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Reductively PEGylated carbon nanomaterials and
their use to nucleate 3D protein crystals:
a comparison of dimensionalityf

Hannah S. Leese,}? Lata Govada,® Emmanuel Saridakis,® Sahir Khurshid,?
Robert Menzel,§* Takuya Morishita,®® Adam J. Clancy,® Edward. R. White,?
Naomi E. Chayen*? and Milo S. P. Shaffer*@

A range of carbon nanomaterials, with varying dimensionality, were dispersed by a non-damaging and
versatile chemical reduction route, and subsequently grafted by reaction with methoxy polyethylene
glycol (mMPEG) monobromides. The use of carbon nanomaterials with different geometries provides both
a systematic comparison of surface modification chemistry and the opportunity to study factors affecting
specific applications. Multi-walled carbon nanotubes, single-walled carbon nanotubes, graphite
nanoplatelets, exfoliated few layer graphite and carbon black were functionalized with mPEG-Br, yielding
grafting ratios relative to the nanocarbon framework between ca. 7 and 135 wt%; the products were
characterised by Raman spectroscopy, TGA-MS, and electron microscopy. The functionalized materials
were tested as nucleants by subjecting them to rigorous protein crystallization studies. Sparsely
functionalized flat sheet geometries proved exceptionally effective at inducing crystallization of six
proteins. This new class of nucleant, based on PEG grafted graphene-related materials, can be widely
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Accepted 17th January 2016 applied to promote the growth of 3D crystals suitable for X-ray crystallography. The association of the
protein ferritin with functionalized exfoliated few layer graphite was directly visualized by transmission

DO 10.1039/c55c03595¢ electron microscopy, illustrating the formation of ordered clusters of protein molecules critical to
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Introduction

There is a need to chemically modify carbon nanomaterials
(CNMs) to improve both processing and function."> A wide
range of general chemistries have been explored, especially for
carbon nanotubes (CNTs),>* including for example electro-
chemical,>® thermochemical,” diazonium coupling,*® and
reduction'®** methods. Many of the approaches, in principle,
may be applied to a range of CNMs, although very few
comparative studies exist. In recent years, many established
methods have been reapplied to functionalize graphene;"¢
whilst the chemistry is similar, bulk functionalization of gra-
phene has been less straightforward, since stronger van der
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Waals forces and natural defects of the starting materials tend
to limit exfoliation. Aggressive acid oxidation or intense soni-
cation is often used for both graphene and CNT materials to
improve individualization, at the expense of damaging the
intrinsic C-C bonded framework'”*® and hence the properties of
interest. An encouraging alternative is the spontaneous forma-
tion of thermodynamic solutions of undamaged carbon nano-
materials via  charging protocols, including both
reduction'®**>****  and  oxidation*/protonation.>*  Poly-
electrolyte anionic forms of CNTs and graphene, now more
familiarly known as nanotubide®'® and graphenide,"” can be
generated by reduction with alkali metals in liquid NH;3,>'**
with alkali metals plus a charge transfer agent in organic
solvent (e.g. naphthalide/tetrahydrofuran),'®'**** or electro-
chemically.®*” All reductive charging techniques insert elec-
trons into the CNM 7t* orbitals or conduction band, raising the
Fermi energy, and in turn increasing reactivity. This charge is
then exploited for subsequent single electron transfer (SET)
reactions.’®***® The degree of functionalization depends on
several factors, including absolute ionic concentration,* the
reduction or SET potential of the reactant,” charge : carbon
ratio,®?*° ionic strength/dielectric constant of the medium,
degree of exfoliation, and the steric bulk of the grafting
agent."** The versatility and non-damaging character of the
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chemistry allows systematic studies of both intrinsic chemistry
and functionalized products for particular applications.

The availability of three dimensional protein crystals is
a fundamental bottleneck limiting structure determination of
target proteins relevant to future drug design. Well-designed
nucleants (protein crystal nucleation-inducing substrates) aid
the crystallization of new target proteins and potentially
provide a deeper understanding of different protein crystal-
lization mechanisms.?*** It may not be the case that one
nucleant fits all, but the versatility of carbon nanomaterial
chemistry provides an exciting platform to crystallize a variety
of proteins. Two previous works have considered using carbon
nanomaterials as additives or nucleants for three dimen-
sional protein crystallization: one used gelatine-coated CNT
buckypapers® and the other colloidal graphenes;** however,
there has not been a controlled and systematic study which
correlates CNM chemistry and geometry with nucleation.
TEM imaging studies have observed protein adsorption,
ordering and/or 2D crystallization on unfunctionalized
MWNTs***¢ but have not grown 3D crystals for X-ray crystal-
lography. General nucleation studies, which have provided
theoretical models for heterogeneous nucleation mecha-
nisms, conclude that geometry and pore size are two impor-
tant driving forces.***”* A broad pore size distribution is
favourable for nucleating different proteins, due to significant
variations in protein size and their critical nuclei. Theoretical
models have shown that pores may confine and stabilise
protein molecules and in-turn encourage crystalline nuclei to
form and grow.*** Functionalized CNMs are, therefore,
interesting substrates for protein nucleation due to their high
accessible surface areas and ability to form networks,
heterogeneous in both topography and chemistry, providing
a broad distribution of ‘pockets’ in which proteins may
accumulate. Chemical modification enhances compatibility
and solubility with (usually aqueous) protein conditions.
Although this study focuses on one family of chemical func-
tionality (polyethylene glycol), it is possible to graft a variety of
functionalities, providing a versatile methodology to adjust
geometry and chemistry for crystallizing proteins.

The aim is to design nucleants which encourage protein
nucleation deep into metastable supersaturated solutions
(promoting single crystal growth) and at low protein concen-
trations. This study uses reduction chemistry to graft methoxy
poly(ethylene glycol) (mPEG) on an array of carbon nano-
materials. mPEG was selected following preliminary trials and
its particular effectiveness in grafted form is intriguing since
free PEGs are already used in many protein crystallization
conditions. PEG-modified CNMs, especially CNTs, are also of
interest for biological applications, such as drug delivery***®
and biosensing,*>*> but have generally been prepared via either
non-covalent methods** or coupling to acid-oxidized mate-
rials.*»** This study provides an exploration of reductive
chemistry to graft mPEGs to a variety of CNMs, specifically
including multi-walled carbon nanotubes (MWNTSs), single-
walled carbon nanotubes (SWNTs), exfoliated few layer graphite
(FLG), graphite nanoplatelets (GNPs) and carbon black (CB),
providing a panel of materials to assess systematically the

This journal is © The Royal Society of Chemistry 2016

View Article Online

Chemical Science

effect of geometry on both reductive functionalization and
protein crystallization. These materials provide a full range of
dimensionality FLG (2D), SWNT (1D, high curvature), MWNT
(1D, low curvature), and CB (0D), with broadly similar
chemistry.

Results and discussion
PEGylated carbon nanomaterials via reductive chemistry

Starting materials were sourced from commercial suppliers:
graphite (Graphexel natural crystalline flake graphite, grade:
2369, Graphexel Ltd., UK) for exfoliation to few layer graphite,
graphite nanoplatelets, likely produced by exfoliation of
graphite via acid intercalation*® (XG Sciences), fluidized bed
CVD-grown MWNTs (Arkema),”” purified SWNTs (Thomas Swan
Elicarb P925) synthesized by CVD on substrate*® and carbon
black (furnace black, Printex L6, Degussa).*” The as-received
materials were dried and reductively charged as described in
detail in the ESL.f Brominated*** 5 kDa mPEG (mPEG-Br) was
prepared via a literature method®* (further details in the ESIT).
Carbon nanotubide,® graphenide® and reduced carbon black
solutions were functionalized with mPEG-Br, adapting routes
developed for simple alkylations. In short, reduced nanocarbon
solutions were prepared by mixing a pre-made sodium naph-
thalide solution (either in tetrahydrofuran, THF or dimethyla-
cetamide, DMAc) with dried nanocarbon with a charging ratio
(C/Na) 12/1 (for flat sheet geometries) and 20/1 (for tubular and
spherical geometries). The ratio C/Na denotes the number of
framework carbon atoms per sodium atom used for charging.
The different ratios were selected, based on optimums identi-
fied previously for the reductive grafting of alkyl chains, which
maximize exfoliation by balancing the total charge available
against the tendency for charge condensation.'**® The func-
tionalization reaction mechanism remains a topic of debate but
it is likely that the PEG free radical generated by single electron
transfer from sodium naphthalenide to the PEG-Br, yields
functionalized products as a result of radical-radical anion
combination.*** PEG-functionalized samples were thoroughly
washed to remove physisorbed polymer and dried under
vacuum.

Thermogravimetric analysis (TGA) under nitrogen (Fig. 1)
indicates successful grafting of mPEG and was used to deter-
mine the polymer grafting ratio (wt% of grafted organics rela-
tive to initial carbon framework, Table 1) from the mass loss
attributable to the decomposition of grafted mPEG (see
Fig. S1aft). The functionalized MWNT, SWNT and GNP samples
all display one significant weight loss between 450-550 °C;
control experiments, examining samples treated equivalently
using unreactive poly(ethylene glycol) dimethyl ether, showed
no significant mass loss after washing, and were used as
a baseline for calculating grafting ratio. Mass spectrometry
showed that the mass loss in grafted samples correlates with
units observed in PEG decomposition, including the monomer
(m/z = 44 -C,H,0"), methyl (m/z = 15 -CH;") and methoxy
groups (m/z = 31 -OCHj'), although for the MWNTs, the
weakest m/z = 15 feature was not observed due to the low
grafting ratio. The peak degradation temperature was
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Fig.1 TGA-MS characterization of washed samples and controls (addition of unreactive poly(ethylene glycol) dimethy!l ether), Raman mapping
histograms (counts of region with given D/G) and TEM images of mPEG grafted (a) MWNTSs, (b) SWNTs, (c) FLG (including before and after heating
controlin TGA), (d) GNPs and (e) carbon black. m/z = 15 —~CHz", m/z = 44 —~CH,CH,O" and m/z = 31 —OCH5" are fragments of mPEG (see TGA-
MS of pure mPEG and Raman spectra in ESIT).
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Table 1 Summary of grafting ratios and further analysis of mPEG functionalized carbon nanomaterials
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Nucleant Tenm® Grafting ratio Grafted stoichiometry Dispersibility Dry surface area” Surface concentration PEG separation,
material (nm) (wt% of PEG) (C : PEG) (ng m1™) (m*g™) of grafted PEG (umol m™?) D (nm)
MWNT-mPEG 5.0 £ 1.2 6.8 £ 1.5 6094 68 £ 5 180 0.076 5.3
SWNT-mPEG 0.8+ 0.4 12.6 £1.1 3303 515 670 0.038 7.5

FLG-mPEG n/a 10.6 &+ 3.2 3924 35+5 10° 0.031¢ 8.2

GNP-mPEG n/a 11.0 £ 2.2 3792 200 £5 680 0.032 8.1

CB-mPEG 6.5+ 1.1 1353 £ 6.1 308 100 £ 5 220 1.230 1.3

“ Average CNM primary radius/local radius of curvature. ” Specific surface area measured by BET. © Small value due to restacking sheets on drying.

4 Estimated using surface area of GNP to approximate a realistic surface area in solution.

significantly higher (ca. 70 °C) for the grafted materials than the
pure mPEG 5 kDa-Br reference (ESI Fig. S1bt for TGA-MS of
pure mPEG control), for which the decomposition was
completed by 450 °C; such shifts are often attributed to covalent
grafting,*® or at least an intimate interaction at the interface.
Similar grafted PEG decomposition features were observed for
both FLG and carbon black samples; however, additional
features also appeared. For FLG-mPEG, there is a clear initial
step at 220-250 °C, attributed to a combination of residual
polymer and THF trapped within graphene layers, as confirmed
by TGA-MS data (Fig. S21). In this case, the control sample,
(Fig. 1b) shows a similar first step but a very much reduced
second step; the grafting ratio was therefore calculated from the
relative increase in the second step (450-600 °C). The weight
loss temperature for FLG-mPEG was slightly higher than for the
other nanocarbons, most likely due to the constraint of the
grafted polymer trapped between layers. In the carbon black
sample, there is a broader decomposition feature with an early
onset around 250 °C (in this case, TGA-MS shows no significant
residual solvent). Although the control sample shows no phys-
isorption of the unreactive polymer, the relatively large and
broad weight loss in CB-mPEG may include some physisorbed
polymer trapped by the grafted polymer chains. High structure
carbon black has a large number of primary nanoparticles fused
within each aggregate (TEM in Fig. 1e), generating a highly
convoluted internal pore volume.

Polymer grafting ratio (wt%) can be converted into an esti-
mate of the number of structural nanoparticle carbons per
mPEG chain (C: PEG ratio, ‘grafted stoichiometry’, Table 1).
MWNT-mPEG has the lowest grafting ratio and therefore
highest grafted stoichiometry compared to other nanocarbons,
in part, as it has the lowest specific surface area of the materials
studied (~180 m” g~ '); conversely, SWNT-mPEG has a higher
proportion of grafted polymer than MWNTs most likely due to
the larger accessible surface area of SWNTs (670 m” g~ ). GNPs
have a slightly higher specific surface area and exhibit a similar
degree of functionalization when compared to SWNTs, whereas
CB has a similar specific surface area to functionalized MWNTSs
but shows a much higher apparent degree of functionalization.
The surface concentration of grafted polymer was estimated by
relating PEG concentration to CNM specific surface area (Table
1). Generally, the materials have a similar density of function-
alization on their exposed surfaces, except for CB-mPEG, which

This journal is © The Royal Society of Chemistry 2016

is significantly greater, due either to its convoluted geometry or
higher defect density.

Although the details are complex, Raman spectroscopy is
widely used to provide a semi-quantitative indication of crys-
tallinity and subsequent degree of functionalization by
comparing the relative intensity (D/G) of the defect band (D-
band) at ~1350 cm ™" and the graphite band (G-band) at ~1580
cm ', Raman mapping provides a reliable means to assess the
degree of functionalization, using the D/G ratio,>”*® including in
heterogeneous materials, since it is possible to analyze thou-
sands of independent spectra to obtain an overall statistical
change before and after grafting. The Raman data generally
confirms the covalent functionalization of the carbon nano-
materials through an increase in D/G ratio (Fig. 1a-e) which is
known to correlate with disruption of the conjugated frame-
work.*>* For CB, the D/G ratio is either unchanged or slightly
decreased on functionalization, as expected for extremely
defective graphitic materials,>** for which the sensitivity is lost
or even inverted.®> The much lower perfection for CB compared
to the MWNTSs is indicated by much broader and weaker Raman
peaks (average Raman spectra in ESI Fig. S31). On the other
hand, average Raman spectra of FLG-mPEG generally showed
a broad, shifted 2D band, with a shape consistent with the
formation of functionalized bi/tri-layer graphene.®*** In addi-
tion, single point Raman spectra of graphene layers were
detected (Fig. S371), containing a symmetrical Lorentzian 2D
band of high intensity and relatively narrow band width (FWHM
55 cm ™~ '); functionalized FLG layers were also observed by AFM
with average flake size 1-3 um and 1-5 nm height (see ESI,
Fig. S41). TEM observations (Fig. 1a-e) highlight the variation in
geometry of the different grafted materials, and the different
modes of agglomeration in the dried forms, as discussed in
more detail below.

The dispersibility of each (functionalized) nanocarbon was
measured by UV-Vis absorbance after sonicating in water for
10-15 minutes and centrifugation at 1000-5000g (see Fig. S5+
for an example of FLG-mPEG in water). All materials showed
improved dispersibility post-functionalization (Table 1), as ex-
pected with grafted mPEG chains. In some cases, particularly
the as-received GNPs, the solubility in water was already
significant (value 200 pg ml~" with initial loading 1 mg ml™"),
most likely due to oxidation during the commercial exfoliation
process. Despite the mPEG functionalization, which improves

Chem. Sci,, 2016, 7, 2916-2923 | 2919
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water compatibility, the relatively low grafting ratio and
amphiphilic character of the products lead to slow sedimenta-
tion over a period of 24-72 h at a rate of ~6.5 pg ml~" per day,
(~6% per day) as monitored by UV-Vis.

Protein crystallization with PEGylated carbon nanomaterial
nucleants

Six proteins were tested: lysozyme, thaumatin, trypsin, hemo-
globin, catalase and RoAb13, to determine the nucleation
properties of carbon allotropes functionalized with mPEG. The
hanging drop method was used for all crystallization trials
(further details can be found in the ESIT and references
cited®*%). All nucleant trials were carried out at metastable
conditions, namely crystallization conditions that are typically
able to sustain growth but not sufficient for crystals to nucleate.
The metastable conditions were determined by varying protein
and crystallizing agents concentration. Protein crystallization
controls were implemented to ascertain the role of unbound
mPEG chains and raw carbon nanomaterials as compared to the
covalently grafted mPEG-CNMs. The amount of grafted mPEG
associated with the nucleants was relatively low compared to
the free homopolymer PEG included in the crystallization
agents. Based on the grafting ratio of mPEG on the CNMs (Table
1), and the volume of the drops, the content of grafted mPEG
was estimated to be equivalent to 0.1-1% w/v PEG in the crys-
tallization agents. Therefore, controls containing an additional
1% w/v mPEG 5 kDa homopolymer were conducted. No crystals
were observed in any of these controls for any of the three
proteins for >28 days. The aim when introducing the nucleants
is to have as little nucleant as possible present in the crystalli-
zation drop; it is therefore advantageous to use the dispersed
nucleant in liquid form, as nucleant concentration can be
adjusted and diluted (the methodology is described in the ESI¥).

Two liquid nucleants, FLG-mPEG and GNP-mPEG induced
crystallization of thaumatin, lysozyme and trypsin at lower
protein concentrations, within 48 h, compared to either no
crystals or appearance only after 72 h with other nucleants (as
summarized in Table 2). In comparison, all control drops (no
nucleant present) were clear at these conditions. Trypsin (which
is more difficult to crystallize at lower protein concentrations
than lysozyme and thaumatin) did not crystallize in droplets
containing functionalized MWNT, SWNT or CB nucleants.
Crystallization trials with the raw carbon nanomaterials were
also conducted and did notyield good crystallization results. As-

Table 2 Proteins and crystal appearance times using different PEGy-
lated nanocarbons, 1 ul dispensed into the medium as liquid nucleant
dispersions

Crystal appearance time

Nucleant Lysozyme Thaumatin Trypsin
MWNT-mPEG x x X
SWNT-mPEG 72 h 72 h X
GNP-mPEG 48 h 48 h 48 h
FLG-mPEG 48 h 48 h 48 h
CB-mPEG x x x

2920 | Chem. Sci., 2016, 7, 2916-2923
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received MWNTs and SWNTs crystallized lysozyme, whereas
graphite crystallized thaumatin. However, the proteins only
crystallized at higher protein and crystallization condition
concentrations when compared to the functionalized materials.
The proteins did not crystallize with as-received CB and GNP. To
ensure reproducibility, FLG-mPEG and GNP-mPEG were
synthesized independently five times (see Fig. S61) and each
time the product successfully and consistently crystallized
proteins. In addition, the crystallization experiments were
conducted over several weeks and repeated several times. In
order to also test whether the amount of mPEG grafted surface
was more significant than geometry, another crystallization trial
was conducted, for which the PEGylated nucleant loading was
adjusted to maintain a constant concentration of grafted PEG;
FLG-mPEG continued to be the most effective nucleant (Fig. 2,
additional crystal images are provided in Fig. S71). In summary,
compared to alternatives with similar surface chemistry, graft-
ing density, and surface area, the flat graphene-related geome-
tries, FLG-mPEG and GNP-mPEG, proved to be the most
effective as protein nucleants.

To investigate the potency of the flat graphene-related
nucleants further, three more proteins: hemoglobin, catalase
and RoAb13 were tested (full conditions in Table S21). Hemo-
globin and RoADb13 produced single crystals with FLG-mPEG.
Interestingly, catalase only crystallized with FLG-mPEG, and no
other nucleants tested in this study including GNP-mPEG. In
the case of catalase, to the authors' knowledge, FLG-mPEG is
the only nucleant to date that has induced crystal formation at
metastable conditions. Most proteins, such as thaumatin,
lysozyme and trypsin form crystals from solution whilst catalase
first forms a precipitate from which crystals are grown. The
success of FLG-mPEG with catalase as well as with the other
proteins indicates that this material may have the potential to
become a more universal nucleant for protein crystallization.

250 um

Fig. 2 Polarized optical microscopy of 30 mg ml™?! trypsin drops: (a
and c) containing mPEG functionalized nanocarbons: FLG, SWNTs,
MWNTs, GNPs and CB (b) the circled single crystal formed within 24 h
is surrounded by the FLG-mPEG flakes (d) highlights the clear control
after 72 h at this protein concentration and crystallization condition.
The smaller, black features are agglomerates of functionalized CNMs.
Other examples of protein crystals are available in Fig. S7.1

This journal is © The Royal Society of Chemistry 2016
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Nucleation mechanism of ferritin on FLG-mPEG

The molecular basis of the protein-precipitating action of PEG is
not fully understood but theoretical and experimental studies
have reinforced the notion that the precipitation process caused
by PEG is due primarily to an excluded volume effect.*” The
effectiveness of PEG-grafted surfaces for nucleation is
surprising, since dense PEG layers are often used to suppress
protein binding;*® however, the low grafting density, as indi-
cated in this work, may be critical to encourage nucleation. To
further understand the nucleation process, FLG-mPEG, was
combined with ferritin, as its high iron content intrinsically
gives good contrast in TEM, unlike previous studies using
stains.***® Here, the layers of functionalized FLG show
concentrated areas of ferritin accumulation on the flat face as
well as at sheet edges (circled in Fig. 3a-c). A corner of the
graphene material is clearly seen folded in Fig. 3d with ferritin
protein ordering along the edges. A control sample of ferritin
combined with exfoliated but unfunctionalized FLG (see
Fig. S8) shows only a low concentration of protein agglomer-
ation at edges but not on the surface. Thus it seems that the
heterogeneous distribution of mPEG on the surface may be
dictating protein segregation and assembly. The spacing, D
between grafted 5 kDa mPEG chains on FLG is estimated to be
8.2 nm (Table 1 and ESIf); very similar values have been re-
ported®®"* for the Flory radius, Ry (6.3-9.1 nm), of PEG 5 kDa. de
Gennes' model proposes that when D > Ry the polymer confor-
mation follows a mushroom regime.” It appears that, in this
‘graft-to’ reaction, PEG addition is limited once the chains
begin to interact, leaving a rather sparsely modified surface,
unlike the dense PEG brushes used to suppress protein
adsorption.””* The average spacing between the chains is larger
than the diameters of the proteins nucleated (the average
protein hydrodynamic diameters of lysozyme,” trypsin’® and

Fig. 3 TEM images of ferritin on FLG-mPEG: (a) clusters of ferritin
nanoparticles (circled) on stacked functionalized graphene layers; (b—
d) ferritin at edges and creases (inset in (b) and folds as indicated by
arrows in (d)); (e) higher resolution image of ferritin particles showing
the lattice structure of Fe and clustering of ferritin.

This journal is © The Royal Society of Chemistry 2016
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thaumatin are 1.8 nm, 1.9 nm and 3 nm, respectively), sug-
gesting that there should be regions where proteins can be
accommodated. It is therefore likely that the spacing and PEG
conformation on the flat surface structure (i.e. average pore size
and specific surface area Tables S1f and 1) contributes to the
stabilization of protein nuclei. All the materials, except the
graphene-related nucleants, have a radius of curvature similar
to the proteins. Thus any ordered array of adsorbed protein
molecules also has significant curvature. Such a curved packing
is not consistent with infinite 3D translational symmetry and
thus does not nucleate 3D crystals readily, instead forming
a helical structure observed previously;*® both SWNTs and
MWNTs can be considered one dimensional in this sense. The
flat nucleants, in contrast, can organize a plane of the crystal
structure. The ferritin molecules imaged in Fig. 3 appear to be
plausible candidates for potential nuclei. The TEM study
supports the hypothesis that a low grafting ratio and hetero-
geneous surface characteristics promotes greater stabilization
of protein nuclei for crystallization.

Conclusion

Here, reduction chemistry was successfully utilised to func-
tionalize an array of carbon nanomaterials of varying geometry
with mPEG to produce flat (FLG, GNP), cylindrical (NTs), and
spherical (CB) materials. Successful grafting was established by
TGA-MS, supported by histograms of the Raman D/G ratio, as
well as the observation of increased dispersibility and disper-
sion stability. The extension of reduction chemistry to the
grafting of PEG provides a range of water compatible materials
which have potential for many useful applications. The prepa-
ration of comparable water compatible CNMs with different
geometries is useful for further systematic studies in many
contexts from fundamental investigations to applications such
as conductive inks, filters and electrodes. Whilst, the chemistry
appears broadly similar in all cases, with a degree of grafting
related to the packing of the PEG coils on the exposed surface
area, the utility of the products varies. The concept of
a comparative panel of geometries should inspire a range of
fundamental studies to better understand carbon nano-
materials chemistry and to select the best type for specific
applications, both important open questions in the field.

The study has specifically shown that PEGylated CNMs can
act as effective nucleants for three dimensional protein crystals,
when compared to both as-received CNMs and mPEG homo-
polymer, as well as other commercial nucleants; however the
2D-platelet systems, FLG and GNP functionalized with mPEG,
were most successful, consistently producing single crystals for
a range of proteins (both models and targets). These types of
crystals are suitable for structural determination by X-ray
diffraction. TEM investigations of ferritin on FLG-mPEG
strongly indicate that the proteins nucleate from both stacked/
folded edges and in domains on the basal plane surface; the
combination of a large flat surface area, with heterogeneous
surface chemistry and topography seems to be especially
effective. Direct visualization of the early stages of protein
nucleation on these electron transparent nucleants offers
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exciting opportunities for further fundamental studies. Surface
functionalization not only enables the nucleation but stabilises
CNM dispersions in water. Compared with existing protein
nucleation methods such as seeding, the ability to readily
disperse and dispense the nucleants in liquid phase, in order to
reproducibly crystallize proteins at low concentrations, is very
attractive. It is particularly useful for target protein trials as
usually only a very small amount of purified protein is available.
In principle, the density and size of the grafted domains may be
used to adjust nucleant behaviour, especially as polymer radius
of gyration appears to be a key factor in controlling grafting
density. The CNM chemistry developed over the past decade,
now offers many opportunities for the development of new
materials for use in future protein crystallization studies, where
more hydrophobic or specific interactions are critical, for
example, with membrane proteins, which are notoriously
difficult to crystallize.

Acknowledgements

We are grateful to Benny Chain (University College London) for
providing RoAb13 and to Changhua Ji (Roche Nutley, USA) for
providing the hybridoma which produces the RoAb13 antibody.
N. E. Chayen and M. S. P. Shaffer are grateful to the Wellcome
Trust Institutional Strategic Support Fund (ISSF): Networks of
Excellence Award RSRO P41619. R. Menzel acknowledges
EPSRC EP/G007314/1.

References

1 P. Singh, S. Campidelli, S. Giordani, D. Bonifazi, A. Bianco
and M. Prato, Chem. Soc. Rev., 2009, 38, 2214-2230.

2 S. A. Hodge, M. K. Bayazit, K. S. Coleman and M. S. P. Shaffer,
Chem. Soc. Rev., 2012, 41, 4409-4429.

3 D. Tasis, N. Tagmatarchis, A. Bianco and M. Prato, Chem.
Rev., 2006, 106, 1105-1136.

4 A. Hirsch, Angew. Chem., Int. Ed., 2002, 41, 1853-1859.

5 S. Fogden, C. A. Howard, R. K. Heenan, N. T. Skipper and
M. S. P. Shaffer, ACS Nano, 2012, 6, 54-62.

6 S. A. Hodge, S. Fogden, C. A. Howard, N. T. Skipper and
M. S. P. Shaffer, ACS Nano, 2013, 7, 1769-1778.

7 R. Menzel, M. Q. Tran, A. Menner, C. W. M. Kay, A. Bismarck
and M. S. P. Shaffer, Chem. Sci., 2010, 1, 603-608.

8 S. Mahouche-Chergui, S. Gam-Derouich, C. Mangeney and
M. M. Chehimi, Chem. Soc. Rev., 2011, 40, 4143-4166.

9 G. L. C. Paulus, Q. H. Wang and M. S. Strano, Acc. Chem. Res.,
2013, 46, 160-170.

10 A. Pénicaud, P. Poulin, A. Derré, E. Anglaret and P. Petit, J.
Am. Chem. Soc., 2005, 127, 8-9.

11 D. Voiry, C. Drummond and A. Penicaud, Soft Matter, 2011,
7, 7998-8001.

12 F. Dragin, A. Pénicaud, M. Iurlo, M. Marcaccio, F. Paolucci,
E. Anglaret and R. Martel, ACS Nano, 2011, 5, 9892-9897.

13 N. Behabtu, J. R. Lomeda, M. J. Green, A. L. Higginbotham,
A. Sinitskii, D. V. Kosynkin, D. Tsentalovich, A. N. G. Parra-
Vasquez, J. Schmidt, E. Kesselman, Y. Cohen, Y. Talmon,

2922 | Chem. Sci,, 2016, 7, 2916-2923

View Article Online

Edge Article

J. M. Tour and M. Pasquali, Nat. Nanotechnol., 2010, 5,
406-411.

14 E. M. Milner, N. T. Skipper, C. A. Howard, M. S. P. Shaffer,
D. J. Buckley, K. A. Rahnejat, P. L. Cullen, R. K. Heenan,
P. Lindner and R. Schweins, J. Am. Chem. Soc., 2012, 134,
8302-8305.

15 A. Pénicaud and C. Drummond, Acc. Chem. Res., 2013, 46,
129-137.

16 A. Catheline, L. Ortolani, V. Morandi, M. Melle-Franco,
C. Drummond, C. Zakri and A. Penicaud, Soft Matter, 2012,
8, 7882-7887.

17 Y. Y. Huang and E. M. Terentjev, Polymers, 2012, 4, 275-295.

18 V. Datsyuk, M. Kalyva, K. Papagelis, J. Parthenios, D. Tasis,
A. Siokou, I. Kallitsis and C. Galiotis, Carbon, 2008, 46,
833-840.

19 F. Liang, A. K. Sadana, A. Peera, J. Chattopadhyay, Z. Gu,
R. H. Hauge and W. E. Billups, Nano Lett., 2004, 4, 1257—
1260.

20 T. Morishita, A. J. Clancy and M. S. P. Shaffer, J. Mater. Chem.
A, 2014, 2, 15022-15028.

21 J. M. Englert, K. C. Knirsch, C. Dotzer, B. Butz, F. Hauke,
E. Spiecker and A. Hirsch, Chem. Commun., 2012, 48, 5025-
5027.

22 Z. Syrgiannis, B. Gebhardt, C. Dotzer, F. Hauke, R. Graupner
and A. Hirsch, Angew. Chem., Int. Ed., 2010, 49, 3322-3325.

23 S. A. Hodge, M. K. Bayazit, H. H. Tay and M. S. P. Shaffer,
Nat. Commun., 2013, 4, 1989.

24 S. Ramesh, L. M. Ericson, V. A. Davis, R. K. Saini, C. Kittrell,
M. Pasquali, W. E. Billups, W. W. Adams, R. H. Hauge and
R. E. Smalley, J. Phys. Chem. B, 2004, 108, 8794-8798.

25 J. Chattopadhyay, A. Mukherjee, S. Chakraborty, J. Kang,
P. J. Loos, K. F. Kelly, H. K. Schmidt and W. E. Billups,
Carbon, 2009, 47, 2945-2949.

26 F. Hof, F. Hauke and A. Hirsch, Chem. Commun., 2014, 50,
6582-6584.

27 A. ]J. Clancy, J. Melbourne and M. S. P. Shaffer, J. Mater.
Chem. A, 2015, 3, 16708-16715.

28 A. Mukherjee, R. Combs, ]J. Chattopadhyay, D. W. Abmayr,
P. S. Engel and W. E. Billups, Chem. Mater., 2008, 20,
7339-7343.

29 S. A. Hodge, H. H. Tay, D. B. Anthony, R. Menzel,
D. J. Buckley, P. L. Cullen, N. T. Skipper, C. A. Howard and
M. S. P. Shaffer, Faraday Discuss., 2014, 172, 311-325.

30 F. Hof, S. Bosch, S. Eigler, F. Hauke and A. Hirsch, J. Am.
Chem. Soc., 2013, 135, 18385-18395.

31 S. Khurshid, E. Saridakis, L. Govada and N. E. Chayen, Nat.
Protoc., 2014, 9, 1621-1633.

32 N. E. Chayen, E. Saridakis and R. P. Sear, Proc. Natl. Acad. Sci.
U. S. A., 2006, 103, 597-601.

33 P. Asanithi, E. Saridakis, L. Govada, I. Jurewicz,
E. W. Brunner, R. Ponnusamy, J. A. S. Cleaver,
A. B. Dalton, N. E. Chayen and R. P. Sear, ACS Appl. Mater.
Interfaces, 2009, 1, 1203-1210.

34 B. S. Gully, J. Zou, G. Cadby, D. M. Passon, K. S. Iyer and
C. S. Bond, Nanoscale, 2012, 4, 5321-5324.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc03595c

Open Access Article. Published on 29 January 2016. Downloaded on 2/12/2026 12:12:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

35 F. Balavoine, P. Schultz, C. Richard, V. Mallouh,
T. W. Ebbesen and C. Mioskowski, Angew. Chem., Int. Ed.,
1999, 38, 1912-1915.

36 W. L. Ling, A. Biro, I. Bally, P. Tacnet, A. Deniaud, E. Doris,
P. Frachet, G. Schoehn, E. Pebay-Peyroula and G. J. Arlaud,
ACS Nano, 2011, 5, 730-737.

37 E. Saridakis and N. E. Chayen, Trends Biotechnol., 2009, 27,
99-106.

38 N. E. Chayen, E. Saridakis, R. El-Bahar and Y. Nemirovsky, J.
Mol. Biol., 2001, 312, 591-595.

39 C. Sacchetti, R. Liu-Bryan, A. Magrini, N. Rosato, N. Bottini
and M. Bottini, ACS Nano, 2014, 8, 12280-12291.

40 A. A. Bhirde, S. Patel, A. A. Sousa, V. Patel, A. A. Molinolo,
Y. Ji, R. D. Leapman, J. S. Gutkind and ]J. F. Rusling,
Nanomedicine, 2010, 5, 1535-1546.

41 R. Villalonga, M. L. Villalonga, P. Diez and J. M. Pingarron, J.
Mater. Chem., 2011, 21, 12858-12864.

42 C.Fisher, A. E. Rider, Z. Jun Han, S. Kumar, I. Levchenko and
K. Ostrikov, J. Nanomater., 2012, 2012, 19.

43 M. Shim, N. W. Shi Kam, R. J. Chen, Y. Li and H. Dai, Nano
Lett., 2002, 2, 285-288.

44 7. Liu, J. T. Robinson, X. Sun and H. Dai, J. Am. Chem. Soc.,
2008, 130, 10876-10877.

45 H. Shen, M. Liu, H. He, L. Zhang, J. Huang, Y. Chong, J. Dai
and Z. Zhang, ACS Appl. Mater. Interfaces, 2012, 4, 6317-
6323.

46 P. A. Askeland, H. Fukushima, I.-H. Do, K. Kalaidzidou and
L. T. Drzal, Exfoliated Graphite Nanoplatelets [2] Surface
Treatment, Nano Science and Technology Institute, Austin,
TX, 2006, pp. 76-78.

47 R. Philippe, P. Serp, P. Kalck, S. Bordere, D. Plee, P. Gaillard,
D. Bernard and B. Caussat, AICKE J., 2009, 55, 465-474.

48 C. Singh, M. S. P. Shaffer and A. H. Windle, Carbon, 2003, 41,
359-368.

49 D. Pantea, H. Darmstadt, S. Kaliaguine and C. Roy, Appl.
Surf. Sci., 2003, 217, 181-193.

50 R. Appel, Angew. Chem., Int. Ed. Engl., 1975, 14, 801-811.

51 X.-M. Cui, Y.-H. Guan, N. Li, H. Lv, L.-A. Fu, K. Guo and
X. Fan, Tetrahedron Lett., 2014, 55, 90-93.

52 Y.-J. Zhao, Y.-Q. Zhai, Z.-G. Su and G.-H. Ma, Polym. Adv.
Technol., 2010, 21, 867-873.

53 G.D. Sargentand G. A. Lux, J. Am. Chem. Soc., 1968, 90, 7160-
7162.

54 J. F. Garst, J. T. Barbas and F. E. Barton, J. Am. Chem. Soc.,
1968, 90, 7159-7160.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Chemical Science

55 J. Chattopadhyay, S. Chakraborty, A. Mukherjee, R. Wang,
P. S. Engel and W. E. Billups, J. Phys. Chem. C, 2007, 111,
17928-17932.

56 S. Chen, S. Hu, E. F. Smith, P. Ruenraroengsak, A. J. Thorley,
R. Menzel, A. E. Goode, M. P. Ryan, T. D. Tetley, A. E. Porter
and M. S. P. Shaffer, Biomaterials, 2014, 35, 4729-4738.

57 J. M. Englert, P. Vecera, K. C. Knirsch, R. A. Schifer, F. Hauke
and A. Hirsch, ACS Nano, 2013, 7, 5472-5482.

58 S. Eigler, F. Hof, M. Enzelberger-Heim, S. Grimm, P. Miller
and A. Hirsch, J. Phys. Chem. C, 2014, 118, 7698-7704.

59 Y. Wang, D. C. Alsmeyer and R. L. McCreery, Chem. Mater.,
1990, 2, 557-563.

60 M. S. Dresselhaus, A. Jorio, M. Hofmann, G. Dresselhaus and
R. Saito, Nano Lett., 2010, 10, 751-758.

61 S. Zhang, Y. Cui, B. Wy, R. Song, H. Song, J. Zhou, X. Chen,
J. Liu and L. Cao, RSC Adv., 2014, 4, 505-509.

62 L. G. Cancado, A. Jorio, E. H. M. Ferreira, F. Stavale,
C. A. Achete, R. B. Capaz, M. V. O. Moutinho,
A. Lombardo, T. S. Kulmala and A. C. Ferrari, Nano Lett.,
2011, 11, 3190-3196.

63 A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi,
M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov,
S. Roth and A. K. Geim, Phys. Rev. Lett., 2006, 97, 187401.

64 T. A. Nguyen, ]J.-U. Lee, D. Yoon and H. Cheong, Sci. Rep.,
2014, 4, 4630.

65 E. Saridakis and N. E. Chayen, Protein Sci., 2000, 9, 755-757.

66 N. E. Chayen, Prog. Biophys. Mol. Biol., 2005, 88, 329-337.

67 D. H. Atha and K. C. Ingham, J. Biol. Chem., 1981, 256,
12108-12117.

68 R. Michel, S. Pasche, M. Textor and D. G. Castner, Langmuir,
2005, 21, 12327-12332.

69 K. Rahme, L. Chen, R. G. Hobbs, M. A. Morris, C. O'Driscoll
and J. D. Holmes, RSC Adv., 2013, 3, 6085-6094.

70 C. H. ]. Choi, J. E. Zuckerman, P. Webster and M. E. Davis,
Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 6656-6661.

71 J. V. Jokerst, T. Lobovkina, R. N. Zare and S. S. Gambhir,
Nanomedicine, 2011, 6, 715-728.

72 P. G. de Gennes, Macromolecules, 1980, 13, 1069-1075.

73 S. J. Sofia, V. Premnath and E. W. Merrill, Macromolecules,
1998, 31, 5059-5070.

74 H. Du, P. Chandaroy and S. W. Hui, Biochim. Biophys. Acta,
Biomembr., 1997, 1326, 236-248.

75 A. S. Parmar and M. Muschol, Biophys. J., 2009, 97, 590-598.

76 K. Chiu, L. L. Agoubi, I. Lee, M. T. Limpar, ]J. W. Lowe and
S. L. Goh, Biomacromolecules, 2010, 11, 3688-3692.

Chem. Sci,, 2016, 7, 2916-2923 | 2923


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc03595c

	Reductively PEGylated carbon nanomaterials and their use to nucleate 3D protein crystals: a comparison of dimensionalityElectronic supplementary...
	Reductively PEGylated carbon nanomaterials and their use to nucleate 3D protein crystals: a comparison of dimensionalityElectronic supplementary...
	Reductively PEGylated carbon nanomaterials and their use to nucleate 3D protein crystals: a comparison of dimensionalityElectronic supplementary...
	Reductively PEGylated carbon nanomaterials and their use to nucleate 3D protein crystals: a comparison of dimensionalityElectronic supplementary...
	Reductively PEGylated carbon nanomaterials and their use to nucleate 3D protein crystals: a comparison of dimensionalityElectronic supplementary...
	Reductively PEGylated carbon nanomaterials and their use to nucleate 3D protein crystals: a comparison of dimensionalityElectronic supplementary...

	Reductively PEGylated carbon nanomaterials and their use to nucleate 3D protein crystals: a comparison of dimensionalityElectronic supplementary...
	Reductively PEGylated carbon nanomaterials and their use to nucleate 3D protein crystals: a comparison of dimensionalityElectronic supplementary...


