa.) F108,(b.) L64, (c.) F68 and
(d.) P123, measured by the evolution of the storagg (f&d circles) and loss (G”) (blue

triangles) moduli in time sweep experiments at@5 °
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The gel point of thex-CD based gels shows a clear dependency on thactamf chemical
structure, specifically the PEO ratio in their nolar structure (See Figure 6). For the F108
system, a large triblock copolymer (14600 Da) vatfPEO composition of 80 wt.%, the PEO
groups are readily available farCD threading, resulting in a short gel point tirf@@mpared to
that of the L64 system, a 40 wt.% PEO compositiarfastant (2900 Da), the gel time is
considerably larger than that of the F108 systehs €merging trend is clearly demonstrated
when comparing both the F108 and F68 (80 wt.% FEE00 Da) based gels to the L64 and then
to the P123 (30 wt.% PEO, 5750 Da) based gels stgpthiat with decreasing PEO composition,
gel formation is slowed. It is also likely that thdtical micelle concentration (CMC) values,
which at 2 wt.% are exceeded for the L64 and Pl#%astants, may be slowing the gel
formation time as the micelles must be broken leetbe PEO chains are available to partake in
the gel formation (Table S1 for CMC values).

The co-assembly of the-CD and PEO moiety of the surfactants in the getaprocess is
dependent on the geometry of these two compongnéscross-section diameter of a PEO unit is
3.1 A?" and the diameter of the-CD cavity is 4.7 A providing matching geometries to allow
the PEO chain to thread into tleeCD rings. As the height of the-CD cavity (7.9 A) is
approximately twice the contour length of the PEpPeaat unit, multiplex-CD molecules can
thread onto the polymeric surfactant chdihés the surfactant with the shorter PEO chains
(F68) based gels showed no significant differemcthe gel point time to that of the surfactant
with the longer PEO chains (F108), it appears #van this significant difference in surfactant
size does not influence the efficiency of the PBE@-CD interaction.

The gel point for each surfactant system was atptoeed using a simple “inversion test” where

the gels were considered formed when no visibleen@nt could be observed for 30 seconds
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when placed upside down (Figure &5)The results correlated well with the rheologically
determined gel points, but the inversion test erpamt does have a bias, inferring a delayed end
point as it relies on the viscosity being suffitiém stop the movement of the entire gel matrix,
which may occur well after the cross over pointhedf storage and loss moduli. Additionally, the
inversion test highlighted that tleCD-P123 gels did not form a gel of sufficient sligpto be
used for the release assays and was thereforeurtberf explored. This is supported by the
maximum measured storage modulus (Table 2) forPth23 system which was considerably

lower than the other gels exhibited. The F68 sysslowed the greatest overall increase in

maximum storage modulus which is likely due to thigh PEO content, in addition to the

smaller size of the polymers, forming a stronglymected but brittle g€P
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Table 2. The gel point times and the maximum storage mad(@)’ for respective surfactant

based gels.

Surfactant Gel point (min) Maximum G’ (kPa)
F10¢ 32 20¢€

F68 28 828

L64 57 268

P123 95 16

A concentration series of F108 base€D gels were prepared to further explore the gglli
mechanism of these systems. This again demonstitagecklationship between increased PEO
concentration and that of the faster gelling tireeggre 7a). The full viscoelastic plots can be
seen in Figure S6. These results follow similandsepreviously reported in literature whereby
gelling time and release rates are faster withrtbeeased concentration of cross-linker, or in this
case the inclusion complex componentsC0).?* 2" *%In addition to studying the influence of
surfactant concentration, a graphene concentradenes was established which showed a
distinct delay in the gel formation upon the adufitof graphene. This was evident with even the
lowest graphene concentration explored. Both tlaplygne present and graphene free samples
showed a strong linear dependence on the surfactardentration. No further change in the
gelling time with increasing graphene concentratiees observed (Figure 7b). As theCD
molecules are much smaller than all other companeithin this system, they would likely be
the most mobile group and therefore the gelatiomhaeism should be viewed as theCD
molecules threading onto the PEO chains, as oppos#te PEO chains entering the cavity of
thea-CD molecules. This graphene concentration sen@isates that the initial concentration of
nanosheets was sufficient to sterically inhibit thebility of the a-CD molecules within the
solution whilst the large-scale network is formifidpis is reasonable as the graphene sheets are

by far the least mobile component within the geltrimadue to size and geometry. The full
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viscoelastic plots of the graphene loaded gels ametion of surfactant concentration can be

seen in Figure 7c.
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Figure 7. (a.) Averagea-CD-F108 gel point as a function of F108 concerdmtwith (blue

triangles) and without (red circles) graphene (@@ mlY). (b.) The gel point as a function of

graphene concentration at a fixed F108 concentratid® wt.%, showing a distinct delay in gel

formation time and then negligible further changéhvincreasing graphene concentrati¢n)

Time sweep data for 0.03 mg hgraphene loaded gel with F108 concentrations (sE8ies a.)

2 (series b.)and 1(series c.wt.%.

SEM images were used to study the morphology amdorstructure of the gels explored within

this study. The SEM images show the porous threedsional network of the driedCD gels,
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giving an approximate indication of pore sizes witthe network, however possible artifacts

associated with the freeze-drying process musbaagnored (see Figure 8).

Figure 8. SEM images of freeze-driettCD gels with(a.) F108-graphengb.) F108,(c.) 4%
F108,(d.) F68,(e.) L64 and(f.) P123 at 5,000 x magnification. All gels were prregaat 2 wt.%

respective surfactant concentration unless otherstited.

The crystals of the-CD gels appear as lamellar flakes with well-dedimglges in the majority

of the freeze-dried samples as described previdiSeveral morphological variations can be
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observed when the SEM images of the different stafda based-CD systems are compared,
the presence of graphene, however, does not app@aesent an identifiable change similar to
previous reports (Figure 8a and 8bJThe lamellar flakes forming for the neat 2% F1G8 g
(Figure 8b) appear slightly smaller and less cotetethan those of the 4% F108 gel (Figure 8c).
Interestingly the L64 gel (Figure 8e) shows a larged less dense network than the F108 and
F68 based gels, which could potentially be linkedhte increased release rate (Figure 3a). The
P123 gel appears to be a highly dense structute mitch smaller pore sizes (Figure 8f). The
morphologies of both the 2% F108 (Figure 8b) an8 §éls (Figure 8d), both with a PEO wt.%
of 80, do not appear significantly different, whicbrrelates strongly with the almost identical
release rates observed for each.

In a further attempt to gain insight into the metracture of thex-CD gels, XRD scans were
performed for each of the surfactant type gels @l ag the neat-CD powder (Figure S10). The
XRD spectra of the freeze-dried gels show the dtaristic strong peak at approximately 2
20.0° (d = 4.44 A) which is assigned as the 210ec&bn? ®’ The channel-type crystalline
structure resulting from the long-chain nature had guest-molecules (PEO segments) has been
well studied and the corresponding peaks have lasstified in both hydrated and freeze-dried
gels? The 210 reflection can be observed as a shargee well defined peak for the 4% F108
a-CD gel present att?= 19.905 while the F108 and L64 surfactant gelxsha broader peak at a
slightly lower diffraction angle of 2= 19.795. The broader peak indicated a less dliysta
structure with lower surfactant compositions.

The thermoreversible nature of theseCD gels determined previously,was explored to
demonstrate the injectability of this drug delivetgpot preloaded with both the photothermal

and medically active agent (Figure 9). A substdikézrease in viscosity was observed to occur
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below or near the cloud point of the employed sidiats respectively suggesting that a
sufficient phase change had occurred anditfi® molecules were disassociating from the PEO
segments. The gel system reformed after a shdddef time post excitation, demonstrating the
recovery of the complex. The ability of the gelsrédorm the stable complex after heating is
particularly important for a potential drug deppphcation allowing spikes of drug release to be

controlled.

Prior to heating Melted Post heating

Figure 9. Images of a-CD-L64 based gel demonstrating the thermoreversibture of these
systems with the g€h.) prior to heating(b.) immediately after heating ar{d.) 5 minutes after

heating.

The gel studies showed a strong correlation of fgaihation time with that of the PEO
composition of the surfactant and with the observetbase of fluorescein from the
photothermally stimulated gels. As the gel formmatibme and the PEO composition will
influence the packing structure of the final gebgrct, it is a fair correlation to draw on while

not entirely elucidating the mechanism behind tease profile changes.
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Conclusion

A range of triblock copolymer surfactants with viagy PEO compositions were explored for the
formation of a pristine graphene hybxeCD gel. The graphene was then externally activated
through NIR irradiation resulting in highly locadid heating sufficient to activate the release of a
drug model from within the gel network. Control kphotothermal activation was then
demonstrated through a switching experiment showlisginct changes in the relative release
rates of the drug model. The thermoreversible eatirthe gels and the ability to externally
activate release demonstrates that pristine gragan€D hybrid gels are a versatile injectable

delivery depot.
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a-CD, a-cyclodextrin; a-CD-Pluronic-grapheneg-cyclodextrin-Pluronic-graphene; 2D, two
dimensional; TEM, transmission electron microscoEM, scanning electron microscopy;
AFM, atomic force microscopy; DLS, dynamic lightagering; NIR, near-infrared; PEO,
polyethylene oxide; PPO, polypropylene oxidd; relative centrifugal force; PSD, particle size
distribution; FESEM, field emission scanning eleaotmicroscopy; nm, nanometer; Da, Dalton.

REFERENCES

1. Geim, A. K.; Novoselov, K. S., The Rise of Graph.Nat. Mater.2007,6 (3), 183-191.
2. Castro Neto, A. H.; Guinea, F.; Peres, N. M.NRwyoselov, K. S.; Geim, A. K., The
Electronic Properties of Grapheriev. Mod. Phy2009,81 (1), 109-162.

3. Shahil, K. M. F.; Balandin, A. A., Thermal Propes of Graphene and Multilayer
Graphene: Applications in Thermal Interface Matesri&olid State Commu@2012,152(15),
1331-1340.

4. Lee, C.; Weli, X.; Kysar, J. W.; Hone, J., Measnent of the Elastic Properties and
Intrinsic Strength of Monolayer Graphergzience2008,321 (5887), 385-388.

5. Hu, S. H.; Fang, R. H.; Chen, Y. W.,; Liao, B.Ghen, I. W.; Chen, S. Y.,
Photoresponsive Protein-Graphene-Protein Hybrids@lap with Dual Targeted Heat-Triggered
Drug Delivery Approach for Enhanced Tumor Therapgv. Funct. Mater2014,24 (26), 4144-
4155.

6. Tian, B.; Wang, C.; Zhang, S.; Feng, L.; Liu, Zhotothermally Enhanced
Photodynamic Therapy Delivered by Nano-Graphene@l@®CS Nan®011,5 (9), 7000-7009.
7. Yang, K.; Zhang, S.; Zhang, G.; Sun, X.; Le€[ SLiu, Z., Graphene in Mice: Ultrahigh
in Vivo Tumor Uptake and Efficient Photothermal Téygy.Nano Lett2010,10(9), 3318-3323.
8. Quinn, M. D. J.; Wang, T.; Du, J. D.; Boyd, B.Hawley, A.; Notley, S. M., Graphene
as a Photothermal Actuator for Control of Lipid Mpbkase Structuréanoscale2017.

25



9. Chen, H.; Miller, M. B.; Gilmore, K. J.; Wallac8. G.; Li, D., Mechanically Strong,
Electrically Conductive, and Biocompatible Graph&agper Adv. Mater.2008,20 (18), 3557-
3561.

10. Novoselov, K. S.; Geim, A. K.; Morozov, S. Viang, D.; Zhang, Y.; Dubonos, S. V.;
Grigorieva, I. V.; Firsov, A. A., Electric Field iAtomically Thin Carbon FilmsScience2004,
306 (5696), 666-669.

11. Novoselov, K. S.; Jiang, D.; Schedin, F.; Bodthl.; Khotkevich, V. V.; Morozov, S.
V.; Geim, A. K., Two-Dimensional Atomic CrystaBroc. Natl. Acad. Sci. U. S. 2005,102
(30), 10451-10453.

12. Li, D.; Mdller, M. B.; Gilje, S.; Kaner, R. BWallace, G. G., Processable Aqueous
Dispersions of Graphene Nanoshebigt. NanotechnoR008,3 (2), 101-105.

13. Eda, G.; Fanchini, G.; Chhowalla, M., Large-&kdltrathin Films of Reduced Graphene
Oxide as a Transparent and Flexible Electronic hdtéNat. NanotechnoR008,3 (5), 270-
274.

14. Kim, K. S.; Zhao, Y.; Jang, H.; Lee, S. Y.; Kith M.; Kim, K. S.; Ahn, J. H.; Kim, P.;
Choi, J. Y.; Hong, B. H., Large-Scale Pattern Gioaft Graphene Films for Stretchable
Transparent ElectrodeNature2009,457 (7230), 706-710.

15. Novoselov, K. S.; Fal'Ko, V. I.; Colombo, L.plert, P. R.; Schwab, M. G.; Kim, K., A
Roadmap for GraphenBature2012,490(7419), 192-200.

16. Hernandez, Y.; Nicolosi, V.; Lotya, M.; Blighie, M.; Sun, Z.; De, S.; McGovern, |. T.;
Holland, B.; Byrne, M.; Gun'ko, Y. K.; Boland, J; Bliraj, P.; Duesberg, G.; Krishnamurthy, S.;
Goodhue, R.; Hutchison, J.; Scardaci, V.; FerAariC.; Coleman, J. N., High-Yield Production
of Graphene by Liquid-Phase Exfoliation of Graphiat. NanotechnoR008,3 (9), 563-568.
17. Lotya, M.; Hernandez, Y.; King, P. J.; Smith,JR Nicolosi, V.; Karlsson, L. S.; Blighe,
F. M.; De, S.; Wang, Z.; McGovern, I. T.; Duesbegg,S.; Coleman, J. N., Liquid Phase
Production of Graphene by Exfoliation of GraphiteSurfactant/Water Solutiond. Am. Chem.
S0c.2009,131(10), 3611-3620.

18. Notley, S. M., Highly Concentrated Aqueous Sungons of Graphene through
Ultrasonic Exfoliation with Continuous Surfactanddition. Langmuir2012,28 (40), 14110-
14113.

19. Quinn, M. D. J.; Vu, K.; Madden, S.; Notley,Ns., Photothermal Breaking of Emulsions
Stabilized with Graphen&CS Appl. Mater. Interfacéx)16,8 (16), 10609-10616.

20. Guardia, L.; Fernandez-Merino, M. J.; Paredek; Solis-Fernandez, P.; Villar-Rodil,
S.; Martinez-Alonso, A.; Tascén, J. M. D., High-®aghput Production of Pristine Graphene in
an Agqueous Dispersion Assisted by Non-lonic SuafaistCarbon2011,49 (5), 1653-1662.

21. Zu, S. Z.; Han, B. H., Aqueous Dispersion c@rene Sheets Stabilized by Pluronic
Copolymers:Formation of Supramolecular HydrogePhys. Chem. 2009,113(31), 13651-
13657.

22. Xu, Y.; Sheng, K.; Li, C.; Shi, G., Self-Assdeth Graphene Hydrogel Via a One-Step
Hydrothermal Proces&\CS Nan®010,4 (7), 4324-4330.

23. Simdes, S. M. N.; Veiga, F.; Torres-Labandeird,; Ribeiro, A. C. F.; Sandez-Macho,
M. I.; Concheiro, A.; Alvarez-Lorenzo, C., Syrindda PluronicA-Cyclodextrin
Supramolecular Gels for Sustained Delivery of Vangoin. Eur. J. Pharm. Biopharn2012,80
(1), 103-112.

24. Harada, A.; Li, J.; Kamachi, M., Double-Stratidieclusion Complexes of Cyclodextrin
Threaded on Poly(Ethylene GlycdNature1994,370(6485), 126-128.

26



25. Liao, X.; Chen, G.; Liu, X.; Chen, W.; Chen, Fiang, M., Photoresponsive
Pseudopolyrotaxane Hydrogels Based on Competifibtost-Guest Interaction&ngew.
Chem., Int. EJ2010,49 (26), 4409-4413.

26. Ni, X.; Cheng, A.; Li, J., Supramolecular Hydets Based on Self-Assembly between
Peo-Ppo-Peo Triblock Copolymers afeCyclodextrin.J. Biomed. Mater. Res., Part2909,88
(4), 1031-1036.

27. Guo, C. G.; Wang, L.; Li, Y. K.; Wang, C. Qu@armolecular Hydrogels Based on
Low-Molecular-Weight Poly(Ethylene Glycol) ardCyclodextrin.J. Appl. Polym. ScR013,
129(2), 901-907.

28. Kataoka, T.; Kidowaki, M.; Zhao, C.; Minamikaws.; Shimizu, T.; Ito, K., Local and
Network Structure of Thermoreversible Polyrotaxblyelrogels Based on Poly(Ethylene
Glycol) and Methylated\-Cyclodextrins.J. Phys. Chem. B006,110(48), 24377-24383.

29. Huh, K. M.; Ooya, T.; Lee, W. K.; Sasaki, Swén, I. C.; Jeong, S. Y.; Yui, N.,
Supramolecular-Structured Hydrogels Showing a Rstller Phase Transition by Inclusion
Complexation between Poly(Ethylene Glycol) Grafektran andA-Cyclodextrin.
Macromolecule2001,34 (25), 8657-8662.

30. Hoare, T. R.; Kohane, D. S., Hydrogels in Dgdivery: Progress and Challenges.
Polymer2008,49 (8), 1993-2007.

31. Fenyvesi, E.; Gruiz, K.; Verstichel, S.; De ®é B.; Leitgib, L.; Csabai, K.; Szaniszlo,
N., Biodegradation of Cyclodextrins in Sdthemospher2005,60 (8), 1001-1008.

32. Nava-Ortiz, C. A. B.; Alvarez-Lorenzo, C.; Bock.; Concheiro, A.; Burillo, G.,
Cyclodextrin-Functionalized Polyethylene and Pobypylene as Biocompatible Materials for
Diclofenac Deliverylnt. J. Pharm2009,382(1-2), 183-191.

33. Lakkakula, J. R.; Macedo Krause, R. W., A Misior Cyclodextrin Nanoparticles in
Drug Delivery Systems and Pharmaceutical Applicetiblanomedicin014,9 (6), 877-894.
34. Li, J.; Loh, X. J., Cyclodextrin-Based Supraewmilar Architectures: Syntheses,
Structures, and Applications for Drug and Gene\i2eli. Adv. Drug Delivery Rex2008,60 (9),
1000-1017.

35. Bromberg, L. E.; Ron, E. S., Temperature-ResperGels and Thermogelling Polymer
Matrices for Protein and Peptide DeliveAdv. Drug Delivery Revi998,31 (3), 197-221.

36. Osman, S. K.; Soliman, G. M.; Amin, M.; Zaky.,, Self-Assembling Hydrogels Based
on B-Cyclodextrin Polymer and Poly (Ethylene Glyddearing Hydrophobic Moieties for
Protein Deliverylnt. J. Pharm. Pharm. Sc2014,6 (7), 591-597.

37. Ma, X.; Zhou, N.; Zhang, T.; Guo, Z.; Hu, WhiZ C.; Ma, D.; Gu, N., In Situ
Formation of Multiple Stimuli-Responsive Poly[(MegthVinyl Ether)-Alt-(Maleic Acid)]-Based
Supramolecular Hydrogels by Inclusion Complexabetween Cyclodextrin and Azobenzene.
RSC Advance?016,6 (16), 13129-13136.

38.  Weissleder, R., A Clearer Vision for in Vivodging: Progress Continues in the
Development of Smaller, More Penetrable Probe8iwological ImagingNat. Biotechnol2001,
19 (4), 316-317.

39.  Wu, M. C.; Deokar, A. R.; Liao, J. H.; Shih,\®; Ling, Y. C., Graphene-Based
Photothermal Agent for Rapid and Effective KillinfBacteria ACS Nan®013,7 (2), 1281-
1290.

40. Robinson, J. T.; Tabakman, S. M.; Liang, Y.;n¢aH.; Sanchez Casalongue, H.; Vinh,
D.; Dai, H., Ultrasmall Reduced Graphene Oxide Witgh near-Infrared Absorbance for
Photothermal Therapy. Am. Chem. So2011,133(17), 6825-6831.

27



41. Quinn, M. D. J.; Du, J.; Boyd, B. J.; Hawley; Notley, S. M., Lipid Liquid-Crystal
Phase Change Induced through near-Infrared Iriadiat Entrained Graphene Particles.
Langmuir2015,31 (24), 6605-6609.

42.  Wang, T.; Quinn, M. D. J.; Nguyen, S. H. T.;,YJ; Notley, S. M., Graphene Films
Using a Thermally Curable SurfactaAtv. Mater. Interface2016,3 (15).

43. Kogan, A.; Garti, N., Microemulsions as Tramrsa Drug Delivery VehiclesAdv.
Colloid Interface Sci2006,123-126(SPEC. ISS.), 369-385.

44, Batrakova, E. V.; Kabanov, A. V., Pluronic Bko€opolymers: Evolution of Drug
Delivery Concept from Inert Nanocarriers to Bioloagi Response Modifierd. Controlled
Releas&€008,130(2), 98-106.

45.  Jokerst, J. V.; Lobovkina, T.; Zare, R. N.; Gauin, S. S., Nanoparticle Pegylation for
Imaging and TherapyNanomedicin011,6 (4), 715-728.

46. Paton, K. R.; Coleman, J. N., Relating the &pthbsorption Coefficient of Nanosheet
Dispersions to the Intrinsic Monolayer Absorpti@arbon2016,107, 733-738.

47.  Wang, T.; Quinn, M. D. J.; Notley, S., A Benaaine Surfactant Exchange for Atomic
Force Microscopy Characterization of Two Dimensldviaterials Exfoliated in Aqueous
Surfactant Solution®RSC Advance?017,7 (6), 3222-3228.

48. Dan, L.; Muller, M. B.; Gilje, S.; Kaner, R.;BVallace, G. G., Processable Aqueous
Dispersions of Graphene Nanoshehist. NanotechnoR008,3 (2), 101-105.

49. Paton, K. R.; Varrla, E.; Backes, C.; SmithJRKhan, U.; O'Neill, A.; Boland, C.;
Lotya, M.; Istrate, O. M.; King, P.; Higgins, T.aBwich, S.; May, P.; Puczkarski, P.; Ahmed, |.;
Moebius, M.; Pettersson, H.; Long, E.; CoelhoQIBrien, S. E.; McGuire, E. K.; Sanchez, B.
M.; Duesberg, G. S.; McEvoy, N.; Pennycook, TDhwning, C.; Crossley, A.; Nicolosi, V.;
Coleman, J. N., Scalable Production of Large Qtiastof Defect-Free Few-Layer Graphene by
Shear Exfoliation in LiquiddNat. Mater.2014,13 (6), 624-630.

50. Kang, M. S.; Kim, K. T.; Lee, J. U.; Jo, W. Birect Exfoliation of Graphite Using a
Non-lonic Polymer Surfactant for Fabrication of isparent and Conductive Graphene Filins.
Mater. Chem. @013,1 (9), 1870-1875.

51. Ferrari, A. C.; Basko, D. M., Raman Spectrogcapa Versatile Tool for Studying the
Properties of Grapheni®at. NanotechnoR013,8 (4), 235-246.

52. Lotya, M.; Rakovich, A.; Donegan, J. F.; Colema N., Measuring the Lateral Size of
Liquid-Exfoliated Nanosheets with Dynamic Light 8eang.Nanotechnology013,24 (26).

53. Coleman, J. N., Liquid Exfoliation of DefectelerGraphenécc. Chem. Re2013,46
(1), 14-22.

54. Moussa, S.; Atkinson, G.; Samyel-Shall, M.;l&ita, A.; Abouzeid, K. M.; Mohamed,
M. B., Laser Assisted Photocatalytic Reduction @&tél lons by Graphene Oxid&. Mater.
Chem.2011,21 (26), 9608-9619.

55.  Abdelsayed, V.; Moussa, S.; Hassan, H. M.; iAlr S.; Collinson, M. M.; El-Shall, M.
S., Photothermal Deoxygenation of Graphite Oxidia\waser Excitation in Solution and
Graphene-Aided Increase in Water TemperaturBhys. Chem. Le2010,1 (19), 2804-2809.
56. Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo,Tleweldebrhan, D.; Miao, F.; Lau, C. N.,
Superior Thermal Conductivity of Single-Layer Graph.Nano Lett2008,8 (3), 902-907.

57. Lotya, M.; Hernandez, Y.; King, P. J.; Smith,JR Nicolosi, V.; Karlsson, L. S.; Blighe,
F. M.; De, S.; Zhiming, W.; McGovern, I. T.; DuesfeG. S.; Coleman, J. N., Liquid Phase
Production of Graphene by Exfoliation of GraphiteSurfactant/Water Solutiond. Am. Chem.
S0c.2009,131(10), 3611-3620.

28



58. Kapitza, P. L., Heat Transfer and Superfluidity{elium li. Physical Revievt941,60

(4), 354-355.

59.  Alexeev, D.; Chen, J.; Walther, J. H.; GiapisP.; Angelikopoulos, P.; Koumoutsakos,
P., Kapitza Resistance between Few-Layer Graphah&\ter: Liquid Layering Effectdano
Lett.2015,15(9), 5744-5749.

60. Swartz, E. T.; Pohl, R. O., Thermal BoundargiRanceRev. Mod. Physl989,61 (3),
605-668.

61. Philip, J.; Shima, P. D.; Raj, B., Enhancenoérithermal Conductivity in Magnetite
Based Nanofluid Due to Chainlike Structur@ppl. Phys. Lett2007,91 (20), 203108.

62. Prasher, R.; Phelan, P. E.; Bhattacharya,ffecteof Aggregation Kinetics on the
Thermal Conductivity of Nanoscale Colloidal Soluso(Nanofluid).Nano Lett2006,6 (7),
1529-1534.

63. Keblinski, P.; Phillpot, S. R.; Choi, S. U. Egstman, J. A., Mechanisms of Heat Flow in
Suspensions of Nano-Sized Particles (Nanofluids$).J. Heat Mass Transf@002,45 (4), 855-
863.

64. Ye, L.; Liu, J.; Sheng, P.; Huang, J. S.; WditzA., Sound Propagation in Colloidal
SystemsJournal De Physique. IV : JP993,3 (1), 183-196.

65. Angayarkanni, S. A.; Philip, J., Review on Trhat Properties of Nanofluids: Recent
DevelopmentsAdv. Colloid Interface ScR015,225 146-176.

66. Cvetkovic, A.; Picioreanu, C.; Straathof, AJJ.Krishna, R.; Van Der Wielen, L. A. M.,
Relation between Pore Sizes of Protein Crystalsfamsbotropic Solute Diffusivities]. Am.
Chem. S02005,127 (3), 875-879.

67. Zhu, W.; Li, Y.; Liu, L.; Chen, Y.; Wang, C.;iX., Supramolecular Hydrogels from
Cisplatin-Loaded Block Copolymer Nanoparticles an@yclodextrins with a Stepwise
Delivery PropertyBiomacromolecule2010,11 (11), 3086-3092.

68. Arunan, E.; Desiraju, G. R.; Klein, R. A.; SgdU.; Scheiner, S.; Alkorta, I.; Clary, D.
C.; Crabtree, R. H.; Dannenberg, J. J.; Hobz&jRergaard, H. G.; Legon, A. C.; Mennucci,
B.; Neshitt, D. J., Defining the Hydrogen Bond: Aacount (lupac Technical Reporfure
Appl. Chem2011,83(8), 1619-1636.

69. Yu, L.; Zhang, H.; Ding, J., A Subtle End-Grdaffect on Macroscopic Physical
Gelation of Triblock Copolymer Aqueous SolutioAsigew. Chem., Int. E@006,45 (14),
2232-2235.

70. Xue, R.; Xin, X.; Wang, L.; Shen, J.; Ji, F, W.; Jia, C.; Xu, G., A Systematic Study of
the Effect of Molecular Weights of Polyvinyl Alcohon Polyvinyl Alcohol-Graphene Oxide
Composite Hydrogel®2hys. Chem. Chem. Phy€15,17 (7), 5431-5440.

29



ACCEPTED MANUSCRIPT

Table of Contents Graphic

a-CD PEO graphene inclusion NIR induced release
complex

Fluorescein  pgQ ¢oated graphene

3C



Highlights

e Successful incorporation of surfactant exfoliated graphene as an intrinsic component (not an
additive) of an alpha-cyclodextrin based gel.

e Exploration of gelation properties of the hybrid gels and the relationship with PEO composition.

* Demonstration of photothermally induced drug release through near-infrared irradiation of
embedded graphene

* Extensive characterisation of the gels produced with a focus on the drug release properties.



