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Abstract

An interdisciplinary approach was asto engineer a range of nanostructured surfaces with
specificities for a number of radioactive waste contaminants that are typical of low level
legacy contamination at sites across the UK. Specifically, anaité¥U0,?*, °°sP* and

B¥ree

Becausetraditional mercury based electrochemical methods lacked the specificity to
differentiate individual analytes from complex solutions, combining electrochemical
impedance spectroscopy with receptor molecules of desired specificity was used to create
sensos with specificity and sensitivity to these radionuclides and which could give responses

in real time.

For UG”* combining the evolved uranyl sequestering ability of the surface layer protein
(SLP) from the bacterial straBacillus sphaericudG-A12 alowed sub nanomolar levels of
uranyl to be monitored in real time using the capacitative component of impedance at low
frequency whilst being largely selective against contaminant divalent cations. Whilst this
approach, based on two tethering mechanifmshe SLP, has potential for fabrication of
bespoke biosensors for other metal analytes, because of the lack of available metal binding
proteins with appropriate cation specificity, alternative synthetic hosts were investigated as

receptors.

A number ofmacrocycles, including crown ethers and lariat ethers with specificity to either
952" or B'Cs' were obtained commercially and chemically modified, or chemically
synthesised, to permit surface tethering to sensor electr@tesbining these tethered
synhetic hosts with real time cyclic voltammetry, electrochemical impedance and
microgravimetric interrogation methods revealed some interesting interfacial phenomena and
gave insight into host interactions with the electrode surface. However, this appicdact d

yield devices that could be used to empirically quantify bindisg* or *'Cs'.

Accordingly, an alternative approach of combining engineered surfaces that had high surface
areas and metal ion specificity, with direct quantification of analyte byg counting of the
captured radionuclide was investigated usirgpunting for’°S”** andg counting for**'Cs'.

This allowed differentiation and quantification 81S”** or **'Cs" ions from their non

radioactive isotopes which exist naturally and abundantly in the environment. Functionalised

silanes allowed metal chelator functionality to be deposited onto bulk silica surfaces,

v



polymeric nanofibres and silica naincand micre patticles. Whilst the bulk surfaces and
nanofibres were able to bind significant amounts of isotopes, at very low level analyte
concentrations typical of contaminated ground water, reproducibility between batches was

poor.

However, the functionalised nanapeles performed well, binding significant amounts of

radionculide and exhibiting high saturation limits. They were also were able to bind low
levels of radionculide in complex analyte solutions such as synthetic groundwater.
Bifunctional chelators pandies were also made which allowed simultaneous deposition of a
solid scintillant. This allowed simultaneous binding and quantification of radioisotopes

without the need of scintillation fluid for counting lpfparticles fron?°Sr*".



Rationale

The need dr long term ground water radionuclide monitoring is essential to determine the
presence and spread of radioactive legacy waste that has escaped failed containment vessels
into the environment. The existing process involves sending an engineer outeotedisp
contaminated sites, a bore hole being dug into the ground and ground water samples being
pumped to the surface. These samples are then typically sent to an external laboratory for
mass spectrometrglemental analysis to confirmr aleny the presencef radionuclides.
Because of legeal and safety requirements regarding the vaporising and aerosol dispersion of
radioactive materials, very few sites are able to perform the desired analysis even if the
equipment is available. The process is labour imnensostly, laborious and slow, having a

turn around time of weeks to months. As a result the need for a rapid, low cost, continual

method for detection of radionuclides is clearly desirable, the motivation for this research.

Because of funding from the DIAMOND consortium, the Sellafield site was used as a model
of expected contaminants and groundwater composition. However, again because of legal
and access restrictions with obtaining and transporting radioactive waste fibra site, the
designed biosensors were tested in synthetic groundwater of elemental composition matching
published Sellafield data. Because exact groundwater radionuclide concentrations are not
made public, average radionuclide activities were compilaa £xtensive analysis of annual
external groundwater analysis reports of the surrounding waters of Sellafield. Using this data,
the bie cheme sensors, functionalised nanoparticles and nanofibres could be tested for a

valid response in conditions a fielléployed device would be expected to encounter.

VI
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cysteine (C).

Figure £13- Three dimensional structure of the CadC binding peptide and the 2 alpha helical
binding domaingor Cc".

Figure £14 - Engineered alpha helical peptides and the exposed chelating sulphur binding
site mechanisms between peptide arrays. Tetrahedral ions satisfy all sites vihilend
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have been shown to bind 3 sites with the fourth satisfieddigr hydrogen bonding in spite
of the entropically less favourable conditions .

Figure 211 Chapter two hierarchy outlining the methods used to create the uranyl biosensor.
Figure 22 - Proposed binding mechanism of uranyl to -A&2 SLP. Binding occts to
carboxyl groups in a bidentate orientation, and also to phosphate groups in a monodentate
fashion.

Figure 237 The conserved sequences between a number of snake venom metalloproteins. 1,
N-terminal region (metalloproteinase domain) of the higheawhr weight haemorrhagie |

IRIB from Trimeserus~flavoviridis 2, low molecular weight haemorrhagic protein HR2a
from T. flavoviridis ; 3, norhaemorrhagic metalloproteinase Hz from T. fluvoviridis ; 4,
hacmorrhagic metalloproteinase toxin d from @ha¢ atrox and 5, haemorrhagic factor
LHFII from lachesis muta muta.

Figure 24 i Uranyl speciation in aqueous systems as a function of pH. In standard ground
water (pH5) uranium will be in the L&)‘state.

Figure 25 - mSAM incorporation of SLP by MHDMiotin-caproytDPPE mSAM, deposited
with a Neutravidin layer that binds to pbétinylated SLP.

Figure 26 - Porous membrane model with molecular linkers of 1.5 nm length binding SLP
through a stable permeable membrane as maleimide groups covdleatlyo thiols on
protein cysteine residues.

Figure 27 - Schematic of the protocols used to modify proposed SLP analyte
bindingcarboxylates and phosphates sites. (A), phosphate modification by carbodiimide
reaction in the presence of amine. (B), madifion of carboxylates with TRIS using ¢
arbodiimide mediated process.

Figure 28- Silane linker bioconjugation. A SAM of-shercaptothiophenon has a hydrolysed
silane layer condensed onto the available hydroxyls leaving the isocyanate to form a covalent
bond with ree amines on the SLP.

Figure 291 (A) SDS PAGE sizing of $ayer protein. Wells correspond to (1) molecular
weight markers, (2) 1 mg/ml SLP, (3) 1mg/miayer boiled (4) 1/5 dilution (5) 1/5 boiled

(6) 1/10 dilution (7) 1/10 dilution boiled.Bj Size exclusion chromatography calibration
galactosidase with sizes 66 kDa, 160 kDa, 280 kDa, and 466 kDa respectively. A Superdex
200 10 / 300 GL column was used (13 _m particles resolution 10 - 6000 kDa) at a pump
speed of 1.0 ml / min, max pressure bar (217 psi,1.5 MPa). 5@ protein samples were
injected containing approximately 0.1 to 18M protein and pumped through the porous
matrix.

Figure 210 - Nyquist fitting to Randles circuit of-ATP monolayer assembling on gold with
time. (A) Nyquist double semicircle plots of increasing incubation times. (B), a reminder of
how the Randles circuit s are extrapolated.

Figure 21171 Comparison of glucose oxidase amperometric sensefstR4 4MTP
isocyanate silane SAM sensor surfaces versusdhgorbed PEI polymer used to tether GOx
enzyme.

Figure 212 -Nyquist plot of impedance oflayer conjugated electrode in increasing uranyl
nitrate. 0 V applied vs AgAgCI, 10 mM PBS supporting electrolyte, 51 points calculated
using an 0.01 V rms otdat.
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Figure 213 i (A) Real and (B) imaginary impedance components of impedance response
with frequency of Sayer conjugated electrode in increasing uranyl nitrate concentrations (B)
Imaginary impedance response under same conditions. OV applieddg€Ad0 mM PBS
supporting electrolyte, 51 points calculated 0.01 V rms.

Figure 214 i (A) Diagram of the general DropSens electrode (BE2R23A) configuration.
The DRRC223A DropSens electrodes have a screen printed gold working electrode of 1.6
mm dianeter, Ag/AgCI reference electrode and platinum counter.

Figure 2157 Cleaning effects on DropSens electrodes, 30 min in stated conditions before a
50 mv/s in 10 mM PBS containing 10 mM ferricyanide scan to observe redox response. Bare
gold electrode @ cleaning method, 2 min piranha, 1:1 methanol : acetone, 1% Decon 90,
sonicated 1:1 methanol : acetone, chromic acid, sonicated chromic acid.

Figure 216 i (A) and (B), two independent batches of AgAgCl modified BERE23A
electrodes showing and imprawent in stability of the electrodes. Redox peak potentials on
an uncleaned electrode in ferricyanide compared to those of each cleaning method.

Figure 217 7 Microscopy analysis of bare gold and constructediT® JGA12 biosensor.

Left to right: 2D repesentation, 3D topographical view, surface roughness histogram.
(A)AFM of bare gold electrode (2éim x 2 mm area), (B) AFM of JGA12 surface layer of
biosensor (2m x 2nm area). (C) SEM of biosensor surface.

Figure 218 - Cyclic voltammetry showing évation of electrode surface with biosensor
construction; (A), Bare gold, -ATP, sulfeSMCC, JGA12; (C), Bare gold, 4
MTP.isocyanate silane, 3&12. (Triplicate scans with standard deviation, 10 mM FCC in
10 mM PBS-0.4 to 0.6 V, 50 mV/s); B) an(D) Extrapolated potentials and currents for
FCC redox reactions after each layer was deposited onto gold P3 electrodes.

Figure 219 -Triplicate averages were taken from Nyquist scans. (51 point calculated across a
frequency range of 250 kHz to 0.1 Hzarsolution electrolyte of 10 mM PBS containing 10
mM ferricanyde). Electrochemical parameters extracted based on Randles equivalence.

Figure 220- Real time capacitance response to uranyl biosensor usi#d dGurface layer
protein host receptor. (AResponse of biosensor to different uranyl compound. The data
show no differentiation between uranyl compounds as all are able to bind with gheitvo

the +6 oxidation state. (B) Response of biosensor to a range of interfering divalent cations
(nickel nitrate, caesium sulfate, cadmium nitrate, cobalt chloride, average uranyl response).
Response is typically 180 % lower than response to uranyl ions.

Figure 221 1 Kinetic binding models of uranyl to 3&12 electrode; (C), modified SLP

protein responseo UO,%"; (D), Effect of using nomspecific proteins as the sensing agent.
Biosensors were constructed and the response 3" W@nitored (casein sensor response,

BSA sensor response, BSA sensor response with carboxylates blocked, average uranyl
resmnse of SLP biosensor for comparison). The
as previously. Sequential analyte injections were performed over a six hour period.

Figure 222 - A weak pair of peaks at 365 and 373 eV were observed and identiffsgl as

3d3/2 and Ag 3d5/2 peaks. Detailed scans of the C 1s, the Au 4f were taken, baselines were
fitted and the peakdbs areas compared to gi\
Table 24.

Figure 223 - Figure of chrono impedance at 1 Hz, respdosecreasing uranyl nitrate
aliquots. (A) A newly made electrode, exhibiting minimal noise. (B) 1 week old electrode
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stored in 10 mM PBS has reduced sensitivity and a significantly increased noise ratio due to
salt crystal formation and possible redupedtein activity.

Figure 31 - Chapter three hierarchy outlining the methods used to use synthetic macrocycle
hosts as potential components for chemosensors. Fig2iré Examples of the three broad
macrocycle categories; crown ether, lariat etiigptand / podand.

Figure 33 - Figure of bifunctional chelators (A) DOTA and (B) a derivative of DTPA, a
linear octadentate polyaminocarboxylates that has been most studied to date.

Figure 34 - Bifunctional chelators, Serum albumin targeting vegtaeszyme and protein
targeting.

Figure 35 1 Lariat crown ethers (A) dicyclohexasi@-crown6 lariat ether, (B)
DtBUCH18C6 used in th&SP* SREX process.

Figure 36 1 Cryptand calix[4]arendis(crown6), an excellent chelator for both strontium
ard caesium with a preference to the latter, is unusually water soluble and able to hold two
ions simultaneously stabilised by the phenol core and the upper and lower rings.

Figure 37 7 Examples of lairat crown ether discussed. (A) Dibe?¥@rown7 and
cryptands and (B) calix[4bis-2,3-napthecrown6 have high specificity for Cextraction.

Figure 38 - Methods of tethering crown ethers to electrodes. (A) synthesis from monomers
containing a functionalised spacer allowing orientated covalénkgge to a gold substrate,
or (B) post synthesis modification of the crown ether such as adding a hydrophobic tail.

Figure 39 i1 lonisable chromoionophores allow pH dependent switching between the bound
60ffd state and t henercrovinetbenabree6on st ated of th

Figure 310 - Example of (A) a chromogenic steroidal crown compound, modified to have

(B) a cholesterol tail attached. Upon addition of an alkali metal or ammonium cations the
helical pitch of the formed liquid crystals changeduféng in a change in maximum
absorbance wavelength shown in (C). A range of amine analyte compounds tested showed
largel R differences between-&nd L-isomers is observed for ammonium ions having bulky
substituentds (such as phenyl and indolyl).

Figure3-11 i Schematic of°SP* extraction using ionic liquids at an electrode interface.
lons in the aqueous phase are immiscible to the ionic liquid, similarly the hydrophobic crown
ethers are immiscible to the aqueous phase. As a result selective igortraomdy occurs
across the interface as the host has specificity to the analyte.

Figure 3121 Side arm modification of azh3-crown-6 with hydrophobic cholesterol moiety.
This allows the host to be inserted into SAMSs via intercalation.

Figure 313 - 2-Iminothiolane modification of aza8-crown-6 for direct conjugation to a
gold substrate via the available thiol group.

Figure 314 - Modified of 4Carboxybenzd 8-crown6 to linker 4ATP for chemisorptions
onto a gold substrate.

Figure 315 i Strontium resorcinol calixarene binder 280c-14,¢20-tetraundecyl
4,6,10,12,16,18,22,2dctahydroxyresorc[4]arene, trivial name resorcinol calixarene. The
tails are perpendicular to the central cavity.

Figure 316 i Caesium binder pentacyclo [19.3.1.13,7189115,19] octacosal(25), 3,5,7
(28),9,11,13 (27),15,17,19(26),21;d8decaend,6,10,12,16,18,22,2dctol, trivial name
calix[4]resorcinarene.
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Figure 317 7 Schematic of the P10 electrode exhibiting radial diffusion from an array of
micro spots.

Figure 3 18- lonic liquid composed of tributylmethylammonium chloride (Bu3MeN)
and Nlithiotrifluoromethanesulfonimide (CTf2N').

Figure 319 - 16-mercaptohexadecanoic used as the component of SAMs on gold for QCM
interrogation and crown ether insertio

Figure 320 1 Polar lipid DOPC used as a hydrophobic insertion layer on mercury coated
platinum for crown ethers.

Figure 321 i NMR spectra of (A) successful linkage ofcdrboxybenzo 1-8rown6 to 2
MEA, and (Bi F) component molecules.

Figure 322 - NMR spectra of successful cholesterol -48xcrown6 synthesis.
(A),Cholesterol azd8C6; (B), triethylamine; (C), cholesterol chloroformate; (D),-aza
18C6. Samples analysed in Chlorofedn99.8% (Isotopic) containing 0.03 % v/v TMS, in
300 MHz tubes.

Figure 323 i Mass spec confirmation of cholesterol tetheredXearown6 synthesis at a
Mw to charge ratio of 676.

Figure 324 - Oxidation of ferrocenium in acetonitrile to ferrocene around 0.2 V, the base
signal use to test HBt electodes with fabricated pseudo AgAgCI reference electrode.
Performed using 10 mM ferrocenium in acetonitrile solution at a scan rate of 50 mV/s.

Figure 3257 Scintillation counting of DC18C6 IL coated HgPt electrodes that have chelated
952" and *°y?'ions. Twelve samples under identical conditions but at the energy specta
interigated to determine the amounts of each isotope bound simultaneously. Green bars are
scintillation counting after 24 h, red bars the same samples counted after 48 h.

Figure 326- (A) A schematic of the platinum and gold P4 electrodes used. (B) A platinum
electrode under a held potential in mercuric nitrate solution undergoes amalgam plating.
Deposition is monitored as the flow of charge with time. (C) Successful P4 Hg electroplating
on platinum (left) and (D) microscopically on a P10 microscopic array electrode.

Figure 327 - Successful DOPC deposition on to HgPt electrodes. Rapid real time cyclic
voltammetry shows peaks corresponding to SAM poration, reorientation, desorpton a
resorption. The upper peaks correspond to a solution DOPC diffusing and desorbing from
the electrode surface.

Figure 328 - Realtime cyclic voltammetry of £arboxybenzol8crown-6 interaction with
DOPC SAM on a HePt electrode

Figure 329 - Real time rapid CV of DOPC SAM recovery with time from increasing
concentrations of crown ether. At low concentrations peak recovery shows host elution, while
at high concentrations permanent displacement and reorientation of the SAM occur. Arrows
indicatethe directional shift of the peaks with time. Resorption peaks show a negative shift,
decrease and then broadening and recovery at low concentrations suggesting crown ether
layer formation in lipid.

Figure 330 Effect of crown ether insertion on the DOPC characteristic94 V lipid
reorientation and-1.0 V phase transformation peaks. (A) and (B) show 1094
reorienation peak (C) and (D) thel.0V phase transition. (A) and (C) show théetal
deviation in potentials of the observed phenomena while (B) and (D) show changes in peak
height.
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Figure 3317 QCM measurements were made on Maxtek 1 inch AT cut crystals coated with
a gold electrode. Fundamental frequency was around 6 MHDands converted tdmass
using Maxtek software. The following additions were made (A), 3 mg / ml free cholesterol;
(B), cholesterol azd8-crown6 (10 mg/ml in EtOH); (C), attempted cholesterol -48a
crown-6 insertion (10 mg/ml in EtOH in 10 % (v/v) cieidorm) which resulted in stripping

of the MHDA base SAM.

Figure 332 - Insertion of resorcalix[4]arene intoa MHDA SAM. Figure numerals indicate
solutions flowed over the surface; (i) &bt (ii), ethanol; (ii), 10 mg resorc[4]alixarene in
10:1 (v/v) etlanol : acetone; (iv), ethanol; (v), e®; (vi), 1 mM Sr(NQ),; (vii), dHO; (viii),

1 mM EDTA,; (ix), 1 mM Sr(NQ)y; (x), dHO; (xi), 1 mM EDTA, (xii), dHO.

Figure 41 - Chapter four hierarchy outlining the methods used to create chelator particles
with a high specificity particularly t6°S* with greater binding capacity than a number of
commercial resins and functionalised nanaofibres.

Figure 42 - Thebasic schematic of a bioconjugatable, hydrolysable silane used to nucleate
the silica particles. The most common unfunctionalised forms are TEOS (tetraethyl
orthosilicate) or TMOS (tetramethyl orthosilicate).

Figure 43 - APTS condensation onto hydnd surface via silanol bond formation. This
method allows large surface areas to be coated on hydroxyl coated surfaces (glass, silica,
metal oxides etc) with a wide range of functionalities.

Figure 44 - Increasing ratios of oils (dinonyl : dibutyl) with sample dye added. (A) before
centrifugation, (B) after 1 min 13,000 RPM.

Figure 45 i (A) Theoretical and (B) experimentally observed emission peakd'@s
decays either t&*'mBa, then~"Ba emittin?f ay emission, or directly t&*'Ba viab emission.
The 30 keV emission was used to identH{Cs" decay.

Figure 46 i Theoretical decay emission routes 687" via a high energy beta emission
decaying ta”’Y, then a further high energy beta emission, or a further low energy beta and
gamma enssion to the stable formizZr.

Figure 47 - Summary of the functional groups on modified silica particles. Basic hydroyl
groups (A) were modified to (B) alkyne, (C) isocyanate, (D) methacrylaye, (E) ferrocene, (F)
mercapto, (G) sulfonate, (H) carboxyécid, (I) amine or (J) EDTA functionality.

Figure 48 - Silica nanoparticle nucleation as a function of parameter. The reaction solution
contained 5 % (v/v) TEMOS, 100 APTS, 3 % (v/v) H20 in ethanol. (A) Improved
narrower size distribution of amim@noparticle growth using a controlled temperature Huber
water bath at 26C + 0.5°C. (n = 3). (B) Dependence of silica nucleation on dispersion
solvent (2 independent batches, n = 3 in each) (C) Effects on stability of nanoparticle from
purification andsolvent redispersion (n = 3).

Figure 49 - Image of mercapto silica nanoparticles, 20 h nucleation of TEOS at room
temperature on a Stuart gysbaker, speed 8, as a function of pH.

Figure 410- Image of EDTA silica particles nucleated at different pidrticles were grown
for a 20 h nucleation of TEOS at room temperature on a Stuarsgier speed 8.

Figure 4117 Nanoparticle growth at RT as a function of solution components. Components
varied were (A), ammonia; (B), water; and (C), amino silaarged as a % (v/v) ratio of the

total volume. (D) shows as overlay comparison of the 3 variables. Constant parameters used
were 5 % (v/v) ammonia, 5 % (v/v) water or 2 % (v/v) silane. (n =3 £S.D).
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Figure 412 - Calibration curve for thiol quantificationon mercapto silica particles using

ElIl mands reagent . Thi ol s cl eave -ritrb® DNTB
thiobenzoate(NTB, which ionizes to the NTB#ianion, a yellow product that adsorbs at

412 nmin a 1:1 stoichiometry reaction.

Figure 413 - Figure of bare TEOS silica particles. (A) Photon correlation spectroscopy
sizing (n = 5), average size = 127.3 nm, S.E.M = 0.171 (B) EDX elemental analysis shows
silicon, oxygen and copper (C) and (D) TEM images of dried particles on a carbon
substrate.Figw 414 1 Figure of EDTA functionalised particles, prehydrolysis method, 4 h
RT nucleation.

Figure 415 7 FTIR spectra of functionalised nanoparticles dispersed in a KBr matrix.
Particle functionalities were; (A), carboxylic acid; (B), EDTA, condensetb oTEOS
particles.

Figure 416 7 FTIR spectra of functionalised nanoparticles dispersed in a KBr matrix. (A)
mercapto and (B)amine groups condensed onto tetraethyl orthosilicate particles.

Figure 417 i Schematic of solid scintillant EDTA/phenyl fuiatalised chelator particles.
Upon the EDTA arms chelating®®?* ion, an emittedb particle excites phenyl groups in
close proximity which emit a photon of light during-€eecitation that allow scintillation

counting without traditional scintillatiooocktails.

Figure 418 i ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to TEOS unfunctionalised particles, TEOS particles with solid scintillant
trimethoxyphenylsilane. Inset a schematic of particle structure shown ireFdLr.

Figure 419 7 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: TEOS unfunctionalised particles, TEOS particles with trimethoxyphenylsilane and a
chelator functionality , TEOS particles with EDTA functional groaply. Inset a schematic

of particle structure shown in FigurelZ.

Figure 420 T ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: TEOS unfunctionalised particles, TEOS particles with trimethoxyphenylsilane and a
cheldor functionality, TEOS particles with functional sulfonic acid group only. Inset a
schematic of particle structure shown in Figu&74

Figure 421 i ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: TEOS unfunctionaled particles, TEOS particles with trimethoxyphenylsilane and a

chelator functionality, TEOS particles with functional thiol group only. Inset a schematic of
particle structure shown in Figurel#.

Figure 422 i ATR-FTIR transmission spectra of fuiatalised particles. Lines correspond

to: TEOS unfunctionalised particles, TEOS particles with trimethoxyphenylsilane and a
chelator functionality, TEOS particles with functional amine group only. Inset a schematic of
particle structure shown in Figudel7.

Figure 423 7 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: TEOS unfunctionalised particles, TEOS particles with trimethoxyphenylsilane and a
chelator functionality, TEOS particles with functional alkyne gronfy. Inset a schematic

of particle structure shown in FigurelZ.

Figure 424 7 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: TEOS unfunctionalised particles, TEOS particles with trimethoxyphenylsilane and a

XX



chelate functionality, TEOS particles with functional isocyanat e group only. Inset a
schematic of particle structure shown in Figw&74

Figure 425 i Functionalised chelator nanoparticles and sequestering ability for aqueous
9SP*, (A) Ratios of isotopeemaining in the upper tube segment unbound (red) and isotope
chelated by the nanoparticles (green) to show reproducibility between samples. (B) Relative
CMP and mass of°Sr** bound as a function of pH; green, pH 11; blue, pH 7; red, pH 2;
black, pH 1. (¢ Total bound®™SF* as a function of pH; black, pH 1; red, pH 2; blue, pH 7;
green, pH 11.

Figure 426 - Functionalised chelator nanoparticles and sequestering ability to addésis
ions. Bars correspond to pH used; black, pH 1; red, pH 2; blue, gi¢éh, pH 11.

Figure 427 - Co-condensation of two functional silanes onto precursor silica core patrticles
(4h growth, 24 h condensation). (A) Particle size distribution as a function of functional
monomer varied. Amounts of phenyl silane and functional monomer asided, were; 0

m:100 m (no phenyl silane, functional monomer only); black, 8080 mi; red, 40 m:60

m; blue, 60 m:40 m; green, 80 mM:20 ni; purple 100 M:0 ml (phenyl silane only, no
functional monomer). (B) Particle size distributionaagunction of the two functional silane
volumes used. Bars correspond to functionalised silane used; black, EDTA; red, amine; blue,
isocyanate; alkyne, green; purple, merapto silane. 400 sizing scans were obtained from the 5
silanes combined with 6 ratio$ silanes, (n = 10 per average).

Figure 428 -Bifunctional scintillant chelator particles. Particles compromising of phenyl
functionalised silica, and a chelators group (EDTA, amine, isocyanate, alkyne, mercapto of
sulfonate) were tested under saturatimnditions with®°Sr** solutions and counted without
traditional scintillation cocktail.

Figure 429 - Radioisotope saturation binding experiments°s8f** using a range of weak

and strong cation resins. After 1 h with shaking, the resin was recavgreentrifugation,

and added to 5 ml of scintillation fluid. In each case, the left bar shows data from medium at
pH 7 whilst the right hand media was at pH 1.

Figure 430 7 Saturation binding ability of six commercial resins to high concentrations of
137Cs" ions. Mass of ions extrapolated from calibrated radioisotope stock shown on the right
axis.

Figure 431 i Chelating ability of functionalised silica particles. (A), phenyl scintillant
particles; (B), chelator only particles without scintillant}),(€Commercial resins. A known
mass of particles or resin was incubated imB0of synthetic groundwater. Levels 85"

and ¥'Cs" were chosen on the basis of typical activities around Sellafield. Black bars
correspond to samples counted with EmulseSaintillation cocktail, red bars without.

Figure 51 - Chapter four hierarchy, outlining the methods used to deposit chelator groups
using functional silanes onto a range of surfaces including electrospun nanofibres for high
surface area sorbents.

Figure 52 i Examples of hydrolysable functionalised silanes; (A); 3
aminopropyltriethoxysilane (APTES) and (B}aginopropyltrimethoxysilane (APTMS).

Figure 53 - The bare %) and effective charge densities-{) of a planar glass substrate
according toHiemstra et al [212]. (A), solid surfaces used; (B), a 1 _m silica sphere,
assuming a density 8 néhof chargeable sites, a pK value of 7.5 for the silanol dissociation,
and a Stern capacity of 2.9 F/m2 [216].
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Figure 54 - EDTA affinity surface prepat®smn from two dimensional silane condensation
growth on planar hydroxyl coated surfaces.

Figure 55 T Secondary ion mass spectroscopy analysis of functionalised surfaces.
(A),positive and (B) negative scans of an aluminium base layer with generatedsythyzrse

layer. An aluminium substrate was than modified with the desired functional silane
including(C) carboxylate and sulfonate.

Figure 56 7 Bare aluminium surface. (A), microscope image of aluminium surface, 1 min
piranha treated hydroxyl layer. (B}riplicate FFIR transmission mode scans of three
different areas per sample. The sample was prepared by abrasion withm2Gflamond
powder before a 1 min piranha wash to create a surface hydroxyl coating.

Figure 57 - Carboxysilane on aluminium subste. Surfaces were prepared at pH 5.5, 4 h
RT deposition of 5 % (v/v) silane, 2 % (v/v) water in ethanol. (A), microscope image of
aluminium surface, 1 min piranha treated hydroxyl layer. (B), triplicatdéR-Fransmission
mode scans of three differemteas per sample.

Figure 58 1 EDTA silane on aluminium. (A), microscope image of aluminium surface
imaged. (B), triplicate FTR transmission mode scans of three different areas per sample.
Sample prepared as 5 % (v/v) EDBAane reacted in 2 % (v/V)HRO in ethanol as a 4 h
surface condensation reaction to AIOH surface layer.

Figure 591 Carboxysilane condensed on aluminium. (A), microscope image of aluminium
surface. (B), triplicate FIR transmission mode scans of three different areas per sample.
Samples were prepared as 5 % (v/v) carboxysilane reacted in 2 % (v/v) dH20O in ethanol for 4
h. A EDAC/sulfoNHS reaction to bond amino acid taurine was performed to form a sulfonic
acid coated surface.

Figure 510 1 FIB etching and cross section anadysf EDTA silane layer deposited onto
silicon dioxide substrate. (A), surface overview; (B), trench etched into the sample with Pt
resist layer; (C), magnification of the-Biganicsilica interface and sizing of organic silane
layer.

Figure 511 7 Funcionalised EDTA glass capillaries and saturation binding quantities of
SP*under analyte flow as a function of pH. Samples were background corrected and
compared t o an unfunctionalised capillary
A unfunctionalised Igss capillary control. Other bars are identically prepared EDTA
functionalised capillaries (EDTA 45) are shown to illustrate inter batch variation.

Figure 512 - Functionalised mercapto and sulfonate glass capillaries showing saturation
binding of *°S* under analyte flow at pH 7. Samples triplicates versus an unfunctionalised
glass capillary to account for nonspecific binding are shown.

Figure 513 i Functionalised glass capillaries and saturation binding Wits" under
analyte flow pH 7. Sampliegiplicates (functionalised capillary-3) with the average with SD
to illustrate batch variation are shown.

Figure 514 i Saturation binding and reusability of EDTA coated capillaries. Five identical
samples (EDTA 1 5) were used in repeated bindingdadebinding experiments. Green bars
show °SF* binding. Red bars show the amount remaining after a low pH acidic wash to
reprotonate chelator sites. Percentages show the percent remd¥afbions after each
wash. (A), the initial binding saturatiasf **S”* ions; (B), the second saturation amount of
952" jons, of reused samples under identical conditions.
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Figure 515 - Five identical EDTA capillaries under repeated saturation and washing. Bars
correspond to; initial incubation with®SP*; after a 10 min pH1 10 mM PBS wash; second
initial incubation with®*SP*,  a 20 mins pH 1 wash (no competing salt); a 10 min 0.1 M
HCI wash with 0.1 M NaCl and a third initial incubation witer*

Figure 516 - FEG SEM images of FT 4 nanofibres. Left to right shows increasing
magnification of fibres (1 k, 10 k and 100 k). Fibres used were (A), bare fibres; (B), as (A)
with isocyanate madification; (C), as (B) with 4 % (v/v) EDTA silane; (D)(Bswith 40 %

(v/v) EDTA silane.

Figure 517 - Change in fibre diameter as a function of chemical modification. Diameters
were averaged from a minimum of n=5 sampling at a 10,000 magnification. Fibre diameter
sizing averages based on SEM analysis. {ilje diameter averages as a function of fibre
modification. (B), diameter comparison of all fibre types as a function of silane modification.

Figure 518 i Binding of °S* and**'Cs' ions by functionalised nanofibres. 2.5 cm square
panels of fibresvere incubated in synthetic ground water spiked wier* and**’Cs"ions

to give a total activity of 10 kBq. Samples were and incubated for 1 h. n=5 per sample. Black
bars show binding of unfunctionalised bare fibres in comparison to 5 identicéibhaiised
samples. (A), binding o of*’Cs" ions; (B), binding of*>SP* ions; (C), relative amounts of
952" (red bars) an#®’Cs" (green bars) bound.

Figure 519 i Beta counting response of commercial resins incubated in Sellafield low level
radioisdope contaminated synthetic ground water (n =3 per resin).nb®f resin was
incubated with 50n of spiked SGW which contained 1 kBG'190 Sr?* and 0.1 kBq L*
137cs" ions.
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1 : General Introduction




1.1. Groundwater contamination

In the UK hazards arise from fuels, materials and wastes producedJinded Kingdom
Atomic Energy Authority (UKAEA) andBritish Nuclear Fuels plc (BNFL) dating back to the
1940s and 1960s as well as Magnox power stations from the 19%030@s Analysis of

the problem of ground water contamination in not a simple one especially in thesUK
institutions are not obligedo reveal sensitivavaste managememtata. Without detailed
knowledge of the problem and the specifications needed design of a practical biosensor is not
possible. As a resulimodels for ground water contamination in the UK are often based on
Americandata which is freely available. The Drigg site in the North West of England is a
nuclear processing sitevned bySellafield (previously British Nuclear Fuels)This is one

site that does disclose information on soil analysis and allows a realistic ehad the
environmental contamination to be ma@y-products from the nuclear fission process are
radionuclides®®Ur, *°Tc, *°Sr and**'Cs. These arecommonly present in plumes after
reprocessings are technetium Tc(VIl) and Reons Tc particularly @ausesproblems for
remediation. “*Tc is bimvailable as a sulfate analogue when oxidised to form the
pertechnetate (Tc(VIE) anion. In this form it is highly mobile for bioaccumulation,

working its way into the food chaiai].

Further complications arise when these cations bind to forranigns. Other substances
that may interact are a number of natural compounds in soils and ground water as well as
erosion compoundsom well monitoring sites High level radioactive waste is buried with
the intention of the radioactive decay over significanigasr of time. Even minor leakage
and radionuclide migration through container vessels can result in disastrous ramifications for

the environmenf2].

A number of other metals common in agricultural saismely ZnCd, PbandCuadd to the
complexity of competig ions[3] which hinder a nhumber of curreahalytical techniques as

the samples require pteeatment in strong acids. Most current sensing mechanisms in the
laboratorydo not account for the number of interferingamtaminantsand environmental

variables that the devices will have to face.

More in-depth analysis of American groundwafesm Maynardville Limestone and Bear

Creek Arearadionuclidecontaminatedites shows a significant number of competing anions



(NH4*, CI, F, kjeldahl nitrogen, N@ NO, SO,%), over 30 organic species and neaaly

many inorganic ions

1.2.  Ground water composition

As a model of simulant groundwater that will mimic the operational conditions of the
prototype sensors, groundwater conditianalysed in Permriassic sedimentary rocks and
underlying Ordovician metavolcanic basement were used as a suitable model. While data for
Sellafield is usually difficult to obtain, a summary of 19 boreholes spanning 52were

publ i shed dsprdectf] identifylng @ pofential host for a nuclear waste
repository due to the low permighty of the rocks in the area. In this model, Na, K, Ca,

Mg, Sr, Cl, SQ, HCO;, Br,*0/*°0,%H/*H, ®H, *c, B3cic, *eclicl, #'srPPsr, **sP?s, *He

and inert gases Ne, Ar, Kr aia wereall reported.

In 2006 a simplified synthetic ground water system containing mainly the natural soil
minerals has been used in researchesyst Drigg gntheticgroundwater (SGW) at pH .35
containskCl, MgSO.H0, MCl,, H,O, CaCQ sodium silicate, NaN¢) NaCl and NaHC®

[5]. Evenwithin this snmall system the analysiseeded must show high specificity to a
numter of metal ions andninerals as well as being able to fuoot with high levels of
organicmaterialsover prolonged time periods. Binding experiments used to test the chelator
nanoparticts and nanofibres (Chapters 5 and 6) were tested using synthetic Drigg
groundwater as a model for potential interferents arscbents.

1.3. Ground water contaminants

After extensive communications with various Nuclear UK bodies via the DIAMOND
consortium no set figures of radioisotope contamination concentrations were obtained,
suggesting these figures are either confidential or simply not known due to the largesdcale
ongoing deterioration of stored legacy waste. However, for a realistic model to test sensors
in operational environments, a combination of internal Sellafield monitoring documentation
[6], World Health Organisation limits (WHQY] and Sellafield land quality reporf6, 8]

was used to derive an average of activities taken from bore hole samples across the Sellafield

separation area. Typically data is reported iff Bather than chemical concentrations (M).



The 2010 WHO analysis of groundwater sammjif indicated total alpha activities were

below the WHO drinking water guideline level (0.5 BY,Iwith only 5 Sellafield wells

exceeding this amounts (FigurelL
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Figure1-1- Sellafield site groundwater monitoring networf. onitoring wells, 6) the separation

area, ©) thesite perimeter.

The annual average in one monitoring well reached 96.2 Bq |Uranium isotopes

(particularly®*U and?®U, but with lesser contributions froffPU and?*®U) dominated the

activity across the site.

Lower activities of otler emitting radioactive isotopes including

239124 237\p, 2'Am and?**Ra were mesured in groundwater. The highest total obsebved

activity was 1620 Bql. A number of*°Sr sitesexceeded thé°Sr guidelines (10 Bg?),

maxi mum plutonium

evel

S

obser ve%rchelew®s 61 owd

Bq I (limit 100 Bq I'). Weak beta emittefH had annual average values from three

monitoring wells in the area which exceed the WHO drinking water guideline level of 10,000
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Bq I'X. The highest annual average activities are from monitoring wells located outside the
southwed corner of the separation area with averages up to 38 750'B@uerall
groundwater data from the 2010 data released does not show significant changes compared to

the previous three years.

The figures summarised in Tablelwhen stated as totalemitters comprised dfRa, >,
29, NP, 23, 2%u,?*%Pu and*’Am. Total beta emitters compromises compoufits,
%51 1¥7Cs -and 2*!Pu, while total weak beta emitters include tritiuC, *6Cl, *°Tc and*®%

[8].

Table 1-1 7 Radionuclide contamination levels compiled using annual analysis reports to
model accurate synthetic groundwater systems for appropriate testing of sensor and chelator

surfaces.

Primary WHO Observed averages in| Emission | 2010 analysis| Geological grid
isotopes in drinking Sellafield from 0409 level reference [8]
Selldield [6] | water limits to 03/2010 (Bq1) comparison
(Bq 1) [7] (8]
4y and 8y, | 2% 10 Max: 28U Alpha Mainly below | p47%%%U
but with lesser| 10.00-55.0 . this level. p4g%
contributions
23 P 23!
from U and U1 Majority 0.006- 0.01 p45%%y
28y BZy1 Max: 2% 2.9 p45%34y
=410 Max: 2U 2.1
Max: 2*U 50
23924 21N, | 1 Max: 2Py Alpha Mainly below | 2°Pu p49
241 226 .
Am and““Ra 0.02-0.0 this level. 21N p49
Majority
237
0.0037-0.005 No NP,
above WHO
%"Np Max 0.05 0.1
level.
Dy 10 Max 100.00- 1000.00 | Beta Above WHO| p53
Several 100.001000.0 threshold.




Majority
0.12-1.0
Bcs 10 2 Beta p54
Majority of bore holes
0.10-0.2
“Tc 100 Majority 0.045 Beta Several sited p56
Max observed exceeded
WHO
100.00- 200.0 -
guidelines.
°H 5.6 Majority of bore holes | Beta Several siteq p55
100.00- 500.00 exceeded
Max WHO
guidelines.
20000.00- 40000.0
¢ 100 Max: Beta No values| p 57
20.00- 35.0 exceeded
WHO levels
129 100 Max: Beta and| No values| p 59
10 -2.0 gamma exceeded
2.0 Majority
30 003-01 WHO levels

A number of radionuclide species needed to be detected have been idastifiade their
realistic activities the sensor will need to respond to. To place radioactive waste
contamination into context, a brief summary of current remediation technologies is presented

to justify the need for biosensing application.

1.4.  Current remedia tion technologies and the need for
biosensing

Groundwater contamination throughout Europe is a common problem. Application of
technological advances for ground water remediation is often determined bsffective
and risk management policies. There @mmethods of waste removal. Degradation involves

chemical or biological agents applied to decompose the contaminants or form harmless
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products. Precipitation can be used to form insoluble contaminant compounds that flocculate
or sediment from solutionSorption is the immobilisation of the contaminant by absorption

or complex formation to the substrate or a barrier material. Implementation of these methods
is currently achieved by three remediation strategies. There are: (I) natural attenuation
systens that use reactive elemental reducing agents that induce abiotic reductive degradation
of substances, (lII) wetland systems (large land areas saturated with water including mine
effluents) and (lll) permeable reactive barriers (PRB) for ground waterdiatiten which

are increasingly used.

PRB contain reactive elemental complexes such as iron, activated carbon and zeolites, which
participate in redox and chemical coupling reactions with the contaminant in question. There
has been some success withochate removal using iron PRBs, as has mercury removal with
copper shavings, which induced flocculation. However, these barriers treat the plume and not

the source.

Even if a solution to the problem exists, economical and political restrictions often resist
implementation. Underground utilities, property boundaries, site logistics, human health and
safety and compromising ground conditions hinder the implementation of successful
remediation technologies. The PRBs, the most promising of the three stradéljitsces a
number of problems. Target contaminants need to bind the material so that it cannot be
easily rereleased back into the ground water, but at some point can be safely removed if the
barrier material is to be reused. Formation of surfacdiregs gradually decrease the PRB
permeability efficiency over timf]. Uranium ions have been observed as a notable cause
of this affect. Reactivity of théarriers requires the contaminants to be known prior to the
barrier being installed and the binding of expected contaminants can be hindered by co
contaminants. Stability of these materials often needs to extend over a timescale of years as
well as beingenvironmentally compatible. Currently, little is known about the long term

affects of such PRB implementation.

Because of these problems, remediation of groundwater effluents is not straight forward even
with promising technologies. In sudituations asthese, the application of biosensing
technologies is the most practical implementation to continually monitor a target site when

complete remediation is not possible.



1.5. Bioremediation

An alternative approach to engineered systems is the use of baetes@bing agents.
Bioremediation is the removal of toxins from the environment by microorganisms. It is often
more cost affective and sometimes the only practical method available. One of the problems
with environmental pollutant removal is that manytahéons bond with sulphides to form
insoluble complexes. Depending on the metal concentration, bacterial organisms can oxidise
these compounds; this strategy is used for the extraction of copper sulphate from copper
sulphide ores to create highly wateluble compounds. The use of bacteria significantly
increases the rate of oxidation on surface exposed ores making removal now a practical
scenario. However the method is not suitable for all metals. For example, copper and iron in
the form of pyrrohiteFeS) and covellite (CuS) can be remediated while molybdenum ores
cannot[10]. Scrap iron, for example, can be used wAttidithiobacillus ferrooxidango
produce F& solutionsfrom pyrite to oxidise more sulpkie mineral§11]. UG, (Uraninite)

in particular is highly insoluble until it has been oxidised Bgidithiobacillus ferrooxidans

using iron and @as an electron acceptor. In cases where toxicant species cannot or will not
be removed, for means of practicality or cost, biosensing to rmauteentration levels and

movement is a practical alternative.



1.6. Biosensing Techniques

Biosensors are thategration of electronic circuitsvith organic biological recognition
componentdo create a selective and sensitdensingdevice for a specifianalyte They
consist ofthreeparts; a binding reptor, a transducer to conduct the signal and goubut
deviceto convert the detected signal usually in the form of current, potential or impedance.
A summary of a typical amperometric or potentiomebdcterial sensor is summarised in

Figure :2 using bacterial membrane transpor{é&y.

The signal interrogation method varies, thus a brief overview of the main interrogation
methods of sensors is presented and their application to metalloid sensing is presented with
the focus on electrochemical sensing as this covers a significant amouiné efork

presented.

(A) (B)

He
As(lll) IS

\ As(l)

Pm“lP ArsA T

As(m) 6lpF & ATP \

Fpsip 3GSH ATP As(lll) arsR orsA ar-sB arsC
S' Ycflp Sy PR AR |
Hoglp Asll AS(GS) As[GS)3 As(V] ars operon /

< MAPKC T Acr2p =

As{lll) As(V) o
\@ As(v.
S E. coli

As(v) Pho84p

Figure1-2 - Summary of the membrane pumps in @)cerevisiagB) E.Coli. (A) Arsenic

ArsAB pump functions sintar to ABC transporters, with potential from amperometric
sensors used to extrude Ar (lll). The Acr3p pump extrusion system removes As(lll) ions, the
proton potential gradient for this process generated from Pmalp which generates ADP and
extrudes Hions. Metal enzymes that convert metal ions to alternate oxidation states can be
detected by potentiometric based cyclic voltammetry, while binding and conformational
changes observed by impedancéB) Arsenate [As(V)] ions enter cells via phosphate
transportes (PiT and Pst) and Pho84pHn coli. This can activate aeistance protein via the

(ars) operon. Transcription of arsR is induced by As(V) ions and reistance (ars) operon. ArsR,
regulates the expression of the arsABC a membrane pump which pump@Iiuibns.

Before the levels are toxic to the bacteria. Glpf and Ps1p are also thought to be involved in
As(lIl) removal.



1.6.1. Optical biosensors

Optical sensors typically use photon based emission or quenching as a method of analyte
detection. Whole cell bacterial biosensors have been engineered to fluoresce in the presence
of specific heavy metal ior{43]. Using theluxCDABEpromoter, fluorescence was activated

in the specieslcaligenes eutrophushen mM copper concentrations were present.

Similarly, the regulatoy sequencdrom thecadAgeneof plasmidpl258 was used to insert
the firefly luciferasegeneinto Staphylococcus aurelj§4]. Limits of detection (LoD) for
cadmium, lead and antimomyere 10 nM, 33 nM and 1 nMespectively which are
impressively low While opticalequipmenthasthe resolution to detect single photcarsd
thus, in theory, aindividualmo | ec ul e 6 s echEmistsy icamat say thel sandar r
single electron transfers. Howeveanglementation of opticalensors is not always practical.
Also, a limited number of bacteranalyte interactions are applicable @hd approach has
the disadvantage thaxtensivesignal to background data manipulation is often needed.

Impedance based sensing provides a practical compromise.

1.6.1.1. Surface Plasmon Resonance

Surface plasmon resonance (SPR) is the localised phenomena that electrons undergo under
light stimulation. If thelight frequency interacting with the surface layer of electrons
matches, resonance valence electrons are excited locally emitting an evanescent wave parallel
to the interface, while the bulk of light is reflected perpendicularly. This phenomenon alters
the materials local dielectric permittivity, and also the refractive index (n) allowing interfacial
phenomena such as layer by layer sensor depofltignbinding constant extrapolation, and

more recently changes in magnetic properties to be observed. Nanoparticles, because of their
high surface area to volume ratio, exhibit an enhanced SPR effect and can be modelled by
Mie (Lorenz Miei Debye solutioh scattering theory{16]. While there are xamples that

show SPR can monitor protefmotein or antibody antigen interactiois7], the small
molecule detection required for the length scale of ions is below the detection limits of the

technique. As a result SPR was not used astarragation method.
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1.6.1.2.Total in ternal reflection
imaging ellipsometry (TIRIE)

Ellipsometry, like SPR is a non destructive optical technique usedbgerve changes in
interfacial phenomena in thin filmsTIRIE is also able to monitor refractive indexariges
and dielectric properties and able to probe below th&avelength diffraction limitand is
currently popular for large throughput pathogen detedi@h immunoarray screenind9]

and other biomedical applicatiof0].

1.6.2. Electrochemical biosensors

1.6.2.1.Amperometric biosensors

Amperometric biosensors are those that use a current generated by movement of an ionic or
redox species as the detection mechanism. Three broad classes exist; the unmediated,
mediated or direct electrotransfer. To date they are the most extensively used and
successful in terms of transition from laboratory to commercialisation, predominantly in
medical diagnosticf21]. These sensors funati by using a working electrode acting as the
anode or cathode to determine analyte concentrations from the current generated in a known

reaction mechanism.

B-D-glucose gluconolactone gluconic acid

CH,OH CH,0H CH,0H

reductive

OH

— half reacti —0 1
O OH reaction HZO
OH -_— OH 0 — \OH
OH H OH OH —1>COOI{
OH

OH /'\‘ OH

GOD-FAD GOD-FAD1l;

\_/

H,0, —— O

oxidative
half reaction

Figure1-371 Typical reaction mechanism of GOD amperometric biosensors for the detection
of glucose by production of J@,from the reduction obi D-glucose to gluconolactone.
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The analytical amperometric biosensor is the glucose sensor which is catalysed by glucose
oxidase[22]. Glucose oxidase biosensors produce a 1:1 stoichiometry between oxygen and
glucose converted from rductivehalf reaction with two protons and electrons transferred
from &D-glucose tothe enzyme yielding -dluconolactone which hydrolyses to gluconic

acid (Figure 13). The reduced enzyme is then regenerated in a two proton half reaction to
yield H,O,. The current generated by the oxidation @Dkagainsta calibration curve is

used b determine the glucose concentration present in a sample.

The earliest amperometric electrode was an oxygen sensor by Clark in[2356 He
developed this system as the first enzyme based electrode using glucose oxidase as an

enzymic transducer, entrapping the enzyme in a permeable dialysis membrane.

1.6.2.2.Mediator less amperometric sensors

These sensors measure the concentrations of enzymic products with the substrate decreasing

as products are generated. For example, in glucose oxidation:

Substrate + oxidised enzymereduced enzyme + product
where: S + EFADs EFADS+ EFADH, + product

The substrate plus enzyme in oxidised form is reducé&g)-and converted to flavin adenine

dinucleotide H.

Subsequently EFADyH+ O+ EFAD + HO,
Here the reduced FAD cofactor in the enzyme is regenerated and resyl@in H

Generation. Tis product like the glucose oxidase sensor is oxidised against a known

calibration to determine the analyte concentration.

Most of these sensors work usifiy7 V cathodic reduction or +0.65 V anodic oxidation of
H,0O, [24]. These sensors are limited however by substrate diffusion to and from the
electrode, to and from the electrode active site and oxyg@g/thffusion [25]. A range of

enzymes and analytes can be quantified in this way; lactate oxidase for [[28}atkohol
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oxidase/catalase for ethari@l7], xantnine oxidase for hypoxanthif@8], lysine oxidase for

lysine[29].

1.6.2.3.Amperometric mediated biosensor s

These biosensors use alternative (pomyme) mediators or oxidising agents as electron
carriers. These are typically low potential, (typical € 0 V) arificial molecules so the
effects of oxygen are minimised, that transj
and electrode.

Ereqt MEDoxt Eoxt MEDRed

The most common mediators that are used in the many electrochemical experiments include
the revesible ferricyanide [Fe(CN)]® ' / ferracyanide [Fe(CN)]* ' redox couple, and the
irreversible oxidation of ferrocend-e(GHs),;, for non aqueous experiments. Other
alternatives are summarised in Tabi2:1

Table 1-2 - Table of common natural amperometric redox probes and potentials reactions
occur,

Reaction E (V)
Acetonei propan2-ol -0.43
H"i H, -0.42
Acetate aldehyde ethanol -0.20
Cystinei cysteine -0.22
0,1 H,O, +0.31

Mediator based systems are used with an applied voltage that does not not exceed the oxygen
reduction potential@, + H,O + 262 HO,- + OH at-0.076V andO, + H,O + 2é2 HO,
+ OHat -0.076V). Ideally the mediator should not react with oxygen, tte of mediator
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electron transfer should be fast relative to its transport rate, and ideally not influenced by pH.
However, in many systems oxygen can be used as the mediator if a redox probe is not used.
Buffered experiments often use oxygen as theeatirgenerator while ferricyanide based
experiments in many cases use argon purging to remove bulk oxygen. This ensures the
6bul ko cur [FeC@Ny®'T &d nbtuaecompasite signédat isprone to drift and
fluctuations. While a truly oxygeruerent free idifficult to achievedeaeration ensurékat

this current contributionis magnitudes lower than the main signfitbm biosensor

interrogation

1.6.2.4.Common oxygen and water based reaction sin
electrochemical reactions

In an aqueous electrochemicistem, regardless of deaeration, a current will be generated
due to oxygen and hydrogen being present in the system from the atmosphere and diffusion
or dissociation of water. Table3lshows a summary of common reactions and the potentials
they occur vesus the standard hydrogen electrode (SHE).

Table 1-3 i Oxygen and hydrogen based redox reactions that can contribute to
electrochemical current in aqueous systems.

Reaction E°/ (V) vs SHE
O,+2H +2e2 H,0, 0.695
0O, + 4H" + 4e2 2H,0 1.229
O+ H,O + 26 HO,-+ OH -0.076
O,+2 H0 + 262 HO?+ 20H -0.146
O, +2H0 +4e? 40H 0.401
O3+ 2H +2e2 O, +H,0 2.076
O3+ HO +2e® O,+ 20H 1.24
O(g) + 2H +2e2 H,0 2.421
OH+e2 OH 2.02
HO,- + H,O + 2e® 30H 0.878

14



1.6.2.5.Amperometric direct electron transfer
biosensors

In these systems, also known as bioelectrocatalytic systelastrons transfer directly
between enzyme and electrode without a carrier. The rate of electron transfer igoetated
potential drop, and the physical distance between the enzyme-cedog and electrode

[30]. One of the earliest examples by Kuwd8a] used an indium tin oxide electrode to
show direct electron transfer between mitochondrial protein cytochrome c and the electrode.
More recent sensors include cholinesterf82], membrane bound dehydrogena$es3],
cellobiose dehydrogenases[34] and haemoglobin[35] used for electron transfer.

Amperometric sensors are discussed in more detail in Chapter 2.

1.6.3. Potentiometric biosensors

Potentiometric systemsse a change in electric fieddtrossan electrode to detect analytes on
interest. These systems differ to, and should not be confused with potentiostatic sensors that
measure current. The earliespotentiometric senspthe pH sensor detects” kbns across a

glass membrane, the specificitf these electrodes dependent on the selectivity of a porous
membrane. As well as molecular analytes, potentiometric systems allow surface
interrogationof systemssuch as lipid SAM on the working electrodf86] with adsorption,

poration R9] and conformational chges detected as a change in potential or capacitance.

Mi | | eanty tadyusing a HMDE[37] monitored interactionsf the lipid heads with a
number of molecules. When lipids self assemble to form a momptagehydrophobic tails
align to the mercury with the polar heads facing outwards. The iriteraéh the head group
region areof importance to determine chamsgef themonolayer structure and permeability.
These studies showed that molecules coulfl assemble into ordered structures at an
interface and be interrogated by applicatioraotlectric field. Since then SAMs assembled
on mercury have been extensively studied allowing real time monitoring of hydrophobic
compound insertiofi38], lipid phase transitiong89] and protein insertiomto [40]. While
difficult to quantify specific analytes, potentiometric interrogation is semsttivinterfacial
changes at a sensor interface thfzat cannot be easily detected ddther methods. Because

of the ability to detect significant interfacial changes, potentiometric sensors are being
increasingly used withecombinant antibody technologiith specific antibodies created for

biosensor applications[41] for a wider range of analytes including pesticides
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(terbuthylazine]42], bacterial Escherichia coli) [43], antibiotic resistancéb lactamase)

[44]. Potentiometric sensors are discussed in more det@hapter 3.

1.6.4. Impedance biosensors

When a potential is applied to an electrode, ions of opposite charge are attracted to the
interface creating a charged layer of ions, termed the electrical double layer. The closest
distance of approach is a balance betwelectrostatic attraction between electrode counter

ions of attractive and repulsive charge. The distance of this double layer is dependent on
potential, concentration and ion valency and the charged double layer is analogous to a

capacitor.

Impedane based electrochemistry applies a sinusoidal potential to this system. By
monitoring the amplitude and resulting phase shift in the observed current at the interface,
interfacial phenomena can be modelled as a combination of parallel capacitativeistive res
circuit elements. Systems without an analyte or mediator behave like a series RG45tcuit

while mediator based systems can be modelled as a Randles resistor and capacitor parallel
circuit [46]. Normally substantial data interpretation is needed but surface adsorption,
deposition and binding are quantifiable with this technifiee scas are also generally non

destructive to analyte or electrodes providing suitable potentials are used.

Resistance (R) is the ability of a component to resist electrical flow, the fundamental relation

Ohms law (Equation-1):

rR=E
|

(1-1)
However this model s basic assumptions are t
other, that resistance is independent of frequency and the relationship fer all currents
and potentials. This is flawed when a biosensor surface is considered. Impedance accounts
for these real life parameters to realistic
Application of an alternating potential tesgstem will result in a change to these parameters.

In a theoretical pure resistor (R), impedance (Z) is equal to the resistance (Egtjtion 1

Z=R
(1-2)
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In a theoretical pure capacitor impedance is inversely proportional to the product of

frequency W in radians pf), capacitance (C) and j the imaginary component (Equati®n 1

7= L
jnC
(1-3)
El ectrochemical i mpedance spectroscopy (EIS

proportion as a function of current dissipation with frequency. Impedance therefore is the

ratio of current chang® a incremental applied voltage.

Impedimetric sensors work @mpirical electronic systesnwhich modethe ideal Ohms law
conductors to actual imperfect electronics. An RC circuit models the phase shift between the
input and output a.c signal as a fuantof real and imaginary components. This shift in
signals comes from a frequency dependence of the electronicsucance andapacitance
are other forms to represent impedantising a pure resistor model, no phase sisift
observedq = 0and the quation for impedancis Ohms law(Equation 14);
, W
"5

(1-4)
Using a pire capacitgrthen the dtal resistance isa product ofresistance(R) added to

reactancéjX, where®Q W p) the modelccouning for the imaginary component apthase

shift inthea.c signalEquation 15):

® Y Qe
(1-5)
Combining the pure capacitor and resistor model for a series RC circuit the actual impedance
is given byEquation 16:
. wYQET O
o'YQeo —

(1-6)
Admittance(Y), an alternative way of displaying impedar{teis the inverse of impedance

(2) which is the addition of conductance and susceptaBgewbhich is the product of

frequency multiplied by the curre(Equation 17).
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(1-7)
Impedance is measured at a range of frequencies under voltage excitation due to parasitic

impedances thatan exist between an electrode in solution, thus impedance is a function of

frequency, Z).

1.6.4.1.Equivalent Circuits

The electrochemical models discussed are represented as equivalent circuits of resistors and
capacitors as impedance to a small sinusadaltation potential causes current to flow of

phase and amplitude identical to component models (Figdje 1

(A) (B) ©)

z _ Rs G =
— T W
||

Figure 1-4- Equivalent circuit components. Frequency dependent impedance (A) can be
modelled as a solution resistance and pseudo capacity (B) or a charge transfer resistance and
a Warburg impedance component (C).

Figure X4 shows general capacitance(ds frequency dependent components cannot be
modelled by pure R and C components) which can be modelled as either of two equivalent
components; (B) a serialcRcharge transfer resistance and pSeudo capacity orC) Z,
Warburg impedance and a fseudo capacity component. Of the two models FiguteB1

is preferred as the Randles circuit parallel branch and is usually used to model impedance
data. The full Randles circuit is discussed next.

1.6.4.2.Randles circuit

A frequency dependent circuit is often modelled by the Randles circuit as the total
contributions to current in an electrochemical cell (faradaic current, charging current) can be
modelled by a capacitor {@ouble layer capacitance) (Figuré&lL
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If+Hc

e

Figure1-5- The equivalent Randles circuit.

The equivalent Randles circuit that can model faradaic impedance processes as a series
resistor and Warburg impedance component in parallelcepacitor, which is in series to a
second resistorAs all these currents pass through the solution with its own resistance (R

Rs) a second resistor is used in seri@slution resistanc®y, anddouble layer capacitance,

Cq, however are modetomponents These components do not truly model faradaic
impedance because of the frequency phase shift. Therefore, only at a single frequency the
Randles circuit is able to model an electrochemical system effectively. At multiple
frequencies these mddébecome empirical and more detached from experimental data, and it

is possible to have multiple equivalent circuits for the same system.

1.6.4.2.1. Interfacial potential and Helmholtz
theory

At the interface between electrode and solution there is an electriaitipbt This is

composed of electrolyte ions and their associated electrical charge. Assuming these ions
undergo no electroactive reactions, the ions redistribute to achieve an overall electrical
neutrality. lons of attractive charge will approach¢ht ect r ode t o a di st al
radius plus one hydration layer. The presence of repulsive ions forms a second diffuse layer,

the distance of which is governed by electrostatic repulsion. These two layers were fist
modelled by Hermann von Helmholizho modelled these layers in terms of Van der Waals

forces and he termed these layers the Inner Helmholz plane giH&nd Outer Helmholtz
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plane (OHPs® respectively analogous to a parallel plate capacitor (Figese 1This
approach effectively modekhe IHP as a linear potential drop from electrode to IHP, but
does not account for diffusion, interfacial adsorption and solvent interactions.

O Specifically adsorbed anion

Solvent molecule

%) (%} Solvated cation

Figure1-6 - Double layer ion distribution absorbed atiaterface. This consists of the inner
(s") and outer£®) Helmholtz planes. Redrawn froj7].

1.6.4.2.2. Guoy-Chapman theory

Guoy-Chapman theory models interfacial charge@asim of ions of opposite ionic charge in
solution to the interfacial charge. Counter ions are not rigid, but are more diffuse within
limits of their counter potential. This second layer charge and concentration affects the
double layer thickness.

0 6'Q

(1-8)

The balance between forces of surface counter ions, C, and the bulk solution counter ion
concentration Co is modelled by (Equatio8)lwherez is the charge on the ion, e is the
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chargeof a proton, k is the Boltzmann constant
Whilst more accurately modelling the OHP as an exponential decay with distance this
model 6s assumptions only work for mtnoval ent

1.6.4.2.3. Stern theory

Stern theory is a combination of Helmholtz and G@hapman theories. The Stern layer
models ions as non finite size point charges and modifies the IHP, limiting the distance ions
can approach the electrode. This is known as theisfjpplane, also known as the zeta
potential @) .

1.6.4.2.4. DLVO

Derjaguin and Landatheory was a further modification of double layer theory combining
attractive Van der Waals and electrostatic repulsion of the double layer counter ions (DLVO
theory). Electrostatics are modelled on mean field approximation (charge potential energy is
much smaller than thermal ener@§BT, where kB is Boltmans constant and T temperature).

1.6.4.2.5. Electrical Double layers

It should be noted that these surface approximations are based on the assumption that no
electron transfer occurs at the interface. Electdoable layers that are present at electrodes
under applied potentials, and become polarised away from the OCP no longer satisfy this
assumption once electrochemical reactions occur. Once redox reactions begin to occur these
models no longer accurately madthe system like the surface layer protein biosensor
(Chapter 2). For static, no electron transfer systems such as the affinity silica nanoparticles
(Chapter 4) and sorbent surfaces (Chapter 5) double layer theory accurately models the
solution interfae.

1.6.4.2.6. Colloidal Stability

Double layer theory extends to the stability of colloids such as the silica nanoparticles
discussed in Chapter 4. Natural lyophillic colloids such as proteins and poly electrolytes are
stable because there is an energetic poteh&alier which prevents coagulation. Many
solutions have a critical coagulation concentration, CCC. At this concentration double layer
repulsion is reduced so that collisions occur and particles coagulate.

Experimentally, in terms of forces applied toedactrode, under applied potentials, or during

cyclic voltammetry on a stationary electrode of constant area, a charging current builds up at
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the electrode. As potential changes, the charging curggfiofys (Equation 19), where @G
is the double layecapacitance (Fcfjy A the electrode area and v the scan rate (Vs). While
the peak current,ivaries with the square root of the scan raté?)(¢for electrodes under
linear diffusion), ¢ varies with v sod becomes more important at higher scan rates.
minimise this, a consistent scan rate was used for cyclic voltammetry and a small set rms
voltage of 10 mV was used forfor impedance work.
0 B60CE
0ov
(1-9)

1.6.4.2.7. Thickness of the molecular double layer

It is important to understand the region of ionic interaction at a sensor or nanoparticle
interface. IUPAC defines the diffuse layer be tegion in which nospecifically adsorbed
ions are accumulated and distributed by action of thetrilefield and thermal motion.
Counter anato-ionsin immediate contact with the surfaaeelocated in theStern layer. lons
farther away from the surface form the diffuse layer or Gouy Ja®ishown previously in

Figure 16.

In contrastthe diffusion layer is defined as thesgion in the vicinity of an electrode where
the concentrations are different from their value in the bulk soluéiod is dependant on the
applied scan rate and the diffusion coeffieicnt of the redox analyte used, and is metheed t

Cotrell equation. This phenomena is experimentally defined, while the double layer is not.

It is importantto know the thickness of the double layer, the region of interaction of ions and
analye in electrolyte to fully understand the sensor interfabich can be determined

experimentally, and detailed in Equatioril.

It is importanrthat the analyte being detectddr example uranyl ionss magnitudes lower
than the supporting electrolyte concentration, otherwise the observed signatautlvia
bulk compression of the Inner Helmholt plane (IHP) and not interfacial chaatgédse

biosensor interface.

Several attempts at simulatioms model diffusion layers are availab[é5] that mocel
physical phenomena atelelectrode. One model by Faulkner shown in Equatib@ felates

Jmax the maximum lux of species to an electrod®, a species diffusion coefficierd, and
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the distance from the electrode, x.h#w 0, is less or equal to B, the double layer is

affected to a distance of dixnes the square root of the diffusion coefficient

00
Yoo

(1-10)

An experiment running for time t will alter the bulk concentrationdadistance no larger

than aboutp $ O7 from the electrode surface

Experimentally the extent of theouble layer,also called the Debye Lengtfe'?) is
determined by¥equation 111:

(1-11)
where | is electrolyte concentration (M), the dielectric constant/relative permittivity, is
permittivity of free space (8.854 x 'T8Fm™), kb the Boltzman constant (1.3806503 X 10
Bm?kg s2K™),0 isAv a g a dumbed(.022 x 16°mol' %), e thecharge of an electron
(1.602 x 16™ C).

As this equation is derived from the Grahame equatidas valid for low potentials below 25
mV [48]. The equation models the interface and lsgir as two plates of a capacitor and
states that the magnitude of the Debye length depends solely on the properties of the liquid

and not the surface, its charge or potentialin & cation : aniorelectrolyte.
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Figurel-771 Calculated Debye lengths for a monovalanet 1 : 1 counterion buffer. The inset is
a magnification of the length scale region that will be observed usindlimatéar strength
buffer.

Equation 111 was used to calculate the Deloystance for a monovalent 10 mM buffer such

as typically used in experiments (Figur&)L It shows that sensor response comes from only
interactions within 30.3 nm of the surface and not the bulk solution. In comparison, a 100
mM buffer the Debye lengtbxtends to only 0.96 nm while at 1 mM it interacts to a distance

of 9.57 nm. High salt concentrations compress the double layer while lower ones create a
more diffuse layer.

1.6.4.2.8. Solution resistance, IR drop and constant
phase elements

A current flowing fromthe bulk solution to the electrode encounters a resistance from the
ions in solution (R, also R). These ions do not undergo electroactive reactions, thus R
should remain constant as long as the amount of electrochemical species generated at the
electrode is magnitudes lower than the bulk concentration.

In electrochemical systems, a voltage drop occurs across the solution. This voltage drop is a

product of reistance (R) of current (passing through the solution. Experimentally, its

effects areobserved as broadening of the redox peaks due to the reduction in conductivity

and a change between the observed and theoretically thermodynamically derived redox
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patential of an electoactive species. In experimental terms a higher potential is needed than
derived to drive the required reactitnaccount for this iR drop

A constant phase element is a correction factor to more accurately model the equivalent
electrcal components and their imperfections discussed in modelling capacitance and its
phase dependence. Its impedaneggds calculated as:

p

9
Where Ycpeis the admittance constant phase element and is related to 1/Z at 1 rad/s.

Experimentally CE are used when using GPES software for fitting of equivalent circuit
parameters. A value of zero to one is possible, with a perfect capacitor approaching a value
of one and a perfect resistor a value of zero. A value exceeding or significantly below one
indicated a poor fit from the modelling parameters in extrapolating the double layer
capacitance, and was not used.

1.6.4.2.9. Polarisation resistance , R

The open circuit potential is the difference in electrical potential between the internal and
external reference points when no external potential is applied and the circuit ig46pben
When anelectrode potential is forced away from this open circuit potential, an electrode
becomes polarised. If polarisation is sufficient depending on the ionic species present in
solution, current is generated, electrons are transferred and electrochemitahsezacur.

A resistance to this current flow also builds up because of the opposing counter ions termed
polarisation resistance gR

1.6.4.2.10. Warburg impedance

The Warburg impedance models the bulk solution diffusion on a planar teirgertée
distance. Ibehaves as a constant phase element i.e. an imperfect capacitor, with a phase of
45°, independent of frequency. The Warburg component retards current flow in a system due
to the frequency effects on ions. At high frequencies, its effects are minin@isasnly

have a short time to react to the applied field, but at low frequencies, ions diffuse further
affecting the bulk solution and convection. It is observed in Nyquist plots as the tail of a

semicircle, occurring at a 4phase shift only when a rexl species is present.
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1.6.4.3.Nyquist plots

Nyquist plots allow the total impedance of a system (Equatié@)1to be measured as a
function of frequency and electrical parameters such as solution resistgndeuRle layer
capacitance & and pseudo capacity; @ be measured directly as opposed to using a single
frequency and needing to extrapolate these values individually from equivalent circuits.

Y Q

- ® Qe
10

&

(1-12
where Z is the totampedance Rthe bulk resistanceghe bulk capacitance, g¢ the real
impedance component,Zthe imaginary impedance component, j the square rodt ahd
w equal to pf.
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Figure 1-8 - Nyquist plot showing equivalent circuit components. Regions of mass transfer
and kinetic control are found at low and high frequencies respectively.

An applied voltage induces a current in the system under study and the response is monitored

at arange of frequencies. Thus impedance can be expressed as a complex function
represented as whaadinsagimaryd dM corhpenentseofarésistahée(and
capacitance. Plotting the real part on the X axis and the imaginary part on the Y axis of a
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graph creates a Nyquist plot (Figuré)L Thus a vector of length |Z| with the angle between
this vector and the -axis isw (2pf) corresponding to the impedance at a particular

frequency.

Fitting data to a Nyquist format (Figure8) shows how the electrical components of a
species such as a monolayer or the organic layer of a biosensor can be extrapolated. The first
semicircle ntercept gives Rs (i, the solution or electrolyte resistance. The second
intercept is the combined charge transfer resistagcan@solutionresistancedRy. ThusR

is derived by the second intercept mirRig, The Warburg component (W) occurs inddaic

systems and limits current flow due to diffusion constraints. This component has less effect
at high frequencies but contributes significantly to low frequency impedance in the mass
transport region.

1.6.5. Cyclic voltammetry

Cyclic voltammetry is a pow#ul tool for interrogating reactions at an electrode interface. In
cyclic voltammetry a linear scan is applied to an electrode and reversed by switching the
direction of the scan at a certain time or potential. Consider an electrode in solution with an
electroactive species. If a potential is applied that is more positive fHaugent begins to

flow as reduction of the electroactive species occurs. As the potential grows more negative
beyond E °the surface concentration of active species drapalyte flow drops to almost

zero due to a depletion layer forming, mass transfer to and from the electrode, reaches its
maximum as does the peak potentia}) (Ehe current then drops and a peak shaped scan like
Figure 19 is observed. If the potentiad reversed ithe positive direction, oxidation occurs

assuming the redox prolbmdergoes a reversibiernstianreaction. Aghe potential passes

back through Eo0bd there is a temporary neutra

potential becmes more positive, more oxidation occurs and an anodic current flowghentil
same processepeats. @rface concentration drops, flux increaséslowed by surface

current andhe potential drops.
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Figure1-9 i Cyclic voltammogramof the arrent observed for a linear potential sweep of
Nernstian (reversible) reactisnPerformed using a scan rate of 50 mVs, with electrolyte 10
mM PBS containing 10 mM ferricyanaide.

The peak curngt in a cyclic voltammogram is given in Equatiol3:
QN mt o € 00 0% p MO0 670
? Gy & ap
(2-13
where F is faradayds const ant ,he nolokelectronar g e

transferred, A the electrode area gD, the diffusion coefficient (cAfs), G the bulk

concentration of redox specieghe scan rate (V/s), peak current (A).

Because the peak observed can be broad and the true patiintialt to determine, often an
alternative potential is used at2 , called the half peak potential g/ is used (Figure-1
9).

vy
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(1-14)

The relationof peak potential and half peak to n, the number of electrons transferred in the
redox reaction is given by Equatiorld. As ip/vl’zco* is essentially a constant depending on
n*? and QY2 the parameter n can be estimated for an unknown redox reaclibns
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Equation 114 shows that that the peak potential,(Es independent of scan rate (v), peak
current () and is proportional to the square root of the scan(vify. This electrochemical
analysis was used to test electrode cleaning performamtebiosensor deposition. If the

peak current with a redox mediator is proportional to the square root of scan rate, then a clean
electroactive electrode is present. As the active surface area is reduced, the current flow is
reduced as a function of degption.

1.7.  Approaches to metal ion binding

1.7.1. Biosensors and the application of
electrochemistry

Regardless of the recognition mechanism of the sensor which may use proteins, peptides or
supramolecules, a system to convert and use the analyte signatitardifiable form is
needed to see if such biorecognition elements are operating in this way. A number of

analytical electrochemical tools using a standard 3 electrode set up can be used.

1.7.2. Mercury based pola rography

Electrochemistry is broadly defined dtstudy of chemical reactions at an interface under

an applied potential. Nefaradaic systems involve no electron transfer and conventionally
used potential or impedance based measurements to observe interfacial changes. This
approach is often used moodel interactions in organic monolayers or the effect of toxins on
these[36]. The faradaic approach relies on chemical reactions between redox species and
often produces a current based signal proportional to the analyte concentration. The current
observed in the sysmn is a combination of the redox species in parallel with resistive and
capacitative elements due to molecular double layer (as discussed in Impedance equivalent
circuits). A complex multmodel system can explain, electrode kinetics but fundamentally
these forces determine the limit of detection for the following techniques.

Polarography is the voltammetric measurement of a system governed by analye diffusion and
convectional mass transport. The limiting current observed is directly proportional to the
analyte concentration. Traditionally the technique is used on a hanging mercury drop

electrodes (HMDE) which uses a spherical Hg drop extruded from a glass as the working
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electrode. Particularly advantageous, the working surface area can be increasedasede

in proportion to the capillary force applied and allows rapid regeneration of a fresh elecrode.

Mercury based electrochemistry is, along with hydrogen electrochemistry, one of the earliest
electrochemical approaches used, and unlike hydrogeensysts still regularly used. A
potential is applied between working and counter electrodes and measured against the

reference. A range of interrogation profiles can then be applied to interrogate the sample.

Normal pulse polarography (NPP) has the adages of having a minimal background
capacitance current and removes the problem of a varying potential ramp by applying a series
of potential steps of varying amplitude. Current measurements are made near the end of each
pulse which allows the interfedgncharging current to dissipatéa exponential decafdecay

a time'?) allowing the faradaic curremt be determined and offers typical Lebf 107 M

[49]. Howeverbecause of this decay depletion of the limiting current occurs with time and
this methochas been superseded by other PP methods.

Differential pulse polarography (DPP) is similar to NPP, the difference being each potential
step has the same amplitude while the applied potential increases anodically each time.
Therefore the current obtainesla combination of linear ramp and square wave systems. The
current here is measured just before the step and just before the end of the ramp (step drop).
The analytical current is the difference between the two removing the charging current
addition. Atypical LoD is of the magnitude T8M [49].

Anodic stripping voltammetry (ASV) is a similar technique but offers greatly superior
sensitivity. The initial step where the Hg electrode is held at a negative potential to form
amalgams with cationic analytes still remains. However, a lireap rate typically of 2 to

100 mV $'rather than square wave potential is used to reoxidise the analyte and generate the
signal current. As a first approximation, the analyte concentration is determined by dividing
the observed current by the numberetéctrons needed to reoxidise the analyte cation to a
neutral metal atom. This is because the number of moles of analyte adsorbed in the amalgam
drop is proportional to the peak currgbf]. Because of its impressive LoD limit ASV and

its variants are now the main choice for trace metal analysis. This is especially so since

advances are being made in electrode miniaturisation and composition.

Chapman[50] performed ASV on a vibrating microelectrode using single step depuositio

Traditional macroscopic electrodes use stirring to increase mass transport to the electrode,
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thereby enhancing deposition and the signal obtained. However, the use of microelectrodes
showed the opposite and greater sensitivity was obtained withouigstiue to the smaller
electrode area and a thinner diffusion layer. Increasing vibrating frequency offered up to 4
nM sensitivity to copper ions. As a result, many newer electrodes are scaled down to the

micron level for greater mass transport effects.

Traditional methods of detecting metal ions such as atomic fluorescence spectroscopy and
coupled plasma mass spectroscopy are laboratory only specialised devices that are
inappropriate as practical portable devices in the fi@t]. Proteinsmall molecule
interactions can be measured by dual polarisation interferometry (DPI) a method that relies
on optical interference within two waveguides. Essentially a change in refractive index is
measured to determimmass and thickness changes at an interface. Similarly the quartz
crystal microbalance (QCM) is another successful tool for monitoring interactions resulting
in small mass chances. In this technique, discussed in Chapter 3, binding is detected as a
resorant frequency change as species bind at the interface@i aentrosymmetric crystal

As well as mass changes, structurally significant conformational changes that occur on
binding can be identified, such as antibadtigen interactiongs2]. Other techniques such

as shallow angle neutron scattering (SANSYa} scattering and -Xay crystallography have

been largely unsuccessful as a method of monitoring binding and are criticised as artificial, as
the original sysm has been significantly altered due to the required processing steps.
Current analytical tools are generally laboratory based, need an expert knowledge system and

are costly.

Attempts have been made to create a practical portable measurement sysgeAS¥sion

gold microelectrodefs3]. The ability to cedetermine As (Ill) andhs (V) using specific pre
treatment by chemically reducing As (lll) to As (V) was proven. Allowing simultaneous
determination of multiple ionic states in a single technique is certainly advantageous and is an
emerging trend, but a common problem highkghtvas sensitivity to interfering lead, iron

and nickel ions. Gold wire electrodes also showed success in determining mercury and
copper using ASV in 0.01M HCI but showed interference from bromide and chloride ions
[54].

Evolution of the traditional HMDE has occurred because of the toxicity of mercury and
associated hazards in handling large quantities of the material. However themt tas

emerge another electrode that offers a renewable, uniform, atomically flat, polishing free
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surface that has such a wide interrogation window. As a result, novel approaches to creating
films, static drops or coatings of smaller, less hazardous eohfrmercury with the same or
enhanced properties of bulk mercury electrodes are now in use. A diverse number of metal
ions can be analysed usingercury electrodes; static mercury dropsn co-determire
complex metal ion solutions of multiple valencé=or exampleCr (VI), Pb (1), Sn(ll), Sb

(1) Cu (1) andzn (11) [55] have been determined within the same solution

A cutting edge vaant of the mercury electrode usasnercury ion selective electrode (Hg

ISE) [56]. This allowed a LoD3.31x10° M for metal ions showing thaty controlling
fundamentalparametersreducing area and increasing mass transport sensitigity be
greatly enhancd.  Thereis much literature specifically os e n s i nea voyftals 6nhe
particularly diromium lead, copper, zinc and mercury. Beyond these elements, research on
sydems giving high sensitivity and selectivity for other metals is currently limited. Due to
the legal and safety legislations needed for laboratories to handle radioactive sources

literature dealing with radioisotope binding is very sparse.

One notable suce s s usi ng V a-mredudia rstepb was o example & AASV
detection for uranium complexg87]. By reducing U (VI) to U (V) using cupferron
complexation, a detection limif 0.1 mg/L was achieved. Rteeatment steps in many cases

are deemed necessary to remove interfering organics or competing ions that would otherwise
cause the sensor to give false readings. A new bismuth coated electrode was promoted but the

60l oweiritydxctaim as compared to mercury el ec
range of bismuth was notably narrower too, which limits the practical interrogation window

[58]. A brief review of electrochemical techniques has been presented to show the high
sensitivity to a chosen analyte possible through purely electrochemical means. These

approaches are summarisadable 14.
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Table1-4 - The lowest detection limits for a range of elearalytical techniquef®9].

Technique Lowest Detection Limit/ M
Normal polarography 5x10°

Cyclic Voltammetry 1x10°
Sampled DC polarography 1x10°
Normal pulse polarography 107-10°
Differential pulse plarography 10%-5x10°
Squarewave polarography 1x108
Anodic Stripping Voltammetry 10™-10™

Trace metal analysis often needed to the magnitudes ofpeartsillion (ppm) or even per
billion (ppb) in the case of radionuclides. A real time analysis system must have dynamic
response, allow reusable electrodes with a long life span and still offer some mechanism to
differentiate between analytes. Becauss ik not possible for the reasons discussed with

mercury based electrochemistry, alternative binding hosts will now be discussed.

1.8. Protein -metal binding and supra -molecular
chemistry

The binding mechanism of a good bior chemesensor depends on the famdental
chemistry between analyte and host. An i nd
dependent on its electronic configuration and the number of attachment points to its central
atom, consequently determining the orientation of the electairs @round the atom to
maximise distance, forming a conformation imposed by electrostatic repulsion. A slight
complication is that the size and charge of the central atom influences the distance between
the bonding pairs; the charge radius ratio detezmithe arm length of a molecule and the

overall volume in three dimensional space that the molecule occupies. Common geometries

of molecules are shown in Figurel0.
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Figure 1-10 - Common geometries of molecules and their corresponding coordination
number. The central atoms (pink) show the dielhg coordination geosetries and
coordination numbers; (A), linear (AB), trigonal planar (3)(C), tetrahedral geometry (4);
(D), square planar (4); (E)trigonal bipyramidal (5) (F), square pyramidal (5)and (G)
octahedral (6).

Supramolecular chemistry explains intermolecular interactions via weak-derWaals,
electrostatics and steric recognition, which are the fundamental forces between host and guest
molecules. Self assembly of molecules occurs due to saiveleicule interaction and the
hydrophobic effect. Thus, the key to successful stable binding of component molecules to
form a desired complex is the matching of the number of hydrogen bond donor and acceptor
sites, interlocking steric sites and size interaction of the molecules.s&tsolbthis area uses
chelation chemistry, where specific metal coordination of the analyte or guest is used to

recognise and bind specific host molecules.

The classic suprenolecular example is therown ether hosta circular molecule with the

inner holeallowing individual metal ion docking if size and charge consideration allow.
These are discussed extensively in Chapter 3. A current development of this classic system is
the cyclophanetype crown ethethe tetrathiafulvalene molecule (TYFsee Figurel-11).
Variants havencreasingly usednetal binding forapplicationsuch as molecular switches

[60]. Their p electron donating capabilities are usefulmetallic charge transfer systems
However, their specificity is limited to a geometrichlarge gstem The molecule can be

reversibly oxidized to cation or -diation forms at usable potentials giving it many practical

34



advantages foreversible switching systems obserwesing optical fluorescence andiclear

magnetic resonance. In combination wittpedance or optical methods such systems could

be adapted tobiosensing A modification of the standardalixerine system for binding

radionuclide showed selectivity fothe gamma emitter**’Cs" cation while ignoring<* and

Na"ions [61].
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Figure 1-11 - Examples of supranolecular host guest recognition.
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tetrathiafulvalene (TTHnolecule into a variety of tested host syst¢&tg.

More recent developments which were originally aimeddiaignostic therapeuticand

pharmaceutical applicationsf radionuclide tracer binding could potentially be adapted to

biosensingtransducer mechanisms. Complexed af(lll) ions Gd, Eu, Sm and Ce were

bound to vectors that then targeted and bound to specific tissues, cells, proteins or nucleic

acid sequencesThese bifunctional chelates usae binding site for the metal ioméa a

second fortthe target binder. Aefundamental molecule is thebis-anhydride fDTPA that

contains 3 amines and 4 oxygen binding sites suitable for lanthanide b[6aing These

examples further shothat by controlling the steriand charge adfiguration a number of

proposed hostsan be made tbind to chosen targets.

If mechanispan be foundor

binding to an electrode surface or insertion into a SAM layer these systems would

theoretically work well with impedance sensors.
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A number of summolecular systemsereidentified as being potential radionuclide binders.
The binding mechanisms of these systenmstEaengineered due to the I8® complexityas
compared to pren engineering These molecules however aexpensiveand require
extersive chemical synthesis withazardous compounds. Furtinere attachment of the

host ligands to a substrataist notinhibit the binding properties of the molecule.

1.9.  Protein -metal binding and biotechnology

Genetic recombinations a useful biotechnological tool that is of increasing use for
generating proteins with desirable qualities. With an increasing number of bacterial genomes
being analysed an increasing number of sequences are being identified and used in

biotechnology ér the engineering of biological components.

It is possibleto use recombinant DNA biotechnologies to endow viahilerobial cels with
foreign heterologous propertiesthout the need to destroy and purify the cellfie iddition

of novel cell surfaceproteinsin now becoming aefasible optiorfor whole cell biosensors.
As well as introducing mechanisms to birldiorophores such asgreen fluorescent protein
(GFP)Tanaka[63] showedby inserting membrane based proteimst covalently bind to the
outer membrane of the cell wall, @mchoring mechanism to bind external agents from

peptides, biocatalysts and enzymes was shown to be possible.

Currently howeverprotein engineering ibetterunderstood andnore likely to yield short

term results. There are a number of metal binding protein classes that are currently under
analysis, each responsible for homeostasis, bioaccumulation or binding. These will now be
discussed.

1.9.1. Metallohistins, metallothionein, phyto -
chelatins and metallochaperones

Metallohistins are a recently idenified class of histidine rich metal binding proteins found in
the plantAlnus glutinosa Two identified peptides AgNt84 (a 4 region, 99 amino acid
peptide) and Ag164 (an 86 amino acid homolog) arevknim bind multiple divalent cations
including Zrf*, CU*, C&*, C* and Hg". These proteins have been combined with a
modified microcantilever system for real tinedncentratiormeasurement®4]. Successful
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binding caused a detectable deformation in theileaet showing some selectivity with
binding to ZA* but not Mrf* ions.

Metallothionein and phytchelatins are an area of expanding research. M#talfein genes
have been identified but few have been isolated and analfmednetal binding.
Metallothioneins of aquatic hyphomyceteésntanospora fusiramosandFlagellospora curta
Metallothionein were exposed to CU, Cd*, or zrf" [65]. Flagellospora curta
metallothionein bound more &uand Cd", the believed mechanism due to the presence of
low molecular weight peptidesontaining glutathione & natural antioxidant tripeptide
formed from glutamic acid, cysteine and glycipbytochelatinswhich acted athe Ci* and

Zn** binding domains

Phytochelatins are metalhelatingpeptidesimportant in heavy metal regulation certain
plants, fungi and bacteria and contain the sequépGdu-Cys)-Gly [66]. Examples have
been found to bind copper and zinc for storage in both eukaryotes and prok#égdtes

Noneheless, all examples so far show little selectivity.

1.9.2. Metal binding proteins and homologous
sequences

Metallochaperones sequester metals in the cytoplasm and deliver them to specific associated
proteins. Examples incledhe nickel chaperone that carriB** to ureasg¢67] and frataxin
chaperonehatdelivers iron ions to heme cluste Periplasmic protein (PCuA@ known to
bind and deliveCu (I) ions to subunit Il ofThermus thermophilusa(3) oxidase The CopZ
chaperone interagtvith protein CopA chaperone TorDa molybdenum transporter, afalr
accessory protein®r nickel transport (UreD, UreE, UreF, and Uret)form the nickel

containing active site in the urease apoprotein (UreAB8).
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S. aureus pI258 CadC DEEK NR Q:D QTVD SCUSQ K DENRAKIT QDEE N 66
B. firmus CadC DEEK /NR Q:D KTID VS "0/ K DENRAKIT QDEE N 66
L. monocytogenes CadC DEEK KR /KTC ETVE /TT SO "K' I SDETR K TENE N 65
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M. tuberculosis CmtR HEVECRNR SA ' DSQA AQ ST O T SRIM/ TQ RN- TDLAE 56
S. aureus CzrA SEQYSE NTDT ER TE 'K DYNRIR I E .. .SV-SE 'S CH SHQ 49
E. coli ArsR MSFLL IQLFKILADETR seLcE [ [Jr 40
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S. aureus pI258 CadC TIANASHHLRTLYKQ NFRKEGK YSLG=-- MI
B. firmus CadC TA'N'S! RTHKQ RYRKEGK SID=-- [] MI
L. monocytogenes CadC E TV ATS R LKKQ NVYRKDCK {S A---NER RDR KL
B.stearothermophilus CadC TVATASHHLRLLRDMGIAKHRKEGK S AL
S. aureus CadC ESST/ T SHH R KNL KYRKEGKLVYYS EK
Synechococcus PCC7942 SmtB SESAVSHQLRSILRNLRLVSYRKQGRHVYYQ YON
Synechocystis PCC6803 ZiaR K SESA /SHQ R 1 .RSQR KVRRVGRN VVS RE

M. tuberculosis CmtR EQOSA 'SHQ R _RENL VCDRACRS 1V YS DE SA
S. aureus CzrA N SOSN SHQ K KSVH K KROCOS  ¥YS KQ

E. coli ArsR DQSQO K/ SRHI A I RES LDRKQGKWVHYR DE 'R EOEKVQAIVR RONCSGDSKNICS 117

Figurel-12 - Conserved residue sequences between a number of metal binding proteins. Note conservation of residue sequeng€s of lysine
aspartate (D), histidin@) and cysteinéC) ([65]).
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Staphylococcus aureygasmidpl258-CadCencodes the CadC protein thhinds a number

of heavy metal divalent iongcluding Cd(ll), Pb (Il), Bi (lll) andzn (Il). Two distinct
metatbinding sites have been identifiead thiolaterich alpha(3) N site composedentirely of
cysteine residues that bind larger metal iondsascCd (11), Pb (1) and Bi (Ill)and a second
C-terminal a (5) site at the dimer interface, containing no cysteine resithasinds
smaller, harder metal ionsuch as Co(ll) and Zn(llJ69].  Elucidation of the genetic
sequence and comparison to a number of other metal binding proteins including SmtB
(tetrahedral cordination zinc binding), ZiaR (zinc and cadmium (1) binding)z& (zinc
binding) shows consistent cysteine residue placement to create metal binding sites upon
peptide folding into a 3 dimensional proteAn example is shown by the alignment of CadC
saquences (Figure-12) whilst Figure 111 shows the 2 proposed binding sites within CadC.

&

103 p101

—

Projected DNA binding a-helices

Figure 1-13 - Three dimensional structure of the CadC binding peptide and ¢héelical
binding domains for C4d.

A similar setof metal binding proteins have been shown to liadous valence states of the
metalloid arsenic irDchrobactrum triticifzo]. These studies show that to a degree, most
biological metal binding is related to specific ion size and charge density range as the
mechanisms of selectivity. The range of metal binding proteins is currently limited to those
in biological processes su@s Fe, Ni, Cu, Mb, and Zn. For individual analyte detection,
proteins with greater specificity are needed and for a wider range of analytes. These binding
proteins are beginning to be found by analysing specific bacterial strains that have evolved in
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toxic environments. The arsericTPase pumps oEscherichia coliare composed of
subunits ArsA, the catalytic sector of the pump and ArsB, the transmembrane channel.
Together they form an As (Ill) translocating pump that removed Asd also™>’Cs’ from

the cell cytosol. If the ArsA gene is isolated without the ArsB gene it can still be expressed,
to yield a soluble As (lll) binding protein. The ArsA subunit contains 2 homologous halves
connected by a 25 residue linker. Binding of As (Ill) or Sb (BB specific cystine residues
causes a conformational change in the syqf&hh causing a detectable outpsignal that
could potentially be used with impedance systems for real time biosensimgnsatting
repressgrArsD has been identified and is encoded by the opeisRDABC. ArsD encodes

a 120 residue monomehat conérs resistance to As and Sknsoin E.coli. ArsD was
observed to increase the ArsA affinity at lower concentrations, activating the pump at
significantly lower trivalent cation concentrations. A 60 fold increase in sensitivity from 1.2

mM to 20mM was found[72].

ArsD selectivity was further confirmed when its structureas identified am binding
interrogated. The AB monomerhastwo-pairs of vicinal cysteine residue€ys12Cys13
and Cys11Zys113 As a homodimerthe structure contained 4 vicinical pairs. However
rather than pairactingas individual binding sitesinteraction and displacement studies of
metal ions showed that displacement at one site inhibitedselat the otherd71]. This
example shows, that in some cases, specifically evolved proteins shqulegmequential

and selective binding as opposed to simple cheogardination recognition.

1.10. Metal binding and p eptide engineering

The limiting factor for biological based biosensors is currently the lack of knowledge in
understanding the details of metahding mechanisms within proteins. The few that have
been analysed have been discussed in detail. Attempts have begun to engineer peptides
specifically with the ability to bind specific metals of known-adination chemistry as
opposed to searchingrfmatural sequences in bacteria. A polypeptide is essentially just a
linear arrangement of amino acid residues that assemble into a more complex 3 dimensional

arrangement.

A number of similarities behind metal binding sequences have been highlightedgamdtt
be used in generating such synthetic peptid®dsteine andiktidine rich sequences GHis-
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His-Pro-His-Gly (named HP) and GIZys-Gly-CysProCysGly-Cys-Gly (named CPhave
beenengineered intthe LamB proteinsandexpressed ifk. coli. The esulting recombinant
protienshave been shown to birtivalentCd?* but not CG* of Zn?* [73]. Similarly, binding
peptides of motif (GIkCys)Gly (termed synthetic ytochelatiny engineered intde.coli
were believed to bind Hg ions more effectively thandid metallothioneing[74]. These
examples highlight the abilitgf cysteinerich peptides to bind metal ionslowever, they
often lack specificity to the ions they bind atiis can cause problems for specific recovery

and removal of ions afterwar{igs].

Cysteine derivatives of the TRI peptide family (8(LKALEEK)4G-NH,) are known to
bind metal ionswith a trigonal geometry.Increasing complexity to the next level creates
protan subunits, the helix or beta barreA repeat ofa seven amino acid motike in this
sequence, known as a heptad, is known to assemble into ahelpte conformation. By
substituting the leucines for cysteine residues that contain sulphur giteeipesulting
peptide sk assembles into an alpha heiwith outer exposed chelation sites that have been
engineerd to appear at a specific irtsualphur distance on the sequeriEgure 114). An
alpha helix will be generated as long as the first aodtfi residues are hydrophobic (leucine
or isoleucine) and the others hydrophilic. Thus, betweencewljgpeptides domainsra

created for metalwith 4 binding sites; tetrahedral structuf@s] .

Figure 1-14 - Engineered helical peptides and the exposgtelating sulphur binding sites
between peptide array36]. Tetrahedral ions satisfy all sites while’Cibns have been
shown to bind thresites with the fourth satisfied by water hydrogen bonding in spite of the
entropically less favourable conditions .
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Even a slight alteratiorin peptide length with spaceesiduesaffects the assembled
conformation. Engineering peptides istrsimply done byrecognition ofbinding motifs
alone. An extended engineered metifysd-X-X-X-Cysa (a and d are sites of possible
cysteine side chain additionyvith one additional spacer residue occurs iniohiR
liquid9CL12C. Addition of metal ions stabilised these Hles by binding to the 4 cysteine
sulphur groups although under some distortimrt behaved similar to the metallochaperone
HAH1, the transporter that regulates copper homeodfégjs The ability to coordinate with
homoleptic tetrahedraladmiumcomplexe, commonly exhibited by metal ores was shown.
This method opens up a huge redion possibilitiesto engineer metal binding proteins,
although lecause the technique works on satisfyéhgrge and cordination chemistry there
will be limited specificity. Any metal of tetrahedral geometry within zedimit is likdy to
bind. If a method to assemble the peptides exampleat controlled distancein a self
assemble monolayeor the peptides can be boumnad an electrode substratien there is

potential for introducing some size selectivity te tbns bound.

1.11. Sensitivity and selectivity: biological vs chemical
receptors

Regardless of the binding mechanism chosen for the sensor, a minimal range of sensitivity is
essential and specific to the application. The LoD of biological biosensors remhjoa
electrochemical equivalents has shown that generally, biobased sensors lag behind (e.g. ASV

fM levels compared taM for the ArsD protein).

HoweverfM level metal detection has been shdwrcombiningthe 2 heavy metaproteins,
GST-SmtA and MerRover expressed irE.coli [78]. Using a 3 electrode electrochemical
setup,aworking electrodevhich containedheseproteinswasbound to a gold substrateava

self assembledhiol monolayer. While MerR selectively binds mercui@ST-SmtA
potentiostatic measements confirmed GSBmtA boundCw?*, Cd*, Hg**, andZn?* ions
Control electrodes of bovine serum albumin or urease diddeteict these metals. M
concentratioa were detectable using capacitance data obtained from impedance scans
showingconformational change of the immobilized protein upon successful bindings a
combination of biological recognition for selectivity and high sensitivity isieaetle if

combined with electrochemical techniques.
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1.12. Metal Chelation

1.12.1. Introduction

Metal complexes are associations of a metal atom or ion and a second species known as the
ligand. Ligands which form complexes with metals aftelating agentswhile the
complexes formed are termetktal chelates These can be stable is solid or liquid state and

are characterised by two valences, auxiliary pridcipal. Auxiliary valency is the number

of ligand atoms bound to the metal, equal to themnaion number. The primary valency,

also called the oxidation state' (2", 3" typically have ceordination numbers of 4 or 6, with

less common values of 2, 3, 5, 7, 8, 9 and even 10 po§adle

1.12.2. Conditions of Chelation

The metal ion acts as an electron acceptor and the ligand an electron donor, ie behaving as an
ligand Lewis base and a metal Lewis acid. Competiagti@ns influence the rate and ability
of chelation. Metal ions can undergo hydrolysis releasing hydrogen ions in to solution that

can then result in protonation of ligands reducing chelation towards the metal ion.

1.12.3. Ligand donor atoms

For chelation to ocauthe ligand must have at least two donor atoms capable of bonding to
the metal ion. For this to occur, that is, elements that act as donors must be more
electronegative, ie to the right side of the periodic table (groupnirogen, phosphorus,
arsenic,antimony, group VIi oxygen, sulphur selenium, tellurium, while the group VII

halogens often behave individually as mononuclear complexes).

1.12.4. Ligand donor groups

Basic groups, those containing an atom with a group of lone electron which may interact with
a metal ion or proton are shown in the first two columns in Tabfe 1At low pH,
competitive protonation of the ligand may be so extensive that donor atoms, some or all, are
completely inhibited in binding to the metal ion. Acidic groups that lose arprand

interact with a metal ion are shown in columns three and four of Tahle 1
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Table1-5 - Table of important ligand electron donor groups available in metal chelation.

Important basic ligand donor Important acidic ligand donor Coloured chelate groups that may
groups groups interfere with scintillation
Structure Name Structure Name Structure Name
-NH, amine -COH Carboxylic C=0 Carbonyl
-NH imino -SOH Sulphonic C=S Thioketo
tertiary acyclic or
-N= hetrocyclic -PO(OH) phosphoric -CH=N- Azomethine
nitrogen
=0 carbonyl -OH Enolic, phenolic -N=N- Azo
-O- ether, ester =N-OH oxime -N=0 Nitroso
) Thioenolic, )
=N-OH oxime -SH ) . -NO, Nitro
thiophenolic
Thioenolic,
-SH ) .
thiophenolic
P-bonding occurs when metalar bi t al el ectrons interact

resulting in a metal to ligand electron transfer. Howeves;lionding the reverse occurs and

an electron is transfered from ligand to metal. Steric restrictionsrdlsence binding and

therefore, the donor atoms must be spatially available. Those linked to two carbons are

particularly flexible, while bulky side groups hinder the closest approach of the metal ion.

As well as electron transfer, many chelating agdoge protons to form anions that-co

ordinate to the metal ion (eg glycine forms the glycinate ion). Bidentate ligands (those with

donating groups of different composition) are often more stable and easier to prepare.

Generally, the more available doretioms capable of binding to a metal ion the more stable

the chelate complex will be.
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1.12.5. Colour in chelates

There are a number of mechanisms that cause a range of metal chelates to express strong
vibrant colours, due to absorbance in the visible region of the electromagnetic spectrum.
While this can be useful for an immediate visual confirmation of bindingetbbelates will

interfere with scintillation counting df radiation.

These mechanisms include; (Iyddransitions; metal empty, filled or half occupied orbitals
and the transition between them; (1), transition with ligam4/(p )excitation from low ®

high energy orbitalsOrganic ligands, due to delocalispcelectron pairs, absorb UV light

and shorter wavelengths. Such chromophoric groups that may interfere with scintillation are
summarised in columns 3 and 4 of Tablb. 1This problem is increadef phenolic rings are
introduced such as those in solid scintillants. In contrast, the problem is minimised if such
groups are separate from the chelator, which is why chelation groups and solid scintillants
were incorporated on to particles or surfaessindependent components. This was to
minimise @ ¥ p bonding and coloured productfll), Charge transfer transitions occur
when an electron is transferred from ligand to metal, effectively reducing it, or in the reverse

direction, oxidising it, bothasulting in strong absorption bands.

Aromatic compounds themselves act as capable chelators due to the low lying pracant
orbitals that interact with filled metal@r bi t al s causing a met al to
bipyridyl 1,10phenanthrolineand phaylenebis(dimethylarsine]80]) and can be used

directly for colourimetric detection of micro molar levels of Cu (I) and Fe (Il) ions

respectivey.

1.12.6.  Groups with affinity for metal ions

There are a number of common ligands in regular use. Common simple organic metal
chelators include oxalic acid, ethylenediamine and glycine. Iminodiacetic acid is tetra
dentate, forming a four bond coordinatiorgJang a further three bonds free. Nitrilioacetic
acid is a sexadentate molecule and interacts with a metal ion through four bonds leaving two
available. ETDA is sexadentate and typically coordinates five bonds with the metal ligand,
with one remaining ond for other interactions. NTA and EDTA form three and five chelate
rings when all their donor atoms are chelated creating highly stable complexes with only a

single ligand molecule.

45



Traditional veald  medan @&Xchanges are metal ion exchangeesins Theseinclude
diethylammoniumethyl (DEAE) groups (anions) awdrboxy methyl (CM) (cations)

&trond ion exchanges are sulfonate (Sfcation) sulfopropyl (SP)groups (cation) and
guaternary ammonium ethyl (QAEnion) groups 6Weakd anngersidemot ongd
refer how strongly a complex binds toligand Strong ion exchangers are essentially
independent of pH, while for weak exchangéhg charge held and ggonation state varies

with pH.

1.12.7. Ligands with one acidic and one basic group

These chelats often interact with a metal ion to form a neutrally charged species as both
oxidation and chelation number is satisfiBdvalent ions with a coordination number of four
react as shown in Equationl1b, while trivalent ions with a coordination number sik

follow Equation 116.

- o 222 o
(1-15)

- o 2 2 of (119

There are amumber of biological molecules thalsoform stablechelates.The a-amino acid
glycine, between pH 4 and 9, occurs in a zwitterionic state and forms a five membered ring
with a metal ion. Histidine and cysteine similarly act as good chealators due to trenéiH

SH groups, the histidine additionally hagian immidazole. A summary of other biological
metal affinity ligands igpresented in dble1-6.
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Tablel1l-671 A selection of bidentate and monodentate chelators.

Ligands with one acidic and one basigroup Ligands with two acidic groups

0]

Histidine (NMOH Catechol
HN NH

2

SgH

OH
@/OH
0 H
H>N
Cysteine 2 \;)]\OH Salicylic acid OH

O SO;Na

Salicylaldehyde OH HO

Tiron

HO SOgNa

S

Dithizone H\ )J\

Iz
=
A\

Q

1.12.8. Ligands with two acidic groups

These chelates are made from inorganic acids as well as organic ligands includfhg CO
SO, PQ¥ and CrQ”. Chelation comes from the electronegative oxygens interacting with

a cation. Nitrates and perchlorates too can act as metal binders. The simplest organic dibasic
acid is oxalic acid. Table-IT s hows a r ar e e xoone groupsahe more@ t he
stable the complexd rule. As complexity of
complexes (and stability constants) actually decreases.
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Tablel-77 Decreasing stabilitpf chelation complexes for diacidic chelators

Oxalate > Malonate > Succinate > Glutarate >
2= 0
NP o 9 HOWL P 3
‘c—cC.
/ \ 70)]\/[L07 OH HOMOH
(0] 0 0
1.12.9. Multidentate ligands

Multidentate ligands contain two or more different donor atoms, typically oxygen or nitrogen.
While these structures can lwemplex they commonly have flexible carbon backbones
forming five membered ringaith varying functional group. The simplest, ethylene diamine

consists ofa hydrocarbon backbone adjacent to primary amine groups.

Increasing the number of carbon atoms amines we have structures as showmhable 18.
However, simply increasing donor atoms frorm, dhi- to pentadentate does not necessarily
make a more suitable @dination ligand. m'-di-2 aminoethyl ethylene diamir{@able 1-

8, column one)is highly stable and available in quingu® sexadentate forms. However,
increasing the number of nitrogens causes increasing basigitycreasing pH resulting in
competitive protonation or metal hydroxide precipitation. This is overcome if oxygens a
incomporated in the molecule such as imidodiacetic aciditilotriacetic acid (Table B

column two).

Pormphin and corrin molecules aréapar cylic organic moleuctdound in nature with Huckle
based stability (when the numberpmElectons is 4n + 2 or gater,wheren is the number of
p-electons. |If satisfied, a a stable ring complex formithese molecules have enhanced
chelating abilities due to high degreespetlectron delocalisation. Iron porphyrins are found

in haemoglobins and peroxidases, magmasporphin in chlorophy. Both evolved as
biological catalytsandthey undergo reversible redox processes, either adding oxygens to

haemoglobin ophotonabsorption in photosynthesis.

Another class of chelates are produced from Schiff baisethe comlensation of primary

amines with actig carbonyl groups. These form five or sbembered rings around a metal
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ion. However, many of these systems are templated around the mefiethaois they form

only in the presence of the desired metal & ae thusunsuitableas sorbents

Tablel-8-Tabl e of mul tidentate amine | igands
aroundd sterics mobility possible from a
reduce competitive protonation problem of polyamine chelates.

Multidentate polyamine ligands Multidentate ligands

0] o
Ethylene diamine H?N\/\NH2 Imidodiacetic acid \\}/\Hy
HO CH

(\/NHZ
OH
H;N N
1,2,3,4 tetrd 1/(\’ o ;
) N Nitrilotriacetic acid
aminobutane g iy HO N
>—/ _>:O
NH,

(0] HO
o
0, OH
2 inoethyl " Ethylenediaminetetraac \E o
n- aminoe
i ) Hzm/\/m\/j\m-iz i ) N/\\/N
ethylene diamine tic acid o J\
j') 0% “oH
o]

n-n-di-2- 2,2'6'2"

H
(aminoethyl) NNy, | terpyridylhuckel rule

ethylene diamine

1.12.10. Complexones

Aminopolycarboxylic acids are an effective class of chelabimglers derived fronglycine.
While increasing carboxyalkyl arms increase the size and complexity bfritlers they are
all based around theameamine and carboxylic acidinctionalities Theirbinding strength

comes from the stable, water soluble compounds they foahle1-9 shows a range of these

49

of
o



compounds based onimidodiacetic achITA and EDTA are inclded again as they are both

aminopolycarboxyliccompounds derived fromnimidodiacetic acid

Table1-97 Complexone chelators based on onimidodiacetic. acid

Aminopolycarboxylic chelators

Structure

Ethylenediaminetetraacetic acid (EDTA)

o ToH
o}
O
OH
Nitrilotriacetic acid (NTA
( ) HO N
‘>:O
HO
0
HO., 0 «*"J'“c-H
Ethylene glycol tetraacetic acid (EGTA) ]
e . __,l:l-.‘_\_\_'___.--'-\.\__:_-:l__.-ﬂ-.,_h_____,"'\l.‘_L
HO. ,eJ ey
o oH
!
s . . 0 0.
1,2-Cyclohexylenedinitrilotetraacetic acid Q\ j/ H
o] M
(DCTA)
Hﬂ,lle 0.,
H 0 0 0
)i
- "OH
Diethylenetriamine pentaacetic a¢@ITPA) HOL o e Moo o AOH
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Fraction

EthylenediamineN,N*-bis(2-hydroxyphenylacetic H
acid) (EDDHA) H

1.12.11. Properties of ghylenediaminetetraacetic acid

Because EDTA igeadily available ands arelatively cheap chelator, its availability as a
functionalisedsilaneallowed the generation of high affinity chelating surfacks.properties
are discussed in detail to understand how fimectionalised surfaces nanofibres and
nanoparticlegunction.

(A) (B)

Figure1l-157 (A), EDTA protonation states as a function of p2iL1]; (B), molecular model
of EDTA (H¢EDTA?"). Atom colours are standard CPf;oxygen:;q. nitrogen {, carbon
and , hydrogen

The protonated neutral form of EDTALEDTA, has a low solubility in water (0.¢ in 100
ml at 22°C). Proton association constants for the various anionic form&DdfA are

presented in Table-10 corresponding to the EDTA fractions observed in solutiod shown
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in Figure 215A. A molecular cartoon of the chelating arm orientation is shown in Figure 1
15 B.

Table1-107 Table of formation and stability of agueous EDTA complexes

o Proton association constant
Components and products Equilibrium
[81]1[82]
(20°C in 0.1M KNO3)
'000"Ya O000"Y6 O ) 000 Yo lg k,=2.07
@ © v "'000"Yd O gKe=s
o "'000"Yd
v 0 i~ s _
O%$ 44 '0O00"YO O 0005 O Ig ks =2.75
0
0%$ 41z '000Y6 'O ‘0'00"Y6 Igk, = 6.24
"0 00"Y6 O
o "'000"Yd
09 lz 00"Y6 o in o~ |lgki=10.34
O%$ 4!z O0"Y0 O 00°Ys O gk

Two protons are lost below pH 4 from the first two carboxyl groups. Proton dissociation
from the nitrogesa occurs around pH 5, the second at pH 9. Between pH 3 and 5 the EDTA
dominant form existas( %$ 4 !. In a 1:1 stoichiometry binding with a metal ion, the
complex formed between pHahd 5 is shown in Equatiorr1l7, while the complex formed

betweerbetween pH 7 and 10 is shown in Equatich8:

0 '000Ydz - %$ 4! c(
(1-17)
Between pH 710 metal ions form the complex
b 000"vez - %S 41T (
(1-18)
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1.13. Conclusions

The need for radionuicle biosensingis clearto not only compensate for the lack of
techniquedor absolute remediation but to work in parallel with thigntong term reatime
monitoring While absolute radionuclide ground water figures are not available, model
limits, groundwater simulants and-contaminants have been outlined based on Sellafield
annual reports. An extensive overview of the different type of biosensor has been presented
with their scope, limitations or potentials with regards to metal ion sensing. In particular
electrochemical techniques have been highlighted as an area of potential. While traditional
mercury based stripping techniques have been shown to work for indivadualetection

these often fail in complex solutions due to analyte signal overlap and electrode poisoning
from permanent amalgam layers forming. A multidisciplinary approach using a range of
potential host molecules, that importantly have the desiredfigitycind selectivity, is most

likely to produce functional biosensors. Proteins and supramolecular hosts were shown the
most suitable.
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2 . Slayer protein basedbiosensors for
uranyl ions
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2. Chapter overview

A successful uranyl sensor was created usingthface layer proteirSLP) JG-A12. Uranyl

ions noncovalently interact with surfaphosphates and carboxylates on this protein. This
was monitored irreal time as dow frequency impedimetric response. Various tethering
methods were used to et this host molecule while ehing functionality. This included,;

(a) nonspecific bulk polymer abgation on carbon electrodes, )(lthe classic biotin
neutravidin assemblgystemon a self assembiemonolayer(SAM). This is followed by
Neutravidin mediated coordination of the biotin taged sensing component; -(c) 4
aminothiophenol and (}-MTP based SAM approaches. Each method aimed weate
highly ordered uniform andeproducible surfaces on gold electrodéshierarchysummary

of the methods used in this chapter are summarised in Figlre 2

Biological hosts with metal affinit

Biosensor construction

Tethering mechanism

P3/4 electrodes vs DropSe
(DRPC223A)

lon hosts
Metal affinity proteins

Bacillus
sphaericus
strain JG biosnsor
Al2 assembly

Bush maste
Meta Muta
Muta

silane
method method

Figure2-11 Chapter two hierarchy outlining the methods used to creatertinyl biosensor.
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2.1. M etal binding proteins for biosensing

Metallochaperones are a class of proteins that sequester metals in the cytoplasm and deliver
them to specific associated proteins. If gene sequences for relevant metallo proteins have
beenidentified then the potential to produce bulk quantities of such proteins is of great
interest to biosensing technology. Numerous proteins that bind metals are found in
biochemical pathways are already identified. These iechenickel chaperone thaarries

Ni?* to urease[67], (UreABC), the ferataxin chaperonghat delivers iron ions to heme
clusters. The geriplasmc protein PCuAds known to bind and deliver Q) ions to subunit

Il of Thermus thermophilus ba(3) oxidd&8]. The CopZ chaperone interaatith protein

CopA, chaperone TorDa molybdenum transporter, afidur accessory proteirfer nickel
transport (UreD, UreE, UreF, and Ure® form the nickelcontaining active site in the
urease apoprotein Staphylococcus aureysgasmidpl258CadC encodes the CadC protein

that binds a number ofieavy metal divalent catioriacluding Cd(Il)/Pb(I1)/Bi(Il1)/Zn(11).

Two distinct metabinding sites have been identifiea thiolaterich a(3) N site composed
entirely of cysteine residues that bind larger metal iond1ascCd(ll), Pb(ll) and Bi(lll)and

a second @erminala(5) site at the dimer interfacepntaining no cysteine residudsat

binds smaller, harder metal iossch as Co(ll) and Zn(1[69].

These few examples show that for bio logically active metals a vast range of metal binding
proteins occur and have been identified with common binding sequences of typically lysine
aspartate histidine and gsteineskey binding residues. While they could all have potential

as biosensor recognition elements they would offer little specificity with many of them
binding multiple metals, leading to potentially giving false positives or inability to

differentiate betweemultiple analytes.

While a few bacterial strains have been identified as resilient and able to sequester uranium;
Pseudomonasstutzeri, Neurospora sitophila, Streptomycesalbog Streptomyces
viridochromogenes[83] the specific mechanisms and bindings sites of very few are
understood. Bacteria regulate their responses to metal ions by a number of mechanisms.
Membrane pumps use an electrochemical potential to pump out metal ions from the bacterial
cytoplasm to maintain ion concentrations below toxic levels. Alternativedyynbacterial
species have evolved specific membrane proteins externally, or internal chaperone proteins
that bind and sequester proteins to minimise uptake or transport them into metabolic response
pathways[12].
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2.1.1. Surface layer proteins

The surface layer is a monomolecular latreat ispart of the cell envelope fourid many
bacteria. It iscomposed of proteins or glycoproteinsSurface layer proteinform two-
dimensional crystalline arrays of protein subunits, generally forming four typesDof 2
lattices. There areoblique (pl or p2 symmetry), triangle (p3 symmetry), square (p4
symmetry) o hexagonal (p6 symmetryB4] arrangements  Their functions can include
cell adhesion, protection from feeding by protozoa or phagocytes, virulencesfactigenic
properties, anchoring sites, receptors for phages and porin fuf@ipnBecause structure
and function varyther assemblg mechanism ha been difficult to elucidate. However in
some strain®f Thermusthermophilusthreegenes, aapressor and two that code for the S
layer have been shown to regulate different typeslajer dependent on oxygen supfdg].
X-ray photoelectron spectroscop{XPS) importantly showedthat the 2D assenip
mechanism and chelation effect is independent of transcription and transport, and depends on
inter-protein interaction and heavy metal association, frequentdiatedby calcium or

sodium saturatiori87]. Itis this propertythat can be harnesséa biosensor application.

2.1.2. Metallo proteins and uranyl binding -Bacillus
sphaericusS-layer JG-A12

The Bacillus sphaericustrain JGA12 is believedto havenaturallyevolved due to chronic
exposureto uranium mining waste piles near the town of Johanngeorgenstadt (Saxony,
Germany) and shows an intrinsic resilience to uranyl if88. Compared to similar strains

of bacteria JGA12 was reported to bind U8 with higher specificity than its neigbhbrs.

Early reports claimed J&12 offered specificity only to Ug'making it an ideal metal
receptor. However, subsequent w¢8<] monitored theinteraction of this strain with 19
heavy metalons (Al, Ba, Cd, Co, Cr, Cs, CugFGa, Mn, Ni, Rb, Si, Sn, Sr, Ti, U, and Zn).
While having little or no affinity to many J&12 SLP boundCu?*, P, AI**, and Cd" as

well asUO,**. Thus, while not offering complete specificity to uranium it binds to a fewer

numberof interfering cations.
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Figure 2-2 - Proposed binding mechanism of uranyl to-A® SLP. Binding occurs to
carboxyl groups in a bidentate orientation, and also to phosphate groups in a moeaodentat
fashion[87].

The binding mechanism has been elucidatedXnay absorption finestructure (EXAFS)
analysis. It isbelieved that théJ (IV) ion is coordinated to carboxyl groups in a bidentate
fashion with an averaggistance between tHg atom and the C atom of 2.88002 A and
phosphate groups in a monodentate fashion with an average distance betvitatotheand

the P atom of 3.62 + 0.02 A (Figure2). Because of the high potential for the-3G2 SLP

to bind uanyl a sample was obtained from Dr Katrin Pollmann laboratory (Dresden,

Germany) and was used to develop a uranyl biosensor.

2.1.3. BushmasterMeta muta mutametalloproteins

Another potential source for metalloproteins is from animal venoms as they contaitbarnu

of common components. In particular a wide range of snake venoms contain proteolytic,
clotting and hemorrhagic factors that attacking basement menstandehe wallof blood
vessels once enterintpe blood stream of prey. There was much intenestokicology
journals in the mid 1 %8tikedabsiltyitorseqsenca greteing &d o m
producevaccines becaméncreasingly viable.
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Figure2-31 The conserved sequences between a number of snake venom metalloproteins. 1,
N-terminal region (metalloproteinase domain) of the high molecular weight haemorrhagic |
IRIB from Trimeserus~flavoviridis 2, low molecular weight haemorrhagic protein HR2a
from T. flavoviridis ; 3, norhaemorrhagic metalloproteinase Hz from T. fluvoviridis ; 4,
hacmorrhagic metalloproteinase toxin d from Crotalus atrox and 5, haemorrhagic factor

LHFII from lachesis muta muta.

In particular as shown in igure 2-3 [89] comparing theconservedegions of a number of
metalloproteinasesevealsleucines, Enine, threonine, aspartic acid and lysiréhe crude
venom of the bushmastémachesis muta mutgit viper native to the forested regions of

equatorial South America has been noted to bind aqueous uran{®®ns

Two independent groups, MacCordif30] and Sanche1] proposedhat venom pratins
could bind wuranyl ions. This wasferred from mass spectroscogpferenceand gene
sequencing in crudeleta muta mutaenom. Two specific metalloproteimgereidentifiedin

the crude venonhamorrhagic factor | a 100 kDa glycoprotein and hamgichiactor II, a

22 KDa low molecular weightrotein[89]. Because of théocus of the remarchjournal, this
was never followed further. Crude venom was purifiesing high-performance liquid
chromatographyHPLC). However, becaustne binding proteins werenly presentat low
concentrationpbtaining practical amountsor use asuranyl sequestering compongntas
impractical. Amounts of the uranyl binding proteins were identified and purified but this

approach was not followed further.
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2.2.  Analyte forms and uranyl speciation

Actinides such as uraniumhdrium, neptunium and plutamn have complex aqueous
chemistry as a number of o@nions andare stable as a function of pffFigure 24).
Because of theichemical instability these metad® not occur in their efeentary form in
nature. Anumber of sources state they cannot beiobtinaturally, and only generated by
salt solution electrolysi2].
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Figure 2-4 1 Uranyl speciation in aqueous systems as a function of pH. In standard ¢
water (pH5) uranium will be in the U state[9].

While the most common forms of uranium drauranium octaoxideU;Og and uranium
dioxide (UQ) a number of other compounds such uwanium trioxide (U@), uranium
monoxide (UO), diuranium pentoxide {0s), and uranium peroxide (W{2H,0) also exish
natue. In tetravalent form ¢/ and UOH"* forms complexwith the acids HCI, bSOy, HsPO,

and COOH. Plutonium complexes with anions nitrates, chlorides, sulphites, carbonates,
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citrates and peroxygenated complexes. As with strontium and alkali earth metsds th
elements are strongly electronegative, well below the stability domain of water and act as
reducing agents forming trivalent cations in strong acid solutions. In alkaline solutions they
form hydroxides. A number of uranyl salts are formed from reagtiith the acids HSO,,

HNOs; andwith hydrogen peroxide. In the presenceadtrondy acidc environmentmost
adinide oxides dissolve to forthexavalent metal iondJO.,**, NpO,**, PuQ?*, pentavalent

MO," are unstablat low pH and do not occur ipracticalamountswith the exceptions of
NpO;" and AmQ".

2.3. Experimental

2.3.1. Reagents

SLP from strainLysinibacillus sphaericudGA12 was provided by Dr Katrin Pollmann,
Institute of Radiochemistry, Forschungszentrum DresdeRossendorf, Germany. he
transdeers used were desig P3 and?4 [93] comprising a 1 mm diameter gold working
electrode fabricated on a Si©oated Si wafer over a Tdaesion layer. These were sourced
from the Tyndall institute, Cork. The reagents 4-aminothiphenol (4ATP),
mercaptothiophenol (MTP), 4(N-maleimidomethyl)cyclohexar&carboxylic acid 3
sulfo-N-hydroxysuccinimide ester sodium salt (se8MCC), 16mercapohexadecanoic acid
(MHDA) and biotinN-hydroxysufosuccinimide (biotiANHS), 3
isocyanatopropyl)triethoxysilane (isocyanate silane) were obtained from -Bilginieh.
Biotin-caproytDPPE was obtained from Avanti Polar lipids whilst Neutravidin was aatjuire

from Pierce. All other solvents and buffers unless stated obtained from-8ignizh.

2.3.2. Electrochemical Setup

EIS was performed on PGSTAT100 FRA and microAutolablll/FRA2 systems. Experiments
were performed with a gold P3 or dual P4 working electrodeAgn AgCl reference
electrode and a solid platinum counter electrode, in a classic 3 electrode system. Phosphate
buffered saline solution at pH 7.0 comprising 140 mM NacCl, 2.7 mM KCI, 0.1 mMmRa

and 1.8 mM KHPOwas used as the supporting electrolteange of cleaning methods was

used for preparation of the gold electrodes and then the amperometric response monitored by
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cylclic voltammetry scans in 10 mM PBSntaining5 mM potassium ferricyanide as the

redox probe.

The deaning protocolghat weretested were(a), ethanol wash and sonication; (b% min

UV irradiation followed by ethanol wash; (@zone treatnm followed by an ethanol wash;;

(d), 2 mins in a piranha solutioie), (7:3 v/vsulphuric : hydrogen peroxide); (§,minsin a

7:3 (viv) piranha solution and (g)5 mins in a 1:1 panha solution. Piranha solutigives an
aggressive treatment that erodes metal with excessive use, and thus reduced electrode life
span with extended use, bititalso offeredthe most powerfumetod of organic removal

from electrode surfaces. The optimum method feasd to be & min clean in a 7:3 (v/v)

piranha solution.

2.4.  SLP tethering Mechanisms

Three different tethering mechanisms were used to bind the host SLP protein to gold
substrates and ¢lresponse interrogated with EIS.

2.4.1. Biotin-Neutravidin mSAM layer

For mSAM preparationnitially a 10 : 1biotin-caproytDPPE to MHDA molar ratio was
used. For this 441 of 10 mg/ml MHDA in CHCI3; was added to 10 néthanolto form a 0.5
mM/500 mM stock soldion. To this 52.5nL of biotin-caproytDPPE was added from a 10
mM stock in CHC4to create a total working concentration of B8 biotin-caproytDPPE

and a 10:1 molar ratio of MHDA : bioticaproytDPPE. Electrodes were incubated overnight

to prepare thenSAM. Biotinylated SLP was bound to a Meavidin protein layer that was
preassembled on a MHDA:DPPE mSAMH]. In the present work ¥ydroxysuccinimide
activated arboxy biotin was used to biotinylate the SLP. The protein was dialysed for 24 hrs
against PBS to remove interferants such as azides that act as biocides to enhance protein
storage lifespan. Biotiniayer protein ratios tested were 1000, 100 and 104011 : 1 ratio

with a 30 min incubation time was found to be optimal for bindBigtin tagged SLP and

free unreacted biotin were separated and purifieal BB 10 Desalting column (Sephadex G

25). A schematic of thisssembly mechanism is shown in Fig@bs.
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2.4.2. MSAM stability measurements at varying MHDA
. biotin -caproyl-DPPE ratios

biotin tagged Sayer protein

Neutravidin
biotin-caproytDPPE
16-mercaptohexadecanoiacid
gold substrate

Figure2-5 - mSAM incorporation of SLP by MHDA/biotitaproytDPPE mSAM, deposited
with a Neutravidin layer that binds to pbéotinylated SLP.

Varying ratios of biotincgproyl-DPPE : MHDA were prepared in 10 ml ethanol to be
absorbed on gold P3 electrodes. The mSAM was interrogated over a frequency range 250
kHz to 0.25 Hz. Fifty data points were measured to monitor self assembly. Readings were
taken immediately upon eleotle immersion into the component solution to monitor
adsorption, assembly or stability as a function of capacitancéZob , t he i magi |

component of impedance.

2.4.3. Bioconjugation using 4ATP sulfo-SMCC layer

Cleaned electrodes were incubated in 10 miT# in ethanol solution for 4 h. Hourly
Nyquist scans showed that while a significant amount-AT B bound within the first hour,
stabilisation and molecular ordering occurred sometime after 4 h. To attaghS8dEC the
electrodes were then incubated in a 5 mM s8ICC in PBS pH 7.0 for a minimum of 1 h.
Sulfo-SMCC bind to amine groups ahe 4-ATP monolayer; its maleimide groupse then

free to bind cysteinethiol groups on the SLROnce the supporting lay had been prepared,

the electrodes were further incubated for a minimum of 1 h in 1 mg/ml protein and stored in
10 mM PBS at room temperature. Electrodes were interrogated after each deposition step to
confirm successful layer deposition. A schematresentation of this assembly mechanism

is shown in Figure -B.
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\ " Slayer protein

Sulfo¢gSMCC

0 I Q\ ’& 4/1\
? Q g bioconjugation linkers
' > ¢

4-ATP SAM

gold substrate

Flgure2 -6 - Porous membrane model with molecular linkers of 1.5 nm Id8&fbinding
SLP through a stable permeable membrane as malegrodes covalenyi bind to thiols on
protein cysteine residues.

2.4.3.1.Blocking the SLP chelating ges

Two alternativebinding mechanism of uranyl ions to -A32 SLPhave been proposed; one
is through carboxyl and phospgkagroups in a bidentate manner, the seadadhosphate
groupsin amonodentatenechanismunique to JGA12 SLP[87]. To confirm the impedance
response change was due to the specificity 6AJ& SLP to uranyl ions these sites were
chemically modified (Figure-Z).

Phosphate blocking was achieMey phosphoramidate modification which added an amine to
the phosphate group@~igure 27 A). This was performed by incubating afeyer coated
electrode in 5 mM ethylenediamine withethyl3-(3-dimethylaminopropyl) carbodiimide
under alkaline conditian(pH 7 10). Carboxyl groups were blockdxry modification ofacyl
groupsthat created 3 terminal hydroxyls that introduced electrostatic and steric hindrance to
analyte cations that attempted to bifigure 27 B). This was achieved by incubating an
SLP bound electrode in 0.1 M MES pH 4.7 with 0.1 M TRIS with 10 mg/retHy}3-(3-

dimethylaninopropyl) carbodimide for 4 &t room temperature.
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(A)

(B)

Figure 2-7 - Schematic of the protocols used to modify proposed SLP binding carboxylates
and phosphates sites. (A), phosphate modification by carbodiimide reaction in the presence of
amine. (B), modification of carboxylates with TRIS usagarbodiimide mediated pcess.

Successful blocking of the SLP binding sites was confirmed by XPS and inhibititwe of

biosensor response to uraighs

2.4.4. Bioconjugation using 4MTP and isocyanate
silane

Bioconjugation using this method usa bare gold electrode a 4h incubaion of the base
layer solution which contained at a concentratiorbnfM 4MTP in ethanol. A further 4
reaction of functional silane % (v/v) in ethanol wasydrolysed and condensed on to the
surface via silanol linkage. The available isocyanate grtign reaced with free amine

groups forming a covaleninkage to the receptor protein (Figur8)2
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Figure2-8 - Silane linkerbioconjugation. A SAM of 4nercaptothiophendias a hydrolysed
silane layer condensed onto the available hydrolgésing the isocyanate torfo a covalent
bond with free amines on the SLP.

2.5.  Analytical methods

2.5.1. Atomic Force Microscopy

Atomic force microscopy (AFM) was performed using a Nanoscope IV Pico scope force
module with the help of Dr HodgesSchool of Process, Environmental and Materials
Engineering in the Faculty of Engineering at theiversity of Leeds. Data was analysed
with alternative software WSxM 5.0 development [94].

2.5.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was perfor me
spot size and 150 W po-ragsoursbldeM angdis waw aatriedd A | b
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out using a Maxtek RQCM instrument using/5iz, 1in. diameter AT cut crystals with Au
coated surfaces. Real time deposition studies were obtained by settinfoup through

systemusinga10®! fl ow chamber w&min'flow speed of 22

2.5.3. Scanning electron microscopy

Scanning electron microscopy was performed on a Philips XL30.S&5Mmples were dried
and sputter coated with a 5nm conductive layer of gold or platinDypical working
conditions were 200k x magnificationa 3 mm working distance and & kV accelerating

voltage

2.5.4. Native gel PAGEand SDS PAGE of Sayer
protein

Polyacrylamide gel electrophoressa technique that allows the separation of proteins based

on electrophoretic mobilityA 10 % (w/v) gel allows separation pfoteins in the range 20

kDA to 3 MDa which should have allowed identification of the proposed 126 kDa SLP
monomer87] and some lower aggregates. However, native gels appeared blank suggesting
a staining problem or that the petm was not entering the gel. It is known that highly
phosphorylated protein have problems with common stains such as Coomassie and silver
[88]. For such proteins a staining agent such as Spyro Ruby has been suggested. However,
use of an SD®AGE gelwith the use of elevated temperatures and SDS to unfold and
denature the proteins, removed problems of aggregation and successfully stained proteins to

be imaged (Figure-2 A).
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Figure2-9 1 (A) SDS PAGE sizing of $ayer protein. Wells correspond to (1) molec
weight markers, (2) 1 mg/ml SLP, (3)rg/ml Slayer boiled (4) 1/5 dilution (5) 1/5 boil
(6) 1/10 dilution (7) 1/10 dilution boiled. (B) Sizexclusion chromatography calibrai
curve using bovine serum albumin, glucose oxidase, acetyl choline esterask
galactosidase with sizes 66 kDa, 160 kDa, 280 kDa, and 466 kDa respectively. A S
200 10 / 300 GL column was used (@B particles resolution 10 6000 kDa) at a pun
speed of 1.0 ml / min, max pressure 15 bar (217 psi,1.5 MPajl pdotein samples we
injected containing approximately 0.1 to B protein concentrationgind pumped throut
the porous matrix.

2.5.5. S-layer protein sizing using size permeation gel
chromatography

High performance liquid chromatography (HPLC) uses a porous matrix similar to PAGE to
separate proteins. The main difference is that the former separates on hydrodynamic size
rather than charge to subuniticatThe sample is pumped through a column containing
agarose- dextran cross linked porous particles. This technique is without the denaturing
effects of SDS and shows proteins in the native state thereby allowing aggregation effects to

be observed.

Figure 29B shows the calibration curve of standards used; bovine serum albumin, glucose
oxidase, acetyl choline esterase énghlactosidase of sizes 66 kDa, 160 kDa, 280 kDa, and
466 kDa respectively. The expected 126 kDa monomer shown by SDS PAGE ¢&fsyre

was expected at an elution volume of 14 ml. However, this was only observed at a protein
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concentration of ImM or lower supporting the idea that there is a critical aggregation
concentration below which the monomeric form is favourable. AMland 10mM a 740

kDa peak was observed in all fractions suggesting a hexameric aggregate. To ensure a
monodisperse sample for protein deposition, a protein supernatant sample was centrifuged at
10,000 x g for 30 min was retested in the HPLC column. Elutahtaved that a
monodisperse sample remained while the heavier aggregates sedimented.

Computational analysis using UniPsaiftwareanalysis predicted the isoelectric pointtio
126 kDa JGA12 monomer as 5.10. A protein monomer contains 125 negativetgatha
residues (aspartic acid and glutamic acid) and 103 positively charged residues (arginine and

lysine). Therefore at pH 7 the proteihouldcarry a slight overall negative net charge

2.5.6. Electrochemical analysis

Deposition, assembly and organisation af ®ATP base layer was monitored with hourly
EIS interrogation on cleaned gold P3 electrodes in a cell containing 10-ANP4n ethanol.
Using fitting of parameters based on a R a

parameters were extrapolated.

2.5.6.1.Deposition of 4ATP SAM

To determine the optimum monolayer assembly of the base layer, sequential impedance scans
were taken every 60 minutes for 8 h (Figur@®A) and the corresponding equivalent circuit
components extrapolated. Two semicircles appétir the components fitted according to

the model in Figure -20 B. The left high frequency region corresponds to the absorbed 4
ATP, the right unbound-ATP within the Debye length (calculated in Chapter 1 as 3G nm

see Figure &) interacting with theslectrode and responding to the applied field at lower
frequencies (extrapolated in Figurel@ D). This corresponded to the mass transfer
component of analyte diffusing to, and from, the surface. Both peaks showed a stable
solution resistance with minachange as excess ferricyanide andT# were in solution

(Figure 210 C and D, seedRA).
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Figure2-10 - Nyquist fitting to Randles circuit of-ATP monolayer assembling on gold with time. (A) Nyquist
double semicircle plotat, , 1h:p .2 h;q , 3 h; A, 4h incubation times (B), a reminder of how the Randles
circuit components are extrapolated.
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Whilst there was still some decreasing capacitance beyond a 4 h incubation, only a
subsequent 10 nF deviation i @as observed up to the complete 8 h incubation (Figure 2
10 D, Gu p ). Rinsing of electrodes and scandresh ferricyanide showed a stable layer

formation and 4 h was chosen as the minimal incubation time for the base layer.

The second semicircle (Figure-1® C) showed a linear decrease of capacitance as
ferricyanaide was reduced and diffused away from eékectrode, as did the polarisation
resistance. In contrast the second semicircle, representing unbound species, showed
continual but relatively small decrease ipdtd R (520 WVand 530 MV respectively) as the

ions from the Inner Helmholtz plane to bulk solution were continually changing.

Figure 210 D showed bulk absorption within the first hour and then small flux in solution
and layer resistance due to reorientation of the layehgage of 25Win R, and 28 kVin

Rs respectively). However, capacitance continued to increase over the 8 h period (a change in
Cq from 18 to 137 nF), but this is attributed to Inner Helmholtz ions interacting with the

absorbed layers, as this stabitisghen the electrode was transferred to PBS alone.

Rinsing electrodes deposited after a set number of hours and interrogation with CV
confirmed that beyond 4 h no significant change in base the layer was observed. Accordingly

a 4 h base layer incubatitime was subsequently used.

2.5.6.2.Conductivity of deposited 4ATP SAM

To test theconductivity ofthe 4-ATP (A ) and 4MTP (r ) surfaces amperometric sensors
were created by tethering the enzyme glucose oxidéhkeeither sulfeSMCC or isocyanate
silane onto gl P3 electrodesThese were compared to a conventional electrostatic binding
method using the bulk polymer, PE! ) (Figure 211). Sequential aliquots of glucose were
added and the anodic oxidationtb& catalytic producit,O, monitored at +0.65Vwith the
base corrected current extrapolated. Comparison diabke glucose sensodsATP, 4MTP

and PEI respective)yshowed currents df32, 85 and 78 nfser mM glucose(Figure 211).

Because all systems wbka 1:1 stoichiometry between analytgucose)and produc{H,0,)
the difference in current comes from the sensor interfawd variation in conductivity
Compaed to the PEI sensor, significantly higher current was observéat the 4MTP
sensor(36% higher current per M glucose than the PHiface). This showedhat a

controlled low concentratioandshort condensation time results in SAM linkaget+MTP
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hydroxyls and not intessilane linkage that would create a completely insulating légsr
shown in Chapter 5 on functionalised nanoffyreThe 4ATP linkers were expected to be
the most conducting, arghowed a significant improvemeriti conduction §9% current per

M glucosecompared to PEI surface)e to the closer proximity of enzyme to electrode and

higher conductivity.

14 b -

12 | -

0.8 |- -

0.6 | 0O -
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Figure 2-11 7 Comparison of glucose oxidase amperometric senéér$;4—ATP, (r) 4
MTP isocyanate silane SAM sensor surfaces vef3usbulk absorbed PEI polymer used to
tether GOx enzyme.
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2.5.6.3.Biosensor response of-ATP SAM based uranyl
biosensor

SLP loadedelectrodesassembled using the-ATP base layewere equilibriatedfor 1 h
beforeuse in 10 mM PBSEIS experiments were performed with tsiandardelectrode
setup;W.E (Au P3), R.E(AgAQCI), crown ether(Pt). Readingsveretaken at OV, with 10

mM PBS supporting electrolyter at 0.4 V in the same buffer containing 5 mM ferricyanide.

51 pointswere calculatedover a frequency range of 250 kHZ to 0.1 #king a 0.01 V rms
potentid. Three readings with a 10 midelay between successive scans were used to
determine system stability and an average taken. After each sequential uranyl nitrate addition
the cell was stirred for 3thin and allowed to equilibrate for 5 min before the n&xEIS

scansvereperformed.

BOM ———————————
s55m [
som [
a5m |
q0om [
35M k-
aom |
25M F
20M F
15M |
1om [

-Z" Ohm

500 0k |-
0ok

-SOOOk [ 1 1 1 1 1 1
0 M M 3M aMm 5M M

Figure 2-12 -Nyquist plot of impedance oflayer conjugated electrode in increasing ura
nitrate concentratior(sraslayer,AlOll m, A10om, A 10°m, S108m, Aro™m,  10°

M, /A10° M ). 0 V applied vs AgAgCl, 10 mM PBS supportingetrolyte, 51 points
calculated using a.01 V rmspotential.
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The Nyquist response athe SLP bioconjugated electrodes differggnificantly from the
semicircles observeidr mSAM deposited layer@-igure 212). This is because the adsorbed
molecular layerswhile forming ordered structures do not create a complete insulating barrier
with a finite capacitance separating the electrode from electrolyte. Deposition stéps on
mSAMs can be directly extrapolated from impedance data as a repression or expansion in the
observed semicircleThus, the alteredonstant phase element and electron transfer resistance
componerg were observedas the permeability altered at low freqoey. Initial
interrogationsof the Nyquist plot shows some minor fluctuation in t8g, but this was not
reproducible enough to be used as the biosensor signal

Briefly returning to the fundamentals; the capacitance between electrode and an ion in
solution is modelled as series of capacit@guation 21).

1

1
+
Cmod CdI

Ol

(2-1)
Where Gyq is the modifier layer of absorbed species anglte natural double layer

occurring at a liquietlectrodeinterface modelled by Gouy Chapmiaitern theory.

Binding of nammolar levels of atoms to thige3n layer will cause a small disruption to the
outer Helmholtz plane of the Gu@hapman model. Becaushese processes occur on the

Angstrom scaléhey ae difficult to detect over other dominating processes.

1_ 1 1
C, C C

protein analye

(2-2)

Binding of analytes to the absorbed molecular layers daaseincrease in modified layer
capacitance (extending the closest distance of approach of a molecule, likely increasing the
resigive component of the Inner Helmholtz plane (IHP) and cauaimgcrease in double

layer capacitance due to a compressiérthe double layer (Equation 22). The most
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dominant of these opposing processes will determine if binding causes an increase or

decrease in th€y,.

Analyte binding eused a disruption in the intadial double layeandthe hydrated salt
layer in the OHP. Plotting the Nyquist data as a function of concentration response to

different frequencieallowed this disruption to be quantified (Figurd.2).

At high frequenciesncreasing concentrations of uranyl nitrate bindinghte SLP lagr
showed little deviation in response in bothe realand imaginary components. Hewer, at
low frequencies a lineadecrease wasbservedn impedance. A larger response at lower
frequencieswas due to poration of the interfagew observable becausiee measurement
time waslonger than the electron transfer timand the signal was an interrogation of the

mass transfer region, not the electron transfer region
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Figure 2-13 1 (A) Real and (B) imaginary impedance components of impeglaespons:
with frequency of Sayer conjugated electde in increasing uranyl nitratmncentratiorts(A
10 kHz,Al kHz, AlOO kHz, /A 10 Hz,Al Hz A0.1Hz). (B) Imaginary impedanc

response under same conditic(ko kHz,Al kHz, Aloo kHz,/A10 Hz, Al Hz ~0.1
Hz). 0V applied vs AgAgCl, 10nM PBS supporting electrolyte, 51 points calculated 0.
rms.
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2.5.6.4.SLP biosensor fabricated orDropSens
electrodechips

An alternative to the P3 and P4 electrodes was obtained fropsBngdDRP-C223A). Each
electrodechip consists of three self contained screen printed electrodes within each individual
electrode (Figure-24). This new electrode designnsisted of W.E: 1.6 mm diameter gold,
crown ether: gold, R.E: silver, printed with high temperature curing inks and a base ceramic
substrate of dimensions L33 x W10 x H 0.5 mm. The aim was to produce cheaper, scalable

sensors that were more reproduciliié aonsistent than the P3 and P4 variants.

Counter
Working  Electrode o
Electrode

C.E.

connection Reference

Electrode

W.E.
connection

R.E.

connection

Figure2-14 1 Diagramof the general DropSes electrodechipORP-C223A) configuration.
The DRRC223A DropSens electrodésve a screen printed gold workietectrode of 1.€
mm diameter, Ag/AgCl reference electrode and platinum counter.

2.5.6.5.DropSens electrode cleaning

The cleaning method for the DropSens electrodes was optimised in similar fashion to the
P3/P4 cleaning trials, sisleaningmethods were used @tectrodes as supplied and then the
cyclic voltammetry response using a supporting electrolyte of 10 mM PBS containing 10 mM
ferricanide were obtained (FigurelB). Cleaning methods used were; {a),3 sulfuric acid

: hydrogen peroxidgp), 1 % Decor®0; (c), chromic acid (d), chromic acidwith sonication;

(e), 50 : 50 acetone : methanol and %f),: 50 acetone : methaneith sonication
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Figure2-1571 Cleaning effects on DropSens electrodesma®in stated conditions before a
50 mv/sin 10mM PBScontainingl0 mM ferricyanide scan to observegdox response(Z )
Bare gold electrode no cleaning meth@d,) 2 min piranha(Z ) 1:1 methanol acetone,

(Z ) 1% Decon 90(Z ) sonicated 1:1 methanol : acetof&,) chromic acid(Z ) sonicated
chromic acid.

Electrodes cleaned by five of the siethodsshowed a significant drift in the redox peaks by

up to 250 mVafter cleaning Chromic acidcompletely disuptedboth the redox potentials

and currerg the observeduggesting erosioof referenceelectrodeand was too harsh a
treatment. Decon 90 was suitable for removing inorganic contaminants but residual
surfactant interfered with the biosensor constructionVhile the orgaic solvent wash
initially looked like it gave themost stable electrodeesponsesubsequentepeatsshowed
significant drift in the observed redox peaKkaterrogation of buffer components and the drift
potential highlighted that chloride from the buffers binding to the silver reference
generating a AgAgCeElectrode. This resultein the observed shift in redox potentials,
returning the redox pentials closer to the potentials observed using the P3/P4 experiments
which used an extern® M KCI| AgAgCI (the standard electrode potenti@, vs SHE is
0.230V + 10 mV[45]). If this shift was consistent the potential difference could be
accounted for manuallyy comparingeedox values between individual electrodes (silger

0.7996V[97]). However, the reference was unstable throughout individual experiments and
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measurements with the DRE223A electrodes; thus they are useless as reproducible, stable
electrodes for sensor use. Because of these pnehéranha cleaning was found to be the
best at removing contaminants but rapidly eroded the printed inks resulting in electrodes only

reusable one or two times before complete dissolution occurred.

2.5.6.6.Stabilisation the DropSens referencelectrode

The obsered drift seen in DropSens electrodes was presumed due to the instability of the
silver reference, due to electrolyte species binding or reacting. To counter this problem a 1 h
incubation of the electrodes 1 M HCI to create @oundsaturated AfAgCI sdt layerwas
introduced. While stability improved significantly igeire 2-16 A) inter electrode batch
comparisons still showed variation with a smaller amount of drift (Figtk® B). Over 10

CV scans, the oxidation peak drifted within a 32 mV windovd &ne reduction peak
potential drifted over a 46 mV range (Figurel@ C, blue lines,O for oxidation and

rectangles for reductign

Addition of further chloride ions by use of KCl was used to see if the reference had stabilised
following the HCI wash. Hwever, traces still showed a drift to more positive potentials (E

to + 17mV and kqto + 30 mV). The drifting reference problem could not be sufficiently
solved. This coupled with problems of the blue insulator layer exhibiting variable resistance
to piranha cleaning caused problems of complete wetting when using hydrophobic
compounds. This resulted in coverage of all three electrodes (edT® or 4MTP in

EtOH), rather than just the desired working electrode. It was decided that the DropSens
electrodes were unsuitable, and that the P3/P4 electrodes were superior because of the
sepaate (off chip) reference and counter electrode that were robust, more resistant to

contamination and bid not suffer degradation like the printed organic inks.
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Figure 2-16 i (A) and (B), tvo independent batches of AgAgCl modified DRR23A
electrodes showing improvement in stability of the electrodes. (&)10mM ferricyanaid
in dH,O, (Z ) deaerated(Z ) +KCI, (Z ) 10th scan after 1h in HCI. (B)Z() 10mM
ferricyanaidein dH,O, (Z )+KCl, (Z ) 10th scan after 1h in HCI. Vertical lines
Z ) Redox peak potentials on an uncleaned electrode in ferricy@nide) redox potential pe:
drift from cleaning treatment (1h HCIjAverage Red E:0.0022V + 0.0064 SE Oxid: 0.13¢
0.0063 SE, n=4in both). (C) Extrapolated redox potentials and freakgach treatmer
Taken from batch A (Figure A) Symbols;t for oxidation andA for reduction. Line
colour coded to axes; blue for potentials on left axis, red for currents on right axis.
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Table 2-1 7 Summary of redox potential deviation and drift of DropSens electrodes from
screen printed referea@lectrode problems. ShownHigure 216 C.

Left peak ¢  oxidation) | Right peakA reduction)

Electrode interrogation Potential Current Potential Current
Colour V) (M) V) (mA)
10 mM ferricyanaidein
dH,0 Zz 0.024 -25.494 0.137 18.665
+ deaerated Zz 0.049 -21.469 0.166 19.901
10th scan after 1hin HCI| Z 0.017 -17.166 0.153 19.968
+KClI Zz 0.034 -14.873 0.183 15.048

Using CV experimentsthat contained 10 mMerricyanidein deionised water, PBS and
individual buffer component# was possible to confirmthat the driftcomponentresulted

from chloride ions reacting with the silver reference with the overall reactiaf(s) +

Cla AgCl ((3aple2#l). Similar to the noraqueous electrochemistry systems used
in early crown ether experimen(Shapter 3 saturated silver chloride pseudderence was
made from immersing the silver references in 1M #Clorm a saturatedg/AgCl that can

be condensedyban ethanol wash. After reactiomith HCI acid, submerged reference
electrodes remain silvepated, but a black residue formea one of the three silver contacts
suggesting an unknown reacti@mtcurred on theimpure silve layer. Extended acid
incubation weakenedhe Hue insulating layer that begatio peal even to parts of the
electrode not submerged in acidir based storagever similar time scaleslid not result in
the black |l ayer formi mg. HCAn r thalikely@amsefrom a seo u s
elimination of alternativepossibilities Silver is known to tarnish in the presence of
sulfonates.e in sulphuric acid, but not hydrochloric, astibuld be stable in water or oxygen.
The reaction still occursub at a slower rate oferricyanidescanned electrodes stored in
oxygen. A simple oxide coating would normally be removed by weak acid and physical
abrasion. The Hack residuewas resistant to organic solventsshilst aqueous physical
abrasion withfine abrasiveremoves somef the contaminanbut resulted inthe contact pad

layers to break off.
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2.5.7. Surface analysis of 4ATP S-layer biosensor

To complement electrochemical characterisation of the biosensor performance, atomic force
and electron microscopy waused to interrogate the sensor surface and observe structural
changes occurring upon each layer deposition.

AFM is not the traditional analysis method for organic or soft surfaces because of the nature
or the system. 6tBpphngéombaesd waneé used but
resulted it tip contamination and image degradation or sample damage. As a result images
presented were made in tapping mode. Contact mode is where the cantilever is rastered
across the surface of ample with deviations in the tip height proportional to the force
applied and contours of the sample (silicon or silicon nitride tips applied at 8%). nM
Tapping mode is where the tip is oscillated at a set frequ@&260ktz) and height across the
sampe and deviations from optimum oscillations occur from ffedd repulsive and
attractive forces, Van der Waals forces and electrostatics. This information is used to
generate 2D or 3D topographical representations of the surfaces. P4 electrodes were
analysed either bare after a 2 min piranha wash or during layer by layer biosensor
construction, summarised in (Figure -12 A and B).
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Figure 217 - Microscopyanalysis of bare gold and constructeA®P JG-A12 biosensor.. Left to right: 2D representation, 3D topographi

view, surface roughness histogram.

mm x 2nm area); (C), SEM of biosensor surface.
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Figure2-177 Microscopyanalysis of bare gold and constructed®P JG-A12 biosensor.

Left to right: 2D representation, 3D topographical view, surface roughness histogram
(A)AFM of bare gold electrodé2 nm x 2 mm area),(B) AFM of JG-A12 surface layer of
biosensof2 nm x 2nm area).(C) SEM of biosensor surface.

The bare gold electrode showed a surface roughness peak to trough of around 200 nm
although many troughsere less than 50 nm. This roughness is significant compared to the
expected thickness of the biosensor and is far from atomically flat. Repeated scans showed
reproducible stable features confirming no organic or contaminants remained. No significant
difference between-ATP and sulfeSMCC layers were observed, as the expected height
change calculated from computational modelling was below the limits of the machine (linker
layer 1.5 nm, Sayer protein 12.5 nm by 7.2n[@8]). However variations between the bare

gold and functioning sensor were observed as shown in FiglirteR2 AFM negative mode
surface rastering showing fluid like behaviour with repulsion from tip resulting in trench
formation. Unfortunatey, because of this fluid like nature, the protein aggregate domains
could not be well imaged and sized but were confirmed by the parallel trench formation
typically ranging between 30 and 40 nm suggesting protein aggregated rather than formed a

monolayer. While previous work by Hay§4] and Billah[99] had success imaging lipid
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domains in this way, Caygill100] while trying to image viral sesors suffered the same
difficulties imaging organic layers. SEM analysis (Figur&72C) further confirmed the
theory of protein aggregates with spherical regions ranging 20 nm. However, it is
important to note that wet AFM is more indicative o thiosensor in its natural state, while
SEM samples were dried where some aggregation may be duelyophdisation process.
Atmoshpheric AFM, a method where a biological sample can be imaged in its more natural
state by increasing humidity to satueati within the microscope chamber, can allow

biological samples to be imaged in theit natural folded state.

2.5.8. Cyclic voltammetry of 4-ATP vs 4MTP tethering
method

The changes in conductivity using ferricyanide CV during each stage of biosensor assembly
is sltown in Figure 218. From the drop in current comparing bare gold electrodes to
modified electrodes, the-ATP linkers are far more conductingl?.46 to-13.36 mA) and

suited to amperometric systems than tHd®P (-17.44 to-4.94mA) system which shows a
significant reduction in current, and shows greater variation showed by error bars.- The 4
ATP linking mechanism followed almost linear current response with each successive
deposition step (Figure-28 B, reduction currenfA dropping by10.44mA comparedo the

bare electrode, oxidation current7eb4 mA drop). The 4MTP system however shows
significant reduction in both redox currents (Figuré®D, O andA) upon 4MTP layer
adsorption with minor change upon silane linker, which was expected to bedsie
insulating layer, then protein layer. In both systems the standard deviation between
measurements is significantly smaller than those observed by the DropSens electrodes with
little drift in the observed redox peaks (Section 2.5.6.6). Because sindléer currents seen

using an oxygen probe theAMI'P was used as the optimum system for theAl@ system.
However the MTP system is shown to be stable and reproducible with high current systems

such as ferricyanide (FigurelB C).
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Figure 2-18 - Cyclic voltammetry showing pasivation of electrode surface with biosensor
construction. (A2 Bare gold,Z 4-ATP, Z sulfooSMCC,Z JGA12. (C)Z Bare gold,
Z 4-MTP, Z isocyanate silaneZz JG-A12. (Triplicate scans with standard deviation, 10
mM ferricyanidein 20mM PBS,-0.4 to 0.6V, 50mV/s) (B) and (D) &trapolated potentials
and currents foferricyanideredox reactions after each layer was deposited onto gold P3
electrodes. Symbols; for oxidation andA for reduction. Lines colour coded to axes; blue
for potentials on left axis, red for currents on right axis.
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Table2-27 Summary of extrapolated redox current potentials from Figitg. 2

Graph Left peak ¢  oxidation) Right peakA reduction)
Curve legend Potential (V) Current () Potential (V) Current ()
Bare Gold Zz -0.002 -17.463 0.154 15.970
4-ATP Zz -0.134 -13.364 0.156 13.499
sulfoSMCC Zz -0.225 -10.921 0.222 7.252
JGA12 Zz -0.276 -9.920 0.247 5.533
Bare Gold Zz 0.005 -17.443 0.146 15.871
4-MTP Z -0.195 -4.949 0.254 3.426
isocyanate silangl 7 -0.261 -6.853 0.371 2.599
JGA12 Zz -0.305 -8.384 0.376 2.619
2.5.9. | mpedance analysis and Ran

comparison of 4ATP vs 4MTP tethering method

Extrgpolated Randie componentanalysis shows the variation in components with SLP
biosensors constructed fronffdrent base layers. TheATP linker method is compared to
the 4MTP method (Figure -29). Both 4ATP and 4MTP are small aromatic molecules
that will assemble in ordered arrayseto p - stpcking betweeadjacent molecules. This
allows diffusion and conduction between thereating highly conducting surfaces (0/%V
and0.83 MW A( R,) respectively). The variation of the current and surface charge is from
the different functional groups of each base molecule, free aminesAdi £ompared to
hydroxyls on the MTP. Sulfo-SMCC is not expected to bond irt@olecularly,but high
silane concentrationthat rapidy hydrolysis can result in intermolecular bonding and bulk
insulating layers (see Chapter 5 high surface area sorbents). Hp@évacubationin 1%
silang 3% H,0 in ethanolwas mild enough to ensure the bulk of three available silanol
groups condense onto theMTP sites This created a porous conducting layer shown by the
low R, resistance. If significaninter silane condensatiomccurred complete surface

passivation and a highey Rould have been observed.

JG-A12 layersshowed layers of.67nF and 2.10 f(;  Cg) capacitancend 0.22\MWand
0.16 MW A( Ry) resistancerespectively. No significant change in solution resistant was
observed showing both tethering mechanisms were stable under the potential ranges used.

There is significantly larger standadéviationin sensors created using the isocyaniateet
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(also $iown in Figure 219) betweenthree electrode batchesdue presumably to larger
variations in the amount of-&yer protein bound. As a result, thev@P method was used
for biosensor analyte interrogation, but thtMdP method still has potential dpgation but

currently shows greater variation in the amount of protein bound.
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Figure2-19 -Triplicate averages were taken from Nyquist scéis point calculated across a
frequency rage of 250 kHz to 0.1 Hzn a solution electrolyte 00 mM PBS containing
10mM ferricanyde). Bectrochemical paraeiers extracted based on Rasdkquivalence
Symbolscorrespond tg Cg, S R, A Ry. Left showsthe 4ATP method, right the-MTP
silanemethod.
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2.5.10. Biosensor response and binding analysis uranyl
compounds, interfering analytes, non specific receptors
and inhibition
The response of the prototype sensor was tested with a range of uranyl compounds, as well as

known interfering analytesnd other divalent cations. This was to confirm there were no

false positive responses from other ion species. These results are summarised inZgure 2

Binding of uranyl ions from any compound to the protein layer resulted in a large decrease in
the imaginary impedance component, significantly more than other interfering divalent
cations, which saturated around 4@%Z 0 ( F i2gA).r e 2

Significant charge build up at the interface from analyte binding appeared to compress the
molecular double layeshowing the greater selectivity of the -2@2 SLP to UQ®' than
other analytes (Nf, Cs, Cd®*, C&* on Figure 220 B). Analytes for which J&12 SLP had

a lower affinity caused a smaller decrease in imaginary impedance, typically aré@084.0

Figure 2-21 A shows individual and combined functional group blocking on a functioning
SLP biosensor. While there is some limited response when only 1 binding site is chemically
blocked suggesting some monodentate binding, the complete binding inhibition bindlock
both functional groups supports a dominating bidentate mechanism. Experiments also
showed that uranyl binding was reversible as would be predicted since the interaction
mechanism is nenovalent. Previously uranyl saturated biosensors that were briafijied

with buffer showed complete removal of uranyl ions which strongly implies rapid on and off
rates of binding for the U ionsbinding to the SLP.
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Figure2-20- Real timecapacitance response to uranyl biosensor using1Isurface laye
protein host receptor. (A) Response of biosensor to different uranyl compiminoiany!
nitrate on sixhour old electrodedA  uranyl nirate response from a seven ddy electrode,
0 natural uranyl nitrate responsé, uranyl acetate response). The data show
differentiation between uranyl compounds as all are able to bind with th& WCthe +6
oxidation state. (B) Response of biosensor to a range of interfering divalent ¢@tic
nickel nitrate,r caesium sulfatel cadmium nitrate,R cobalt chloride,i average
uranyl response). Response is typically3®% lower than response to uranyl ions.
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To confirm this apparent selectivity for U was due to binding by the J&12 SLP a
number of controls were performed using alternative protein layers and bindin
modification (Figure 21 B). Sequential uranyl aliquots were added to a bare electro
buffer in comparison showedi@d 6 r esponse 3 or der s thatfthens
is some double layer capacitive component from unbound urarmgalohinteraction buy it
is significantly lower than the main signal. The signal stability of a bare electrode in
only was monitored over 6 h and was stable within 2 % efiidse signal during this tim
Sensors constructed with other proteins that lacked the uranyl binding specificityAdf2)
SLP showed a lower binding response. The phosphoprotein casein was used tc
elucidate if the sequestering ability of-#32 SLP originated via a monodentate mechan
using phosphate groups or a bidentate mechanism involving both phosphate and car

groups. This is because the-A&2 SLP is similarly a highly phosphorylated protein.

Bovine serum albumin (BSA), eelatively stable and inert protein often used to block
specific analyte binding was similarly used as a control. There was virtually no respons
the casein sensors which showed that in spite of a high degree of phosphorylation, the
did nd manage to bind a significant amount of uranyl. This supports the idea that&fE2J
SLP was responsible for the specific tJhinding. BSA gave an intermediate response
to the nomspecific electrostatic binding of W& to the proteins negative ace charge
These two alternate protein sensors support the specific binding®A12aGLP to uranyl in &

bidentate manner.
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Figure 2-21 7 Kinetic binding models of uranyl to 3&12 electrode (C) Modified SLP

protein response to USJ (r both carboxylates and phosphates moieties blocked,
carboxylates only blocked, phosphates only blockel, base signal drift over a six hour

period & average uranyl response of SLP biosensor for comparis¢b). Effect of using

nonspecific proteins as the sensing agent. Biosensors were constructed and the response to
UO,** monitored { casein sensor response, BSA sensor respons€, BSA sensor

respamse with carboxylates blockedndi average uranyl response of SLP biosensor for
comparison) . The percentage decrease in 12'
analyte injections were performed over a six hour pe@o control sensor with no agte

added showed only a 2% drift in base signal over the same period).
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2.5.10.1. Kinetic binding analysis

Six kinetic models were fitted to thel®yer uranyl data, a range of those that were expected
to be poor fit and potential matches to the binding mechani$ime two closest fit are
displayed in Figure-22 and the mdels used in fitting shown ingations 23 and 2-4.

Bmax is the maximum specific bindingZ4 ¢ %) . I't is the specific bi
high concentrations of radioligand, so it value is almost always higher than any specific
binding measured in experiments. 4 I§ the equilibrium binding constant Koles, the

NS is the

slope of nonspecific binding iNZ 6 % ™. MBmaxi and Braxio are the maximum specific

concentration needed for half maximum binding under equilibrium conditions.
bindings to the two sites in the unitZ 6 %. i and Kidgare the egilibrium binding
constants, in the same units astbe analyte concentratioh is the radioligand concentration
needed to achieve a haifaximum binding at equilibriumFitted parameters for each model
are summarised in Table® From experimental ral literature interpretation, the fitting
supports awo site binding model between phosphate and carboxylates, witl@atb0ding
saturation (k) between 4.60EM and7.98E'°M.

Table2-371 Fitted bindingkinetic parameters of SLP biosensor in response of uranuyl. Two
models were used, one site total and-specific and two site total and nepecific.

One site total and nonspecific Two site total and nonspecific.
Parameter Value Parameter Value
Bmax 30.697Z 0 %, kdyi and Kdoy >0
Ky 1.09E°M Bmaxy; 2739720 %
NS 3149iZ 0 %" M kdh 7.98E™M
BmaXow 4.160i1Z 0 %,
background 294-Z 3 %. kd oy 4.60E*M
NS 2371iZ 0 %" M
background 2.79-Z0 %
affinity ratio 57.63
percent high affinity | 86.82
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Figure2-221 Kinetic fitting of SLP bisensor to increasing concentrations of uranyl. Of the
two modelsused, one specifc and two specific, the datashown supports a two site binding

model.

2.5.11. Blocking of SLP phosphates and carboxgroups

Further supporting the EIS results that the SLP bingites were chemically blocked (as
detailed in Section 2.4.3.1) to inhibit analyte binding was confirmed by XPS analysis. This
method analyses the ratio of carbon to gold within the few surfaces nanometres of the

biosensor to determine chemical composit&imown in Figure 23.
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fitted and the peakds areas compnanarsel int o gi \
Table 24.

Table2-4 - Gold and carboiXPS spectrum oélectrodeghat were eithr bareoated with a
functioning biosnsoer or a chemicalblocked biosensor

Sample Ag3d5/2 % ﬁfu% Cls%
Bare P3 gold electrode 0.84 49.69 50.17
SLP biosensor 1 0.76 40.9 58.34
SLP biosensor 2 0.25 41.46 58.28
C_hemlcally blocked 0.2 19.44 80.36
biosensor
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2.5.12. Life Time trials

P3 or P4 4ATP based sensors were stored in a variety of conditigfiter 1 month of wet
storage in PBS at room temperatoreat 5°C only 40% remained functional. Of remaining
electrodes after a 4 month period only one remained fully fundtiwith the remainders
dropping to only a A5 % responseompared to newly made electrodésgure 224 shows

the difference in signal stability and noise in (A) a newly made biosensor and (B) a 1 week
old electrode stored in 10 mM PB®s the Slayer proteinsare stable at room temperature
storage for over a year it was presumed the stability decrease was due to the linker molecule
failure with the maleimide oxidation resulting in protedesorption or significant salt

crystallisation from buffer stoge observed in some SEM images.
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2.6. Conclusion

It has been shown that by tethering proteyers to metal surfaces via bioconjugation it is
possible to create a dense protein layer without denaturing the protein. Coating surfaces with
proteins such as the 3&l2 SLP can create bifunctional surfaceshat retain then vivo
functionality, whichwas successfully purified and sized as a 120 kDa monomer using HPLC
and SDSPAGE. While mSAMs create stable environments for a number of enzymes and
proteins, this was not the case for-8G2 SLP and a more direct bioconjugation procedure
proved more etctive. Biosensors were shown to respond terddbevels of aqueous uranyl

with this response inhibited by chemical modification of proposed binding sites. The
response from surfaces coated with control proteins supported our contention that the binding
specificity was conferred by the 3&12 SLP. Moreover chemical modification of carboxy

and phosphate groups on the SLP abrogates uranyl recognition, indicating that the previous
suggested binding mechanigBv] was correct. This was confirmed by both EIS and XPS.

The current biosensor detection limit is 8. While a number of experiments were
performed to 18°M these are currently difficult to reproduce and highly sensitive to system
noise. A limit of10'2M and above has been reproducible across numerous protein and
electrode batchesSurface interrogation using microscopy technique proved difficult because
of the organic nature of the material, but qualitative data confirmed protein layer deposition.
Two alternative successful tethering mechanisms, ##%TRB and 4MTP methods were
shown to be stable, reproducible and remain conductivity, particularly of importance to the
silane sinkers which without the new noveMa P layer would form a bulk insulting gace

layer. The biosensor was used on a new commercial batch of screen printed DropSens
electrodes to transfer the system to a more scalable design. However, because of reference
instability and poor resistance to cleaning methods they performed ihfexothe P3/P4

electrodes.

Significant variation between otherwise reproducible sensor surfaces upon addition of the
organic component is not uncommon, and is seen in many protein based I&kEdngitive
field-effect transistor§101]. The current observed across the gating electrodes is very much
influenced by the presence of a protein layer. The ions, initially present in the proteimlayer

a relatively high concentration, cause a local low resistance, thereby increasing-diffe cut
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frequency of the ISFET, analogousfericyanideions diffusing to and from the electrode
through the SLP layer.

Proteins absorbing at a metal interface do aohfa complete insulating layandonly cause
relatively small capacitance changes. The capacitance changes are sensitive at low
frequencyand 0.1 Hz was used as the optimum frequency to monitor bindidgorption of

a protein layer at the surface Hasen shown to be observable as a function of capacitance as

well as in interfacial potential.

A further reason for variation between sensor batches is that the protein coating may create
micro chemical surroundings with a composition which deviates thambulk electrolyte
composition. This phenomena occurring will depend on the porosity of the adsorbed layer
and species in the bulk analyte. These micro chémivdaronments can be observeith

EIS as a lateral drift is the electron transfer resigtamith time and can be accounted for by

calibration[102] and is not a fatal problem for a working device.

The next stage would be to use the biosensor system in a bespoke microfluidic device which
is currently being developed by colleagues in civil engineering here at the University of
Leeds. Testinghe device in synthetic groundwater systems and in the field would be the next

logical steps of progression.
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3 : Crown ethersi potential synthetic
receptors for metal ions
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3.1 Chapter overview

Because of the lack of otheawailable biological host proteins such as theAl@ protein,

an alternative class of synthetic hosts, the crown ethers, were selected as potential hosts for
chemosensingf analytes®SP* and **'Cs". A range of commercial crown ethers were
identified and modified for specificity to®SP*. These hosts were then trialled as
chemosensor hosts using EIS on hybrid merdomic liquid electrodes or via SAMs on gold
electrodes. No proportional quantification was achieved. A mass based detection system
usng frequency dampening as®Sions bound to a SAM bound crown ether host was
demonstrated, but no satisfactory quantifiable method using EIS, stripping voltammetry or
QCM was achieved. As a result, this approach was abandoned. The heierarchy of this
chapter is shown in Figure-B.

Synthetic hosts with metal ion affinit

Macrocycles,
crown ethers,
EUEIRE S

Mercury electrodes, ioni
liquids and SAMs

Modifying
commercial
hosts

Commercial
hosts

Complete Electorchmical Mass based Real time cyclig
organic sythesig impedance QCM voltammetry

Figure3-1 - Chapter three hierarchy outlining the methods used to use synthetic macrocycle
hosts as potential components for chemosensors.
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3.2 Introduction to macrocycles

*) ®) ©
) .
S, N o > 0
o] o] o
_J AN
Figure 3-2 1 Examples of the three broad macrocycle categories; crown ether, lariat ether
cryptand / podand.

Macrocycles are by | UPAC definitiomngdoa cycl.
more atoms with 3 or more potential donor atoms that caordioate to a metal

¢ e n[L03]e Bynthesis is frequently from monomer polymerisation, allowing control of the
functional groups on the upper and lower rims, making these molecules lpdsticu
advantageous for metal chelation.Three broadcclasses of cown ether exist, as shown in
Figure 32. The most basic crown ether is a cyclic crowigyre 32 A) which is a two
dimensional ring. Theore sizds indicatedby the nonmenclaturdorexample, a 1&rown5

ether corresponds to a crown of 10 carbon ateitts 5 donor oxygen atomslLariat ethers

are crown ethers with a pivatig 6 podandd s iadegreeaof threetdimensiona | | o w
movement around the analyteiére 32 B). Dicycloheano 18-crown6 (DC18C6) is a
cyclic crown ether with a flexible rim in comparison to the identified caesium binders that
function from a rigd circular arrangement of 6 @mordinating crowrether oxygesa around

the central metal cation. Synthetic podamoweverare considered to have smaller stability
constants and act as poorer ligafiile4]. Natural podands however can have excellent
binding abilities such as polyether antibiotics (monsin and lasalocid), acting as naturally
occurring membrane ion transport¢t®5]. The only supramolecular structure that offers
greater selectivityd lariat ethers are the cryptands (Figur@ &). These aré¢rue three
dimensional host resembling two crown ethers at perpendicular geomigiryhe inner core
offering chelation ypically to one or two ionsThese molecules have highgize selectivity

and higher bonding affinity due to the lower entropic cost to binding (molecules are more
rigid and cannot undergo significant conformational change like the lariat ethers) amd ofte

have a higher enthalpic gain from satisfaction of all inner core bondingXi&s One such
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macrocycle identifiedas binding strontium with high affinity is lariat dicyclohexat®
crown-6 [107].

A summary of known ionic diameteand ether cores is shown iabife 31 as an indicatorfo

size ranges. Noted howevertlie importance of dispersant compatibility, pHigmolarity in

terms of successful chelatiomhich is not just baseoh poresize comparison.

Table3-1 - Comparison of a number of crown ethers with the ionic diameter of various metal

cations[108].

Cation Diameter of stated Cation Diameter of stated
valency @) valency @)

Li* 1.36 Mg? 144

Na 1.90 ce* 2.20

K 266 La™ 2.34

Cs' 3.38 Lu® 2.00

Cu' 1.92 zr* 1.72

Ag’ 2.52

Crown Ether Cavity Diameter (A)
[12] crowni 4 1.207 1.50
[15] crowni 5 1.707 2.20
[18] crowni 6 2.601 3.20
[21] crown- 7 3.401 4.30
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3.2.1 Therapeutics and analyte targeting

Therapeutic techniques have made advances particularly in the magnetic and nuclear
resonancareasdue to the need to targspecific diagnostic and therapeutic agents. These
agentsinclude nucleic acids, proteins and enzymes, monoclonal antibodies and also specific
cells and target receptdfs09]. Chelation of radioactive ions is common in vasiguedical
imaging techniques. Delivery of lanthanide ions by use ebrdmation chemistry has
significantly increased magnetic resonance imaging technififfs These techniques
initially focused on biorecptor targetingrhat is, identifying a reeptor and designing how to
target delivery to a specific location in the body. Loading of molecules (drugs, ions, genes
etc) to deliver to the active site has often been the problem. Advances in the metal ion
receptors have now caught up with the targgetnechanisms. In many cases these systems
could be appliedinversely. These hostgould betethered tosensordesigned surface and
used to bind mtal ions rather than delivéghem. Thusthere is potential for small ion
biosensing by applying hosts adoped for medical imaging or remediation technologies. A

rangeof synthetic metal ion receptotsirrently available is presented.

3.2.2 Hosts specifc to the lanthanide series

Lanthanide ions aas hard acidspreferring hard base donors with polyamino carlbebey
and phosphate ligands to successfully chelate with higbrdioation number acceptors
[110]. One class of tlee are the bifunctional chelatorsThese are ligands that bear two
different functional groups used to covalenttyaah the ligand to a targeting groufften
they are functionaln aqueous mediand react selectively with nucleophilic groujé].
These receptors need to be thermodynamically and kinetically stable to bind and inhibit
dissociationin vivo after ®questering of the toxic ion. The most common bifunctional
chelators of this type nsearethe bisanhydide of DOTA(1,4,7,10tetraazacyclodocena

N, NO6, Neétraaledadacid,ifure 33A) and DTPA (diethlene triamine pentaacetic acid,
Figure 33B).
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Figure 3-3 - Figure of bifurctional chelatorgA) DOTA and (B) a derivative of DTPA,
linear octadentate polyaminocarboxylates that has been most studied[&2fate

The DOTA seriesare amore recently class of bifunctional chelatoi/hile less stable than
diethylene triamine pentaacetic a¢idTPA) derivatives (Rgure 33), they have significantly
increased metal binding capabilify11] and have been used to target ions to a range of
biological recptors. Human serum albumin (HB5& a protein abundant in the blood plasma
(~0.6mM) and contains a number of hydrophobic cavities. Use of DOTA has been show
deliverGd®* ions to HBA in vivo. The sequentiaynthesisof DOTA shown in Figure 3 A,

and a range of HSAerivatives use@ shown in kgure 34 B.

An area of research currently underwasyin designing bifunctional chelatqrgn which one
armbinds tothe chelator siteandthe secondo the host receptorA substrate mimic fothe
enzyme carbonic anhydrase which normally binds zinc,ioves created using aryl
sulphonamides. The substratsuccessfully bound to the enzyingatalytic site ihibiting
the enzymewhichwas used taleliver a DTPA boun&d® ion [112]. Combining these with
oligonucleoctidelibraries allows powerful targeting methotts be deeloped Inserting a
gene sequence of a desirable proieio a viral DNA vector allows amplification of the
corresponding sequeneaad replication of the desired proteiAttachement of this protein to
a receptor molecule could be uded delivery to aspecific bio receptgior for biosensingt
engineered surfase Rodriguezshowed it was possible to create an engineered synthetic
peptide that was then bound tise host complexcd-DOTA via an amide linkageThis
complex retained a moderate affinity fdhe corresponding site on protein GAL8d

successfully delivered the &don which wasmonitored in realtime by MRL13].

106



(A)

@ A3
b Co . O o
H, /% H H, < /—-T(O'/ L ;-,;(0 ~ Ly
N M a M | b N M \] - [T
G0~ G0 — g 0° — 4G J°
H’NJ‘H H'”\ ,“‘H RN ,J‘g O}__ NN
P O::d\ Fa q—"llx
1 2 __f\ 3 g

(B)

ﬁ\g Gda
o Gd.BOTPA S Gd.EOB-DTPA 10
O OH, O 0 on,
iy STy Qv o
NS b PN C\}x\—f&{“
SN ST CNES
q L\ B4

Gd.DOTABOM) 11 Gd.DOTABOM), 12 GI.DOTA[BOM), 13

Figure3-4 - Bifunctional chelators,esum albumin targeting vectorspeyme and protein targeting.
(A), Synthesis of bifunctional chelator 1,4,7-tHiraazacyclodocecaité¢, N 6 , Nétraakedicd
Acid (DOTA).Synthesis of trisBu-DOTA. Benzyltbromoacetate, CHglrt, 3 h86% 2ert-butyl
bromoacetate K,CO;s, acetonitrileyt, 2-5 h, 67% 3Pd/C. H2, THF / MeOH 1:1, rt h 71%
(Woodg62]). (B), BSA targeting derivates that sequester and deligadolinium ions.

3.2.3 %%Sr¥extraction in the nuclear industry

While a number of macrocycle hosts have been discussed based on therapeutic and medical
technologies, they are also used significantly in bulk waste remediation, with solvent

extraction inan acidic environment being an established technology.
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For low level remediation it is important to first look at bulk remediation methods that are
currently used in the nuclear industry, where parallels can be drawn and suitable chemical
hosts identified. In solvent extraction, the analyte is in a missible phasgdasa and the

host molecule with desired specificity in a second immiscible phase, typically an organic
solvent. By control of conditions such as pH, temperature, mixing rate and host, desired
analytes can be extracted across the phase boundarywhiteglether analytes in the ageous

phase.

Extraction in basic media, is a much more recent developmet than in acidic metie.
SREX (strontium extraction proce$$14]) uses an expensive hoBtBuCH18C6 (kgure 35
B), but removes®Sr*from high level waste (HL\Wand aqueous media to strip strontium
from organic medid115]. SREX methods offered higher selectivity and throughput with

continuous processing possible and all liquid handling.
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Figure 3-5 1 Lariat crown ethers (A), dicyclohexanel8-crown6 lariat ether (B),
DtBUCH18C6 used in th€SP* SREX process.

3.2.4 9°Sr** strontium extraction procedures

Strontium extractionfrom aqueous media usingeededorganic solventsn the nuclear
industryis not a new field. Early methods dskquid-liquid solvent extractionwhere a
mixture of two compoundsthat are immiscible creata partition gradient to extract the
desired analyte from one phase to tiker[103]. Modern chemistry is moving towards
greenermore environmentglfriendly methodsand has moved away from suapproaches

with the desire to minimise the large volumes of toxic or hazardous liquid waste associated
with solvent extraction. Aumber of solvents or extraction hosts from organic phases have
been used, including tributyl phosphate[116], carbon tetrachloride containing
trioctylphosphine oxide (TOPO), tributylphosphate (THR16] and thehost tphenyt3-
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methyt4-acyt5-pyrazolone dispersed in benzyl alcohMoyer et al [117] showedthat
versatic acid and cleaning agent carbon tetrachloside a viable strontium sorberfor
strontiumionsin high nitrate solution§l18]. While still used for small volume purificatipn
these methodare not practical for large scale purification. One shoht calix[4]arene
bis(crown6), shown in Figure 3, has excellent affinity for botf°Sr** and C$ ions but
requires extensive chemical synthesis #imere iscurrently no commerdal source[119].
These sort of approaches to extraction have beaperseded by emulsion and liquid

membrane methods.

The lariat ethedicyclohexanel8-crown6 (DC18C6) as theDC18CGSF'] complex,bound
SP*in al:1 ratia This complexcould thenbind to anionssuch asnitrates and carboxylates
in aqueous higly alkdine conditions (pH 11.3120]). It has been used as an extractant
within severalorganic isoparaffinic hydrocarbon based systéiidl] including kerosene,
Span 804 polysorbate emulsifipand D2EHPA(an organic extractant for metal ignghich
itsdf has been used as an alkalimeclear waste extractoand the pseudeemulsins LIX-
79/nheptand122].

DC18CE6 exists as five different stereoisomers based on the bonding of the cyclohexane rings
(cis or trans) and therelationship of the two cyclohexane unitsyfor anti). Two isomers

cisi syri cis- andcisi antii cissDC18C6 are easily obtained by the catalytic hydrogenation of
dibenze18-crown6 (DB18C6)[123], and are commercially available. h& complexation

and separation behaviour of these two isomers have been well established, as have their solid

state and solution structures.
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(A)

Figure 3-6 1 Cryptand calix[4]arendis(crown6), an excellent chelator for both strontit
and caesium with a preference to the latter, is unusually water sfl@dland able to holc
two ions simultaneously stabilised by the phenol core andgper and lower rings

3.2.5 ¥'Cs* extraction in the nuclear industry
While an increasing number of extraction methods have Hegalopedfor bulk nuclear
waste removal, in the 1980s practical extraction was still elusive due to poor selectivity and

insufficient extractiorefficiencyof the chelators.

An application of caustiside solvent extraction (CSSX) for the separationCsf from
legacy high level waste has had some success at US Department of Eneridy2Site3 he
need for concentrimg high level wastes such d3'Cs is due tothe cost and handling
problems withdecaying transuranic wastend alsoto minimise disposal volume. The US
Hanford site in Washington reportedn accumulated stock of 55 million gallons of
radioactive waste from defence related industti&®s consisting of metal hydroxidéusige,
witht he bul k b e i comgprordisng INAOH MadN®;taeddother soluble salts
including °°sP*and™*’'Cs". A number 6 early *'Cs extraction technologies were based on
crystalline silicetitanate (CST) [126-128], cation exchange resing129-131] and
precipitation with tetraphenyl bobHd32433] call e
Such methods were not possible until the r@0s until **Cs" selective hosts were
identified that were able to remov&Cs' from a higher 1610° baclground concentration
[134]. While industrial application of shicsynthetic chemical hosts was not used until the
1990s early caesium hosts identifiesid beerdocumented more than a decade eafli8b].
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Bis(tertoctylbenzecrown6 (BOBCalix6), a cryptand and a superior commercially avaéa
analoguecalix[4]-bis-2,3-napthacrown6 (CNC), is shown in Figure-3 B and has been
used in such process@s36]. It should be noted that many similar analogudéth high
137Cs selectivity all have 6 oxygens andiag diameter of 4 phenol units

The UNEX (UNiversaEXtraction) processsianother process developed to remové &rd

Cs' ions aftelUO,?* removal. These cations interact with chlorinated cobalt dicarbollide and
polyethylene glycol in a solution containing octyl(pheryl) N-dibutyl carbamoylmethyl
phosphine oxide (CMPO) initrobenzeng137] . Dibenze21-crown7 (DB21C7% has also
been shown tdind **'Cs" from organic matrixeacetonitrile- dimethylsulfoxide (96.5:3.5,
w/w) and nitromethane dimethylsulfoxide (96.5:3.5, w/w) ({gure 37 A). Complexes of
increasing stability observed weRb" >K* BaZ" >TI" >Cs" >NH4 * U PbZ >Ag" >UO,**
>Hg?+>Mg®* >Na'[138].
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Figure 3-7 1 Examples of lairat crown ether discussed. (A) Dibe2karown7 and
cryptandsand(B) calix[4]-bis-2,3-napthecrown-6 have high specificity fo€s" extraction.

3.2.6 Uranium extraction and the nuclear industry

UREX (UraniumRecovery byExtractior) is a liquidliquid phase process used to reprocess
uranium, a similar process to (TRUEX) for plutonium enrichment develop&lissia and
now common in the UK and France. Here, uranium is diluted in nitrig leeidingU®" and
PU"*. Nitratesare remoedfrom the aqueous phasgpically by organic kerosene containing
tributyl phosphate (TBF).39].

By adding a second extraction agent, octyl(pheiNJN-dibutyl carbamoylmethyl phosphine
oxide (CMPO) in combination with tributylphosphate, (TBP), the PUREX process can be
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turned into theTRUEX (TRandJranicEXtraction) process. TRUEX was invented in the
USA by Argonne National Laboratory and is designed tooremthe transuranic metals

(Am/Cm) from waste.

The TRUEX process uses sequential nitric acid washes and orfjaaicy aromatic naphtha
andoctyl[phenyl} N,N-diisobutylcarbamoylmethyphosphine CMPO extractantontaining
chelatorsdiethylenetriaminepentaaceticid (DTPA) hydrazine oxalatéo remove elements
Am, Cm, Pu, Np Ln, Y Tc and Zi40].

3.2.7 Summary

A range of macromoleculathelatorsthat emerged from the fields dierapeutics, organic
chemistry, solvent purification artie nuclear industry havbeenpresented. Theoretically,
from a perspectivef donor groups and pore sjzeany hosts appear ideal for ion extractants.
However in practice, many faiat high or low pH,in complex contaminant mixtureand
exhibit poor stabilityover longer time periodsr breakdownat elevatedemperature As
well as these factors, coswadlability and ease of synthesis effect the apfilicaof crown

ethers.

3.3 Crown ethersand chemosensing

Crown ethers are a relatively new integration with chemosenga@af 2012, there are only
around 300 publications to date on ScienceDirect comparetiet 20,000 published on
protein biosensing. The main mechanisms are either chromophore based or amperometric.
In chromophore systems, binding of an ion to the crown ether either activates or quenches a
fluorophore attached by a spacer arrfthe alterntive mechanism uses the crown ether
similarly to the extraction methods discussed previously. The crown ether dispersed in an
organic phase extracts the ion from an aqueous phase, transporting it to the working electrode
where the ion undergoes a redoaaton.

3.3.1 Amperometric crown ether chemosensors
Traditional mercury film electrodes are suitable for use with crown ethers and anodic
stripping voltammetry (ASV)141], with the advantage of analyte specificity endowed by the
crown ether. However because of toxicity issues, carbon paste seeded electradedeen
increasinty usel. Desai142] used fourcrown ethers These werd8-crown6, dibenzel8
crown6 (DB18C6), dicyclohexan@8-crown-6 and dibenz&@4-crown8, out of which
DB18C6 #$iowed the greatest sensitivitfor amperometric detection of pyridoxine
hydrochloride. The crown ethers enhanced specificity ao allow small complg
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molecule differentiation, such d@s multivitamin prarmaceutical preparationsThiamine
hydrochloride, riboflavin, nicotinamide, paeminobenzoic acid, cyanocobalamin could be
differentiated by classification of their redox potential peaks that without the crown ether
transporter would over lap giving eomposite unidentifiable signal. Tetrathiafulvalene
(TTF) based crown ethers that have been thiolated can beitdelpftam an acetonitrile
solution into traditional mSAMs, as another potential sensor interface mechdhish
Importantly, they remained functional when switched to aqueous media, responding to Li
K* Na', B&*andAg" ions. Significantly this example shows that a single anchor point can
be enough to tether crown ethers as opposed to linkageery [n] ring and that #hcrown
ethers can stack to form ion channels. An exaroplthis tethering mechanism is shown in
Figure 38 A where each phenol has a thiolated hydrocarbon tail that can bond to a gold
substratg§144]. An alternative Figure 38 B, is a non covalent linkage to the electrode such

asSAM insertionvia attachment of hydrophobidail [145].

(A) (B)

\rﬁvf

Figure 3-8 - Methods of tethering crown ethers to electrod@s), synthesis from
monomers containga functionalised spacer allowing orientated covalently linkage
gold substrate, or (Bpost synthesis modification of the crown ether such as add
hydrophobic tail.
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3.3.2 Chromogeniccrown ether chemosensors

An ideal chromogenic host is one that upon analyte binding undergoes a colour change
specific to the analyte bound.However this is often not the case, with most chromophore
ethers existing in an 06ond6 or 60f énélytest at e,
concentations approaching mili molar igure 39). False negatives are likely if the host

lacks specificity. However, if a known concentration of host molecule is known, by serial
dilutions and calibration, a colour change can be used to grepid concentration based
response. A range of aza crown ethers have been shown to do this in both organic and

gaseous phas§46] but have also been shown to have pgec#icity toK* ions[103].
Organic phase Organic phase Aqueous phase

NO, NO,
N

N N

N
0O OH 0 O

[ e [ M* + H'

0 0 0

0 aqueous phase
K/O\) k/O\)

Figure3-9i lonisable chromoionophores allow pH dependent switching between the
60offd state and the unbound 6on stateb

lonisable chromoionophores have greater specificity because of pH sensitive functional
groups around the edy. This effectively allows switching between 2 states attracting or
repulsing analytes depending on protonation Jtb4&] and also allowing recycling of the
host molecule. Examples of chromoionophdheg bind LI [147], Na+ [148], K™ [149] and

114



most of the alkali earth metains are known.However sensors of this type typically work
for analytes over therange of mM to M and would not be suitable for losvel analyte

detection.

3.3.3 Chiral crown ether chemosensors

Chirality is a property regarding a mol ecul €
superimpose its€lon a mirror image, a molecule is deemed chiral iths dissymmetry.
Chirality is important for a range of organic chemistry and optical based phenomena, and
thus is often important to differentiate between chiral molecules. In the past, the chiral
recognition was estimated by indirect methods such as determination of associaitantso
membrane transport rates or reaction rgié&g)]. More recently a method of combining
chiral (non symmetrical) crown ethers with chromogenic crown ethers using optically active
amines[151] has been developed, therefarewn ethers have the power to couple enantio
selectiely (allowing chemical reactions in which one chiral product is eprefl) and
enanitomer detection (differentiation of each of two steroisomer molsgule

Figure 310 showsthe chromogogenic response of cholesterol steroidal crown compaunds
crown ether(A) modified to have cholesterol tail (B)nd chirality. The response of the
systems is believetb bedue to the liquid nonanoate and cholesterol chloride dispersant, a
room temperature liquid crystal (LC). Binding of analytes converts chemical signals
physical signals as the cholesteric LC acts as a nematic (chiral) helical structure with different
layers of varying chirality altering the pitch distance over which®380phase change is
observed152]. Thus as well as size and charge, crown ethersataodetect molecular

chirality.
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ib:n =2
4:0n = 2, Me replaces staroid substituent
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Figure 3-10 - Example of(A), a chromogenic steroidal crown compoumdodified to have

(B) a cholesterol tail attached.pon addition ofan alkali metal or ammonium cations the
helical pitch of the formed liquid crystals changed resulting in a change in maximum
absorbance wavelengghavn in (C). A range of amine analyte compounds tested showed
largel r difference between Dand L-isomers is observed for ammonium ions having bulky

substituentds (sufdd0. as phenyl and indolyl)

3.3.4 Mass based crown ether chemosensors

Successful attemptsave been madat binding cyclodexrtrin and small leeerene based
hoss to a gold support layer using thiol bondiwghin a quartz crystal microbalance (QCM)
system. Binding ofthe gaseous analyteetrachloroethylene gave a large frequency
dampeningsignifying successful binding between the electroriegathlorine ions and the
host electropositive aromatic ringd53]. However this example is a special case as with

many supramolecular systems. The tethering unit is the starting mowbdtiner molecule,
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with the calixerene ring added ® to 8 steps unit by unit.Few calixarenes offer the
possibility of post synthesismodification and those that deare must betakethat this
modification to add a tethering component does not affect the binding properties of the host
[154].

3.3.5 lonic liquids and chemosensors

Using an organic solvent aqueous gradient as described in traditional bulk remediation is both
costly and highly toxic, leamg large amounts of radioactive chemical solvent that itself is
toxic. One alternative is to encapsulate the desired host in a smaller volume, static reusable
phase that still allows retention of the host, and only the desired analyte to travel the phase
boundary and to the electrode for detection. One such encapsulation media for the

chemoreceptors are ionic liquids.

Room temperature ionic liquidsiofic liquid) are widely used in electrodeposition,
electrosynthesis, electrocatsily, chemical capacit@nd lithium battery technologies. The
earliest discovery was by Walden in 19[45] from reacting ethyl nitrate with alcoholic
ammonia producing ethylammonium nitratekgN,0s), anionic liquidwith a 12°C melting
point. Properties of ionic conductivity, solubility, usable potential window, viscosity and
thermal stability can be tailored depéamglon theions used anthe applicationfor which the
ionic liquid is required A summary of common salts that foramic liquid below 106C are
listed in Table 32.

In combination with electrochemical sensaoic liquids have been used for cellulose film
entrapment of enzymeld56], carbon nanotube enzyme composites on carbon and gold
electrodeq157] and nanomaterial compositesAn example of the latter isinglewalled
carbon nanotube gels that undergo cross linking because of the ioni¢Wigigt resiltedin
highly conductive polymerfl58]. The ionic liquids useth this case werC4mim]Cl and
1-(2-hydroxypropyl}3-methylimidazolium chloride, water  solublel-butyl-3-

methylimidazolium hexafluorophosphate ([bmimfP&nd imidazolium salts respectively.

While not all ionic liquids are suitable foise inbiocatalysis, enzymes have been show to be
typically stable in Bl, PR, and NT§ anions[157]. This allows enzyme entrapment,
retaining bioactivity for electrochemical interrogation. Similarly, I-tetradecy3-
methylimidazolium (TDMI-T$N) have been used for determination of rutin ushecopper

enzyme laccase frolspergillus oryzaewith no decrease in enzyme activity obserjds9].
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Production ofionic liquid for sensing applicatianvaries from the simple to the complex,
with multiple washing and purification steps required. number of carbon ionic liquid
electrodes (©@nic liquidEs) have beerformed using direct mixing. Maleki used graphite
powder withionic liquids together in an agate mortar and pestiel formed the composite
from mechanical grinding. The composite was then mixed with proteins and metallic
nanoparticles for use as a ghse biosensdi60].

Table3-27 A summary of ionic liquid salts used for electrochemical bioserj$64dg.
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_ F
[Ny
@0 O _
_NAS -’_/ Ne_ Imidazolium [Emim]* FB'F Tetrafluoroborate |BF]
. TCHma
F
E
- Fo. [DLF
7N e
) A
¥ S
\;;/ Pyridinium [Bpyr] F Hexafluorophosphate |PFg]
CHam
ff —I F—\
/ \ FeCon_ |2 CoFs
\\ / Pyrrolidinium [Bmpyrr]* /p\ Trifluorotris/ pentafluorcethyliphosphate |FAP]
N | CF
Han G (B CHaes Fe
CHa
| S
~P- vinhas - - — . N
Has. Cd"'/&}"'C:H:_. Tetraalkylphosphonium [Pincs| [ N Thiocyanate [SCN]
Hizer Co
CHzm.
| o
& -
Har C;"'}%}T"'C;Hm‘ Tetraalkylammonium, [Ny, 4] N N ey Dicyanamide. |N(CN}, |
L) - -
Hig: €
-
Hizgas 0
ik o
s Trialkylsulforium [5,,.]" 0 'n—DC.-H—. Ethyl sulfate [EIS0:)
Hazs C () ™ CoHnes Il
0 ]
I |
- L SR —
'-C_*ﬂ_" ﬂ CF2 Bisitrifluoromethylsulfonyllamide [NTf: ]
o o]

Theadting and r uGNTiionigliuid menpdsiwiins andhasfrequently
beenusedfor making electrochemical biosensors. Films such as chitosan or polyvinyl

alcohol are used to bind hosts such as hemoprdte$2$ Physical adsorption and sandwich
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layer methods are similar to tradit@mimmunoassays where immobilization of target antigen

and antibody occurs on the surface of thenie liquidE. A secondary antibody labelled with

a marker product such as horseradish peroxidase (HRP) binds specifically to the antigen sites
producing a oloured product upon addition of-@ninophenol and ¥D,. Ding [163] used

such a method on@arbon paste electrode (CPE) consistingooin temperature ionic liquid
(RTionic liquid) N-butylpyridinium hexafluorophosphate (BPfFand a-fetoprotein
antibody
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3.4 Experimental

3.4.1 Experimental overview
Three approaches to crown ether chemosensing takea; (), direct insertion into a SAM
on gold; (i, intercalationinto aSAM via a hydrophobic tail modification and fiimercury

film electrodes using a own ether seeded ionic liquid (Figureld).

Sr2+

Aqueous analyte

lonic liquid doped

with host receptor Q o

Electrode

Figure3-11i Schematic of°SP* extraction using ionididuids at an electrode interface. lons

in the aqueous phase are immiscible to the ionic liquid, similarly the hydrophobic crown
ethers are immiscible to the aqueous pha&e.a result selective ion transport only occurs
across the interfacesthe host s specificity to the analyte.

After extensive literature review,the ionic liquid tri-1-butylmethylammonium
bis((trifluoromethyl)sulfonyl)imide was selected as the most suitable for atterffiséthnd
137Cs" sequestering.Chen and Husseji64-166] usal this ionic liquid for cyclic staircase
voltammetry and mercury amalgam based CV for individual ion detection in noncomplex
solutions. They state several assuon®iused in thir experimental design, and were used as
the basis for chemosensing experiments. These assumptions aralthioagh their
experiments were performed in a nitrogen environment, they statertic liquid should still
function in an oxygen environmenthat theionic liquid should havean interrogatable
window down to-3.0V, and finally that the ionic liquid should posses8.1% (w/w) water

which should be achieveable usweruumtreatment and heating.
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3.4.2 Reagents

Cholesteryl chloroformate,-aza18-crown-6, resorcinol, ethyl alcohol, ntenol mercury(ll)
perchlorate, dimethylformamide, halesteryl chloroformate  -#butylphenol, 37%
formaldehyde solution , sodium hydroxide ,phenyl ether, toluene,ethyl acetate, acetic acid,
resorcinol, mercato aldehgd, hydrochloric acid, 95% ethyl alcohol, methanol, sodium
tetrathionitewerefrom Sigma Aldrich. Carboxy 18C6, dicyclohexard®&-crown6, azal8-

crown6, triethylamine (EtsN) purchased from Acros organics-ifi not hi ol ane (T
reagent), ethyB-(3-dimethylaminopopyl)carbodiimide (EDC/EDAC), N
hydroxysulfosuccinimide (sulfNHS) was purchased from Pierce-M2rcaptoethylamie-

HCI was from ThermoScientific antiercapto acetaldehyde from Waterstone. Platinum and

gold P3, P4 and P10 electrodes wsvarced from Tyndall Institute, Cork.

3.4.3 Crown ether chemistry - modification of crown ether side arms
A range of commercially available crown ethers were either useagpgdiedor with side arm
modification. Two crown ether synthesis methaasing acid cealysed one step synthesis

wereteste

3.4.3.1 Synthesis ofN-(Cholesteryloxycarbonyl)azal8-crown-6
The structure of the host molecul-(Cholesteryloxycarbonyl)azi8-crown6 shown in

Figure 312 was synthesised by reactictgplesteryl chloroformateith aza18- crown-6.

HiC

a8

0

(AT

Figure3-127 Side arm modification of aza8-crown-6 with hydrophobic cholesterol moiet
This allows the host to be insertedinto SAMs via intercalation.
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Aza-18- crown-6 from Acros(2.0 g, 8.0 mmol), wamixed with triethylamine (BN, 1.4 g,

14.0 mmol), dissolved in dimethylformamidgDMF, 50 mL) and heated to 9€C.
Cholesteryl chloroformate (3.6 g, 8.0 mmol) was added, and the temperature was maintained
at 90°C for 48 h. The rixture was cooled to room temperature, filtered, and concedtiat
vacuo. Recrystallization frombsolute EtOH resulted in pure(&holesteryloxycarbonyl)aza
I8-crown6 (Figure 312) (2.75 g, 526 yield), a white solid.

3.4.3.2 Synthesis of 2Ziminothiolane conjugated 4Carboxybenza18-crown-6
Direct thiolation of amine containing crown ethers was achieved usimgn®thiolane, to

yield the target molecule shown in Figurd3. This molecule could be used to chemisor

~

o
;| NH
i | /“\/\/SH
\N
o H

Figure 3-13 - 2-Iminothiolane modification of aza8-crown6 for direct conjugation to
gold substrat&ia the available thiol group

a gold substrate

2-lminothiolane(a | s o known a9is & waleu dolabde amirearmpeif reactive
over thepH range 7 10. When reacted with an amine, iitérachain imidoester decyclises

forming a linear molecule withfaee sulfhydryl group to thiol bond to a gold substrate.

2-iminothiolane conjugated-€arboxybenzel8-crown6 was prepared by dissolving a 10
mg/ml crown ether solution in téhe non amine containing buffer, 50 mM PBS, pH 8.
Trautds reagent was di ssol veToyddaterfoldmglarml t
excess of Traut 6s, 45, 8 mmhof crovh etfersdution. Téis o ¢ k

was reacted at room temperature fdr. 1
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3.4.3.3 Separate @tachment of 4-carboxybenzc18-crown-6 toa 4-ATP SAM

Direct attachment of-éarboxybenzel8-crown6 to an electrode with a predeposite&A P

SAM was done by conventional peptide bonding; the crown ether carbokylate t he S A MO s
free amine groups. A typical reaction used 10migff 1-ethyl3-(3-dimethylaminopropyl)
carbodiimideplus 1mg/ml crown ether in 0.1 MES buffer, pH 4.7, reacted for 4 at room
temperature.

3.4.3.4 Direct coupling of 4-carboxybenzo 18crown-6 to a 4ATP base layer

An alternative depositing method, rather tHagering downthe base layer and then the
crown etherwas to reacthe linker and crown ether directly in solution, artteh deposit
onto the electrodé~igure 314). Firstthiol groups oM-ATP that would otherwise react with
EDC were reversibly blockedEDC and slfo-NHSwere usedto bind 4ATP and 4-
carboxybenzo 1-8rown-6 via peptide bond formation.

s
[ I TR
oy

Figure 3-14 - Modified of 4-carboxybenzel8-crown6 to linker 4-ATP for
chemisorptions onto a gold substrate.

3.4.3.5 Reversible Hocking of sulfhydryl groups

4-ATP was dissolved in 1M PBSplus1 mM EDTA to provideprotectionfrom catalysed
oxidation.  Sodium tetrathionate was added to a working concentration of 10mieand
mix reacted for 1 hour at room temperature. Exsedfum tetrathionatevasremovedby

dialysis. This protected linker was then reactedhwibwn ether.

3.4.3.6 Reaction of crownether with linker

Carboxybenzel8-crown6 was dissolved at10 mg / mlin 0.1 M sodium phosphate pH 7
with 1 mM EDTA. 4ATP wasthenaddedn a 10 M excess plusmM sulfoNHS and EDC
to catalyse the condensation réact The mixwas reacted for B at room temperatureThe
products, 4ATP-carboxy-benzel8-crown6 and unreacted componentgere seperatedy

gel filtration.
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3.4.3.7 Reactivation of sulfhydryls

Removal ofthe sulfenylthiosulphate blockas performed byddinga 300 fold exces®f
dithiothreitol (DTT) and incubation for 2 &t room temperatur&.he final product was then
purified by gel filtration using monitoring at A280 nm to detect the aryl grdie. linker
modified crown ethemwith the reactivated thiol gr@swas then ready to be deposited onto a

gold working electrode bghemisorption.
3.4.4 Crown ether synthesis

As well as modifying commercially avialble crown ethers a number of lariat ethers were
synthesised.

3.4.4.1 Synthesis of a hydrophobic tailed resorcinol crowrmther for SAM insertion

A 4 x aromatic,8 hydroxyl upper rim calixarene with # C,;H»3 hydrocarbon tails on the
lower rim was synthgsed for insertion into SAMs {@ure 315). This was performed by
reacting arethanol, HCL. resorcinol solution ovean acetonesolid CQ, bathwith dodecyl
aldehydeat-5 °C. After reactionthe solution was refluxefibr 8 hat 80°C to redisperse the
precipitant. The solution was cooled to room temperature, Buchner filtered and washed with
water to neutrality. Recrystahtion was performed using methanol, the resulting crystals

dried under vacuum and stored with hydroscopic agents.

Figure 3-15 i Strontium resorcinol calixarene binder -8,c14,c20-tetraundecyl
4,6,10,12,16,18,22,2dctahydroxyresorc[4]arendrivial nhame resorcinol calixarene. The
tails are perpendicular thecentral cavity.

Attempts were also made to synthesigeaaalogue of this hodiy replacing the dodecyl
aldehyde tails with the short thiol containingngpound mercapézetldehyde However,
the refluxing stagesusing mercapitacetaldehyderesulted in a viscous orange product

suggesting a sidesaction of thenercapto groups, and this synthesis was abandoned.
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3.4.4.2 Attempted synthesis of caesium binderalix[4]resorcinarene

A 4 x peholicresorcinareneontaining a lower rim of four hydroxyls that has high specificity
to C$ was attempted, shown in Figurel8. Although unsuccessful, the method has been
shown to produce a relatively large amount of crown ether so the method is infdi6ded

-
Z

OH OH OH HO
Figure 3-16 1 Caesium binder pentacyclo [19.3.1.13,7.19,13.115,19] octacosal(25),
(28),9,11,13 (27),15,17,19(26),21;d8decaend,6,10,12,16,8,22,240ctol, trivial name
calix[4]resorcinarene.

4-t-butylphenol, formaldehyde solution argbdium hydroxide were added to a nitrogen
purged vessel under stirring. The solution was heated td@2til a viscous mass was
formed. The solution was cooled twom temperature and then phenyl ether and toluene
added. The solution was reheated to £80again allowing vapours to exit before 4 h
refluxing with an Allihn condenserAfter cooling to 60°C ethyl acetate was added before
cooling to room temperatureefore a final 1 h stirring. Crystals formed were filtexda
Buchner funnelindersuction then triturated with acetic acid. A second filtration and wash
with ethyl acetate was useatior to purification by dissolving and refluxing in 10%C
toluene. As this solution cooled the crystals that formed were filtered a third time and dried

under vacuum.

This method from Parkgi67] stated that due to entopic effeatsgadiess ofthe reaction

time, only the desired macrocycles of 4 butylphenol moieties would form. However after
multiple attempts, mass speametryshoved significantly larger polymers formipngossibly

due to contamination. As a result, synthesis of usable amounts of this crown ether was
unsuccessful.
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3.5 Analytical methods

3.5.1 Electrochemical Impedance Spectroscopy

Non aqueous EIS was performed usercury coated platinum electrodes, against a silver
wire pseudo reference and platinum counter. The system was interrogated using the redox
probe ferrocenium and the oxidation peak observed at 0.22 V corresponding to the
irreversible product ferroceneExperiments were performed on an ECBIEMIE Autolab

Type Il General Purpose Electrochemical Systsing GEPES and FRA software.

3.5.2 Quartz crystal microbalance

Micro gravimetryis a technique that relates frequency change of an oscillating surface to a
change in mass as species absorb at the interface. A noncentrosymmetric quartz crystal is
oscillatedat an applied potential causing it to vibrate and resonate at a specific natural
frequency. This phenomena is related by theeBbrey equation (Equationl3.

_-2Dmf?_ 2f?

CAJrom, AJrem

Df Dm

(1)

Wherefoi s t he resonarftf rfeqaeumeryc entessghangd (B)zA , o
crystal area (Area between electrode$), mthe densi tyy2.648 g/cnﬁ\)u,@thet z (1
shear modulus of quartz for ATut crgqy 8.942x16" glcm.$, 34 the transverse wave
velocity in quartz (m/s).As most of these parameters are material constanthange of

mass is, as aapproximation proportional to thebservedchange in frequenaypon binding

It is noted that theSauerbrey equation works under the assumption that rigid solids are

binding at the interface, which is not true in the case of organic analyes and receptors.

3.5.3 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a phenomena wdidgserption of electromagnetic
radiationoccursby a nucleus having a magnetic moment when in an external magnetic field
It is a powerful analytical technique for molecukamalysis and was used to determine if
crown ether modification was successful by confirming generation of new bonds during

synthesis.

Aqueous samples were either synthesised directly in or transferreditierigdn oxide 99.9

atom % D, containin@.05 % (w/v) 3-(trimethylsilyl)propionic-2,2,3,3d4 acidsodium salt
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(TMS) as reference. Neaqueous samples were similarly prepared or transferred to
chloroformd, 99.8% (lIsotopic),containing0.03 % (v/v) TMS reference Samples were
analysed iNorell 300MHz tubes.

3.5.4 Mass Spedroscopy

Aqueous samples were prepared in deionised water to avoid salt contamination. Crown
ethers modified in DMF underwent solvent evaporation and transfer to chloroform which
formed aerosols at lower temperature and presuremn 59 each sample was analysed by
electrospray MALDI mass spectroscopy giving mass per charge ratinsletules present

in the solution.

3.6 Electrode preparation

3.6.1 Electroactive surface areacalculation from piranha cleaning using the
Cottrell equation

In additionto the 6 cleaning methods discussed for electrode preparation (see Chapter 2,

2.5.7.5) electrochemical analysis was used to interrogate the changes in electrode area from
repeated piranha cleaning in response to electrode variability. This was perfyrmsitig

the Cottrell equation to calculate the change in electroactive surface area of a bulk planar

electrode (P3 or P4, but not P10) in relation to a change from the ferricyanide redox current

(Equation 32).

J2nAFCD, ,_ - a
aa 7 \ A= 5
P 2nFC\r
p
(3-2)
where a = the gradient, n = no of el ectron

constant, 96485.3415 s A / mol, C = concentration of electroactive species, D =diffusion
coefficient of said species.

Using the gradient of the oxidatative peak of a 10 mM ferricyanide redox couple, the average
electochemically active area of P3 electrode was calculated to be 0.0824 eml0).
Compared to the theoretical geometrical 20e&¥785cm, the active surface area was up to

three times larger than predicted. This was a result of increased surface roughening from
repeated piranha cleaning. Surface area increases between 1 and 10 times due to physical and
chemical cleaning methodsin account for the significant variation between electrode areas
observed from multiple piranha cleanings.

127



3.6.2 Liquid metal electrodes

Because of the contamination and reproducibility problems highlighteding bare metal
electrodes and piranha cleanirg,technique developed in thaboratory of Professor A.
Nelson, The Centre for Molecular Nanoscience (CMNS8hiversity of Leedq168], was
adapted to the P3 and P10 electrodes. Mercury is the traditional electrode used in
electrochemistry and iwell defined. Being a liquid, surface tension and capillary forces
create an atomically flat uniform surface, with electrode life spans extending beyond 6
mont hs. The surfaces can often be O6self cle
the suface at negative potentialghich debindboundorganics with no degradation of the
mercury surface. These reasons still make mercury the best tool for electrochemistry in spite
of its toxic properties.

To create static mercury electrodes on a solidrplati supportchronocoulombetry is used to
electroplate the electrode area. Aqueou’Hms from solution build up and deposit on an
electrode held at a negative potential over time. The resulting droplets are stable and robust
due to their electrostatlly bound nature. Working out the electrode geometry and the radii
of the hemisphere to be deposited on the P3 or P10 electrodes allows the number of mercury
molecules and electrons required to create the desired electrode to be calculated.
3.6.2.1 Calculations of electrical parametersfor electroplating a mercury hemisphere

on platinum P3 and P10 electrodes
The P10 electrodes are an array of thousands of micro spots to increase radial and enhance
mass transport. The amount of mercury deposited on one of §fgems can be calculated
for one individual spot and simply multiplied to the tataimber of spots available.igtre

3-17 shows an electrode schematic of the P10 electrode .arrays
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Figure 3-17 7 Schematic of the P10 electrode exhibiting radial diffusion from an arr:
micro spots.

The geometrical volume of a hemisphere is first calculated and then the mass of mercury
needed to create this. Since it is known that each mercury cation a2celptstrons, the
charge transfer needed for chrecmulometry can be calculated. A detailed derivation for

P3, P4 and P10 electrode mercury electroplating is included in the appendix.

To deposit mercury onto the electrodes a solution of 50 mM HgN@as dissolved in
perchloric acid and deionised water as the working solution. The cell setup useg,2PRt

or P10working electrode (WE)a Pt counter electrodeciiown ethey and a double junction

Ag / AgCI reference electrode (RE)The chronecoulomety module of Autolab GEPES
software was usetb controldeposition. The applied potential and speed of deposition is
limited to the interrogation window of platinum and also the stability range of the electrodes
(too high a current on éhmicro arrays peramnently burnsoff the surface coating). For
deposition on macroscopic electrodaspotential of+0.4V with a cut off of-1 C was used

instead of the theoreticeB.4 C in orderto limit the experimentaperiod (a-1.0 C deposition
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takes between 2 andh therefore a3.4 C electrode could take between 8 andh)6 The
P10 micro array deposition was more difficto achieve reproducibly. A lower plating
voltage of 0.1 V was used alasidethe 0.4V plating potential Howeverat 0.4 V, plating of
-61.9 mC would have occurred within seconds. Because of the lower spot size and
differences in surface tension if the electrodes were not immediately rinsed with deionised

waterthe electroplated mercuryould redissole due to the perchloric acid.

3.6.3 lonic liquid preparation

oAy g

Li
Figure3-18 - lonic liquid composed of tributylmethylammonium chloride {®eN'Cl') and
N-lithiotrifluoromethanesulfonimide (CTf,N').

The BusMeN'Tf,N' RTionic liquid were prepared by mixing aequimolatar ratio of
tributylmethylammonium chloride (BMeN'CI') and nlithiotrifluoromethanesulfonimide
(Li*Tf,N") in dry acetonitrile (MeCN)shown in Figure @8. This solution was stirred and
refluxed at 80°C for at leas 3 d. As the reaction ceeded, fine white particlesf LiCl
precipitated from the solutionThe solution was then evacuated td“10orr at 100 °C in
order to remove all traces of MeCMfter most of the MeCN was removed, the temperature
was increased gradually tb20 °C and evacuation was continued until bubble formation
ceased.The resulting hydrophobic ionic liquid was washed repeatedly with water to remove
any unreacted starting materials and again evacuated 1@ d® at100 °C for several days

to remove traces of waterAs reported by Sufil69], this evacuation procedure resultied
ionic liquid with a water content <0.% (w/w). A known mass of inic liquid was coated

onto mercury coated electrodes once seeded with crown ether
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3.6.4 SAMs on QCM electrodes for crown ether insertion

Self assembled monolayers (SAMs) are a molecular layer of molecules that mimic one leaflet
of a cellular bilayer membrane. Although membrane proteins adgthyerto insert into,
smaller soluble proteins can be attached to a mono[ay@®]. As they mimic the natural
conditions of the cell proteiner peptidescan often retain their functionality and remain
activeon such layers. There is a high entropic cost however to insert into a mono or bilayer.
However certain protein complexeswhere the whole complex spans the membrane are
stable. Previous wkr[94] has showed at low percentage ratiseble mSAMs of, 16
Mercaptoundecanoic acid (MHDA) andthe lipid 1,2dipalmitoylsnglycero3-
phosphoethanolamird-(capbiotinyl) (biotin-capDPPE) can formmSAMs.

All flow cell work was performed on a first generation flow cell designed by Dr Zachary
Coldrick, SOMS, University of Leeds which consisted of a teflon rectangular body, input
output flow ports passing a cealtrcircular cavity with an injection port, platinum counter

electrode and miniature Ag/AgCl pseudo electrode entering the chamber from above.

To create a hydrophobic interior for the crown ether insertion, a SAM-MHBA (Figure

3-19) were prepared by éabating cleaned electrodes in a 0.5 mM MHDA chloroform :
ethanol solution for 5 h before rinsing with ethanol andQ@ikb remove unbound excess
MHDA. The chip was then ethanol rinsed and nitrogen dried before loading into the QCM
crystal holder. Thechamber was loaded with 10 mM PBS after 20 mins argon and
continually pumped in a flow cell loop with 10 mM PBS. The capacitance component was
nulled once a stable baseline was acquired prior to data logging using the hardware feedback
response loop. Cwmn ether solutions and analytes were injected and flowed over the SAM

surface, with insertion monitored as a dampening of frequency.

HS

Figure 3-19 - 16-mercaptohexadecanoic used as the component of SANsldrfor QCM
interrogation and crown ether insertion.
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3.6.5 SAMs of DOPC on HgPt electrodes

Mercury deposited platinum electrodes are able to sugpoely lipid SAMs such as the
dioleoyl lipids, a class okynthetic phosphatidylcholine (Figure28). 1,2-dioleoyksn
glycera3-phosphocholine (DOPCyvhich were deposited onto mercury electrodes using
GEPES software, and interrogated in real time using SCOPE software. Layers were removed
by using a cleaning potential 8.0 V, and deposition a0.5V vs a Pt reference. A 46iz

time base, 1& channels and 2560 samples per scan was used.

Figure 3-20 1 Polar lipid DOPC used as a hydrophobic insertion layer on mercury ¢
platinum for crown ethers.
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3.7 Results

3.7.1 Crown ether synthesis

Solution based reaction ofdub s r e a g-&8citownb (see secton 3.4.3.4) showed a
low product with only 12 % of the expected product. The bulk was protonatekBazawn
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Figure3-2117 NMR spectra of(A), successful linkagefal-carboxybenzo 18rowné to 2
MEA relatve to the component molecule spectr(B); 4-carboxybenzo 18rown6, (C) 2
r éamieen (E) sodiubn) tetrathionite and (F) stiN6iS.
Samples used duterium oxide 99.9 atom % D, containing 0.0%teir&thylsilyl)propionic
2,2,3,3d4 acid, sodium salt, 300 Mhz tube.

MEA/ Tr aut

0s

Successful linkage of-darboxybenzo 18rown6 t o T r atwdn besseen i Eiguee 13
21 A. Individual component molecules are shown in (Barboxybenzo 1-8rown6, (C) 2

MEA/ Traut 6s

reagent, ( D) triethyl aiNHS e,

Samples used duterium oxide 99.9 atom % D, containiry%.3 (trimethylsilyl)propionic
2,2,3,3d4 acid, sodium salt, 300 Mhz tube.

Similarly, successful synthesis of cholesterol-48xcrown6 (see section 3.4.3.1) is shown
in Figure 322. The successful produtd) cholesterol azd8-crown6 is shown versus
components (B) triethylamine, (C) cholesterol chloroformate and (D) azero®8:6.
Samples were analysed in chlorofedn99.8% (Isotopic) containing 0.03 % v/v TMS in 300
MHz tubes.
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Figure 3-22 - NMR spectra ofsuccessfully synthisised cholesterol -d8crown6 and the
chemical components (A), Cholesterol azd8C6g (B), triethylamine;(C), cholesterol
chloroformate;(D), azal8-crown6. Samples analysed @hloroform-d, 99.8% (Isotopic)
containing 0.03%6 (v/v) TMS, 300MHz tube.

Mass spectrometry analysis oholesterol tetheredza 18crown6 (Figure 323) showed
(mass to charge ratios respectively); unreacted crown ether 264.18, triethyamine 102, DMF
contanination from solvent transfer 74 and successful product 676.50.
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Figure3-231 Charge to mass spectrum graph showdogfirmation of cholesterol tethere
aza 18crown6 synthesis at Mo charge rati®76.
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3.7.2 Direct tethering of crown ethers to electrodes via thiol bonding

In one method, direct assembly of crown ethers was performed by thiol chemisorbtion to gold
electrodes. However, no significant change could be observed via impedance intarrafyati
assembled sensors with and without analyte. This was most likely because of two reasons. A
protein such as an antibody with a mass of 126,0003 is significant enough toreate an
observable change in impedimetric resporGempared to a 18rown-6 ether molecule of

264 g'M™, a 500 x smaller mass, binding may simply have not resulted in a significant
interfacial change. A crown ether typically only has one binding side between the oxygen
rim and central core, or two in the case of calixarenBinding of ions to crown ethers
occurs on such a small scale, with a small conformational change in structure that may not be
observable by EIS at low concentrations. Secondly, orientation also limited the crown ethers
interaction with the electrodeAs crown ethers were lined perpendicular to the electrode
rather than parallel, because of the orientation of the lariat side arms, this will have limited
the change of capacitance observed. Confirmation of insertion into layers could be observed
through chronoimpedance using 10 mM ferricyanide at 0.4 V. Time points every 15 min
over 6 h repeatedly showed a capacitan¥ed() increase from 1.6@F cn? (a stable base

value for an MHDA layer in buffer), from an initial drop to 1.88 cn?, signifying SAM
reorientation after 0.1nM cholesterol addition. This stabilised asa cholestglidDA

mSAM with aapacitance of 1.48 cn¥ (normalised from a working area of 0.00785%m
Similar magnitudes were observed for insertion of cholesterakd8n-6, but no sigificant

change was observed upon addition of strontium ions.

3.7.3 Optimisation of ionic liquid synthesis

Because direct linkage of crown ethers could not be detected due to steric restrictions and
host distance from the electrode surface, dispersion ioraa liquid allowed free diffusion

of the host molecules to and from electrode. The host was then able to exframsSirom

the aqueous phase. The crown ethers in ionic liquid then should have transported the bound
ions to a mercurplatinum electrode for reduction and quantification via an extrapolated
current.

Table 33 shows the stages and mass vyield of iomjaitl generated, from the reaction of
tributylmethylammonium chloride (BMeN*Cl') and nlithiotrifluoromethanesulfonimide
(Li*Tf,N") and the purification steps to produce {BeN'Tf,N'). A starting reaction of 100
ml dry acetonitrilecontainingl M of each salt was weighe@nd again after each step to
determine yield of production. After @ refluxing, a significant mass loss occuréde to
LiCl precipitation Heatingat 120°C to remove acetonitrile removette bulkof the solvent

downto around 50% of the original mass. Howevea significant amount of watevasstill
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bound and saa further 100°C heating under vacuumiasessential. Of the original 100 ml
solution, only between 84 to 236 nmgpss of ionic liquid wasproduced in initial batches
Reflux beyond 3 dncreased yield to 1.22.47 ml ofionic liquid. If stored under vacuum in
a desiccator the ionic liquidould be stored for months, and recycled by heating under

vacuum to remove any absorbed water.

Table 3-3 Determinationof the inter batch amount of ionic liquid produced/eighing after
each solvent evaporation and washing step allows the amounts of liquid removed, precipitate
extracted and final volume of ionic liquid be déermined.

Starting Mass before After  solvent| ionic liquid after | Weight after HO wash and

solution solvent evaporationl g solvent evaporatior drying / g

o/ ml evaporation |/ % starting weight
0.467 17.516 0.34 63.56 17.26
0.463 18.191 1.046 54.77 18.16
0.459 19.47 2.146 53.27 19.29

Final ionic liquid | Mass loss from Li and| Final ionic liquid / ml
mass /g ClI precipitates / g (density conversation)
0.236 0.236 0.295

0.0840 0.256 0.105

1.02 0.020 1.27

1.98 0.171 2.47

The ionic liquid could be seeded with % (w/v) of solid scintillant PPO either in the
acetonitrile stage after refluxing or directly into the final produdbwever, due to the ionic
liquid viscocity, uniform mixing was a problem via this method.Incorporation of solid
scintillants PPO and POPOP into the ionic liquid would alitisect scintillation counting of
bound °S”** ions as an alternative to ASV quantificatiorHowever, POPOP appeared to
undergo a&hemical reaction with thienic liquid resulting in a purple spension. As a result

only PPO was used as a solid scintillanseed ionic liquids
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3.7.4 Non aqueous electrochemistryo determine transport ability of crown
ether seeded ionic liquid

To maintain a 0.1 % (w/v) water content of the ionic liquid, intital experiments used a non
agueous setup and alternative equipment arrangement, aswell as redox probe. Aqueous salt
electrodes such as Ag/AgCI cannot be used as the organic solvent used in solutiad,ahst
water, would cause flocculation and block the glass frit. As a result, an alternative pseudo
reference electrode was usedl. pseudo referencés an electrode that does not have a
constantwell defined potential. Thus a known standard redox prdtm@wh redox potential

is used before and after the main experiments. In this casprobe ferrocenium, in
acetonitrile solution, was used and the reduction peak around 0.22 V (see FRrev&@s

used to confirm that the seeded ionic liquid could ceahda current from the solution,
through the ionic liquid to the HBt electrode. Because of the poorer conductivity and IR
drop occurring in non ageous electrochemistry a broadening of the redox potentials is
observed, as seen in Figur@48. To counteact this micro electrodes can be used which have

a lower current density per electode and can use much smaller currents are affected by this IR
drop much less, returning the observed redox potentials closer to their expected potentials.

Alternatively, a sipporting electrolyte can be added to improve conductivity.
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Figure 3-24 Oxidation of ferrocenium in acetonitrile to ferrocene aro@@ V. This was
used ashe base signal to test HR} electrodes with falrated pseudo AgAgCI reference
electrods. Performed using 10 mMerrocenein acetonitrile solution at a scan rate of 50
mV/s.
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If an offset drift is observed the corrected potential can be then applied to experimental data.
A pseudo reference was madg anodising a silvemwire encased inside a y¢or frit.
Anodisation was achieved by using a 5 min incubatiotd@l to create a surface silver
chloride layer.Glassy carbon electrogeith mercury amalgaror the standard®tHg macro

and micro electrodes were coated with crown ether seeded ionic liquid.

A 50 ml chamber allowing working, reference and counter electrode insertion from the base
was bespokely madeThis allowed ionic liquid and sample to be coated onto thetrede

from above before the environmemasrapidly purged with argoto minimise the observed

oxygen dift current

Table 34 shows a summary of the expected redox reactions that would occur if traditional
ASV were performed on contaminated ground wat&ecause of the complexity of the
solution, individual analyte currents would overlamd composite signalsvould make
analyte differentiation and quantification impossible. Tikighy a seeded ionic liquid was
used in an attempt to introduce analypecificity by transporing onlythe desired analyt®

the electrode

Table 3-4 1 Collated standard redox potentials of a range of analytes expected in
contaminated ground water (aqueous systems vs stahgdrdgen electrode, +0.197 for
Ag/AgCl/Sat. KC) [45-46, 171]

Reaction Standard electrode potential

(E° (V) vs SHE)

Li*+ ¢ =Li(9) 13.04

Cs +¥ =Cs@)

K*+d =K(s

Bry(l) + 2¢ = 2Br'

+1.07

Bry(ag) + 2¢ = 2Br

+1.08
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BrO; +5H" + 4 = HBro(ag) + 2H,0 +1.45

BrO, + 2H" + 2 = BrO; + H,0 +1.85

c&*+2¢ =Cap

Na' +¢ —Na()

crr+d =cr

SO2 '+ 44" + 2d TSOy(aq) + 28,0 +0.17

SP*+ 28 =Sr()

Y3+ 3 =Y(9)

U +3d =U(s

Ut +d =y

Uo2 +¥ —UO," +0.16

UO, + 48" + & =U* + 28,0 +0.27

SiOx(s) + 4" + 48 TSi(s) + 28,0

PH,0 + 2 = H,(g) + 20H

2C0,(g) + 24" + 28 —HOOCCOOHAQ)

Oxalic acid also metal chelator

0,(g) +#' + ¢ —HOAH0)

281" + 28 T Hy(q) 0

AgCI(s) +¥ TAg(s) + CI +0.22

Even with deaeratioa significant oxygen peak and drift was obserwadch interferedwith
observed analyte peaks. However, at high concentrations of analyte this should have not
completely obstructed analyte reduction peaks. Analyte peakswhratdetectable on

mercury amalgam in aqueous solutions were not visible when the electrexdesoated with
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ionic liquid. This suggests that the kinetics of transport throughlitjuid are slow and
diffusion-dependent because of the high viscosity ofiehé liquid. Published diffusion ceo
efficients for DCH18C®& SP* 2.1x 10°° cn? 7, in theionic liquid [165] would suggest a
diffusion time ofaround2.1 x 10*'° s*! to the electrodehrough an ionic liquid film of
thickness onenillimetre. The KouteckyLevich[172] graphical representation uses the slope
of a plot of the inverse of the limiting current versus the irevefsthe square root of the
electrode rotation spe@. Analysis of redox currents in this way as a function of
concentration allows diffusion coefficients to be calculat&this should be proportional to
the diffusion coefficient and independentrofating disc electrodspeed, buwill only works

on single ion solutions. This does not appear to be accounted for by[173n Other
problems were observeapon signal extrapolatin. Lithium contamination frommeacted
ionic liquid biproducts was a common problem even with extensive washing step#onikhe
liquid, whilst hydrophobi¢ also showed signs of breakdown and water quiiem after
continual use over several days. Recycling ofitméc liquid by redrying under vacuum
was possible buhiswould be useless in terms of a commercially viable sethsdwould be
required to analyse agueous analytes over long periods@ft Al so unmentioned
publications[169, 173174] and of significant importance was that the inorganic forms of
SP* and C3 were insoluble in théonic liquid. Because of these problems thaic liquid

approach was abandoned as a sensing method.
3.7.5 lonic liquid retenti on of DC18C6%°Sr** and %y

Because no quantifiable electrochemical signal using crown ether seeded electrodes could be
observed via ASV, scintillation counting was used on incubated electrodes to determine if
5" jons were successfully chelated arffuging into the ionic liquid (Figure-25).
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Figure3-25i Scintillation counting oDC18C6ionic liquid coated HgPt electrodes that have
chelated®sr*and*®Y?* ions. Twelvesamplesunderidentical conditions bubhadthe energy

specta differentiated to determine the amounts of each isotope bound simultaneously. Green
bars are scintillation counting after 24 h, red bars the same samples counted after 48 h.

The amount ofradionuclide bound across the twelveamples was consistenbut
unfortunately the amount 8fS** bound was negligibléFigure 325 A). However looking
at the®Y energy window spectrum a significant amount-438%) of the original 1kBq
radioisotope inthe incubation mixwas bound®Y?" suggesting®®Y?* was preferentilly
complexing with DC1&rown6, this the reason why there was negligible strontium detected

electrochemically, as the interrogation potentials used were that of strontium aytifimoL
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3.7.6 Mercury -platinum amalgam electrodes

P3 and P4 electrode PAM 04/02/04

1 mm
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track
|
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Figure3-26 - (A), aschematic of thelatinum and goldP4 electrodes used. (B3 platinum
electrode under held potential in mercuric nitrate solutizandergoes amalgam plating.
Deposition is monitored as the flow of charge with tirf@), successfulplatinum P4 Hg
electroplating and (D) microscopically on P&0 micr@copicarray electrode.

Mercury was successfully deposited on to platinum macpis&®8 / P4 electrodes (Figure 3

26 A and C) and also the P10 microscopic array electrodes (Fig@fe [3). The
macroscopic mercury electrodes were robust and allowed repeated use and were still stable
after 8 months. Some poisoning of the electrodesroed in a number of the metal ion ASV

trials where the potential could not be raised high enough to strip adsorbed species before the
electrodes broke down. The microscopic electrodes did give significantly higher responses
due to radial diffusion. Hower, two main problems were encountered. Uniform production

of the electrodes was problematic due to the plated merculigselving from the perchloric

acid solution if not rapidly rinse after plated. Also, poisoning of the electrodes was a fatal
problem. The bulk plated mercury droplets (P3/P4 electrodes) could withstand significantly

lower conditioning potentials to clean the surfaces conmpared to the the smaller mercury
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droplets of the P10 microarrays were stripped from the electrode surfaceste#\dtaonly

P3 and P4 Hg coated electrodes were used for SAM deposition.
3.7.7 Crown ether insertion into SAMs on HgPt electrodes

Because EIS and ASV methods failed to quantify the amoutfiSéf" ions chelated by the
crown ethers, an alternative interrogation method using the HgPt electodes and SAMs of
MHDA or DOPC was performed.

3.7.7.1static and flow cell depositionof DOPC monolayeis on HgPt electrodes

Both static and flow cell deposition of DOPC omhercury electrodes was performed. Static
deposition used physical dipping of an electrode throughrey/inl DOPC ina 0.1 M KCI
solution before application of a negative potential to orientate the absorbed molecudes into
orientatedSAM. Reproducibility ofthe layer formedwas better by using deposition under
negative potential in a flow cell system. For thiscessa bespokeflow cell [168] designed
by Dr Zachary Coldrick Centre for Molecular Nanoscience (CMN®Jniversity of Leeds,
was attached in a flow loop system to a 5 litre stock of 0.1 M &&@Gbn sparge buffer.
Under flow anda verynegative potential 0f2.6 V, a DOPC solutionwas introducednto the
flow cell injection port. This depositiopotential wasstoppedas the deposition peaks
appeared and potentials switched to the interrogation prafie. interrogation profiles used
were-0.2Vto-1.2V, -0.2Vto-1.4V, -0.2Vto-1.6V, -0.2Vto-1.8V, -0.2V to -2.0V,
each at a scan rate of 50 m V/&n overlay of the resulting lipid conformatial changes is
shown in kgure 327.
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Figure3-27 - Successful DOPC deposition on to HgPt electrodes. Rapid real time cycli
voltammetry shows peaks corresponding to SAM poration, reorientation, desorption ar
resorption. The upper peaks correpon to solution DOPC diffusing and desorbing from t|
electrode surface.

The peaks observed for the DOPC lipid phase transitions (Fig2ve l&ave been studied in
detail and have been shown to correspond to different states absioebed SAM39].
Threeknown capacitanepotential peaks of DOPC in electric fields have been extensively
studied. The firsat 0.94 Vcorrespondto an initial conformational change of the monolayer

a field induced change in orientation of the polar heads of the DiPRIG175] and this one

was selected to monitor crown ether complex insertibne 3 known capacitance peaks are
characterised a0.94 V corresponding to a lipid conformational change, a phase tranattion
-1.0 V [175] and the onset of poration and desorptnl.25 V. Incremental increase of
potential (scan ranges from 0.2 V to 1.2, 1.4, 1.6, 1.8V respectively) showed lipid
reorientation in realtime. Introducing a planar molecule such as the crown ether that can
insert into the DOPC SAM layer was monitored in real timecbgnges in the observed
cyclic voltammogranshown in Figure 27.

3.7.7.2 Effect of carboxy-benzo 18crown-6 on aDOPC monolayer

To determine if the DOPC reorientation peaks were influence®®W18C6 sequential
injections of increasing crown ether concentrations were injected into the flow cell and the
interactions with an assembled DOPC SAM monitored. The natural DOPC trace (black
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lines) compared to the disrupted state as a result of insertiotiresyl are shown after 10
min interaction (Figure-28).
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Figure 3-28 - Reattime cyclic voltammetry of £arboxybenzol8crown6 interactionwith
DOPC SAM on a HgPt electrode.Z Base line of DOPC and recovery after 1Gmin
interaction with (A)10nM, (B)10nm and(C)10mM of carboxybenzol8crown6-SF*.

Increasing concentratis of 4carboxybenzedl8-crown6 were injected into the flow cell
from nano to mili molar concentrations onto a DORGPT electrode and the reorientation

and shift in peaks monitored. Beyond micromolar amounts afircrether instantaneous

145



decreaseand shifts inthe lipid peaks were obsed (Figure 28 A -C). A decrease of the
conformational change and phase change peaks suggests crown ether insertion and disruption
of the assembled SAM. A shift of the peaks to more negative potentials (red traces) suggests
that the crown ethewasdisrupting the lipid domains, causing them to respond at only more
negative potentials. Scans every minute fonibs allowed the reorientation and recovery of

the SAMs to be observed.All concentrations show an amount of crown ether was
successfully retaied by the SAM by the peak offset {20 mV). Up tomillimolar amonts

of crown ether shoed over 90% recovery of the initial peak potential. At high crown ether
concentrationthe DOPC peaks are almost completely displaced with minimal recovery with

time, suggesting significant displacementtio¢ lipid layerby crown ether

To determine if the DOPC reorientation peaks could be used as a real time detection
mechanism for the chelatddlCH18C6¢ SP* complex, sequential injections of increasing
concentratias of iorrcrown ether were injected into the flow cell and the interactions with an
assembled DOPC SAM monitored, shown in Figu293
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Figure 3-29 - Real time rapid CV of DOPC SAM recovery with time from increasing
concentrations of crown etheZ DOPC base lineinteraction with crown ether aftet 1
min; Z 2mins; Z 3 mins; Z 4 mins;Z 5 mins. (A) 10nM; (B), 10 mm, (C), 10mM. At
low concentrations peak recovery shows host elution, while at high concentrations permanent
displacement and reorientation of the SAM occur. Arrows indicate the directional shift of the

peaks with time.Resorption peaks show a negative shift, desgreand then broadening and
recovery at low concergtions suggesting crown etHayer formation inlipid.

Addition of SP* either directlyby mixing with with the host moleculgor flowed over a
SAM-crown ether layer was used to determine if peak chasgesifically the0.94 V lipid
conformational changeeak, and thé 1.0 V phase transitiorat peak,could be used for
analyte quantificatiorfFigure 329). Direct reductiorof S** ions occurs at-2.89V (vs H
electrodg45]). Such an anodic potential would completely remove the adsorbed DOPC and
thus could not be used with ASV. As a result, ratios of anhbygewere preincubated or

flow injected in (1000:1, 100:1 10:1 and 1:1) ratios. mdproducible shift in peak potential
between host and host analyte complex could be observed as the potentials are sensitive to
oxygen and reference drift. Initial scans that showed a negaiteatial drift upon addition

of DCH18C®& SP*. However injection of a competitor chelatorhiranilic acid to remove

bound SP* did not result in a returof the DOPC crown ether peaksAs expectedpy
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increasingthe scan rate whdt increasing the rate of DOPC recovgetlye amount of crown

ether displaced from the electrode was not affected. As a result rapid CV could not be used
as a sensing mechanism fof3sut didshow crown ethers adsorb at@rcury film interface
causing permanent disruption of a DOPC SAWhisapproach showedn amounbf crown
etherpermanently electrostatically boutmthe Hg surfacewhile a proportiorwasdisplaced

and eluted.

Figure 330 shows thdateral potential deviations, if a shift in the potential the phenomena
occurred at as a el of crown ether insertion (A) and (C). (B) and (D), correspond to a shift

in peak hight which shows if a change in potential across the electrode surface occured as a
result of crown ether insertion signifying disruption and poration of the SAM lagibtesas

a potential drop.
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Figure 3-30 i The changes in potential or current of realtime cyclic voltammetry scans
monitoring the hoslipid interaction at a HgPt electrode.Effect of crown ether insertion on
the characteristic known DOP@).94 V lipid reorientation peak, andl.0 V phase
transformation peaks. Symbols correspond thOmM, , 10nmM or p 10 nM crown ether
injected. (A) and (B) show deviations in th@.94 reorienation peak corresponding to
deviation in the optimum reorientation potenti@) and (D) correspond to th&.0 V phase
transition, showing potential diaviations from the preferred potential as a resulted of lipid
host molecule interactions and miption of the SAM layer.
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The deviation inthe phase transition peakigbre 330 A) showed anincreasing negative
shift of upto 1.01mV at all concentrations of crowether within the first 2 min of crown
ether interaction suggesting insertion of crogtherand disruption of the SAMlue tothe
more negative potentialseeded to onset tHgid reorientationphase. After 10 mithere
wasalmost complete recovery suggesting a stable reorientation of lipid domaniosoamd

etherwasachieved.

The deviaibn in the reorientation peak idure 330 C) showsa far more significant and
rapid shift to more negak potentials before insertion resulting froelectrostatic
interactiors between thenegative DOPC head groups and crown ethecoRery als@ccurs
over the next 10 miut at a slower rate and showpdrmanent deformation of the SAM

supportingthe theory of stable crown etheead group interactions.

Changes in peak heighignifiedchanges in potential across the electrode intedaceresult
is dgnificant changes in the SAM structure or porasityhe clearest linear responsas
observedat all threecrown etherconcentrationslooking at the reorientation peakidfere 3
30 B) where a peak height reduction of over 1 mdtcured within the first 2nin and
continued beyond 5 minThis supports the theory of rapid crown etiegertioninto the

hydrophobic cavity made availablg the SAM to minimise solvertrown etheiinteractions.

A similar trend is observed in the peak heightrgefor the redenation peak (igure 330
D), the exception at rHimolar concentrationwhere the disruption in SAM interfatia
changes saturates at 2 min interactefore a further change beyonandn. This suggesta
two stage proceswasoccurring. Againonly patial recoverywas observed aftel0 min
suggesting permawtown ethesorption and SAM hindrance leyown ether occuredwhile
a number of interesting molecular phenomena were observable in realtime with this technique,
as the response was not linearaoalyte dependant, it would not currently be suitable for a
sensing device.
3.7.7.3 Insertion of free cholesteol and cholesterol aza8-crown-6 insertion into an

MHDA SAM
Both free cholesterol and cholesterol tethered azal8C6 could be sesertorito MHDA
layers on gold as a tethering mechanism. This was observed as a frequency dampening of an
oscillating AT cut gold QCM chip with a predeposited SAM from a 24 h incubationnug 1
ml MHDA. Noise and density gradient changes can appeaiffagedt solvents mix, giving

an apparent false mass change.
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Figure3-317 QCM measurements were made on Maxtek 1 inch At cut crystals coated
gold electrode. Fundemenfaéquency was around 6 MHz abdf was converted t@ mass
using Maxtek software. The following additions were mgle 3 mg / ml fee cholesterol
(B), cholesterol azd8-crown6 (10 mg/ml in EtOH);(C), atempted cholesterchzal8
crown-6 insertion(10 mgil in EtOH in 10 % (v/v) chloroform)which resultedn stripping
of the MHDA baseSAM.
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As a result strict washes and buffer changes were made after each addition to account for the
frequency fluxes caused by the small percentages of organic solvegdsto disperse
hydrophobic hosts. Figure-BL shows masses cald at ed wusing Saubreydé6

response to crown ether insertion or analyte binding.

In compliment to the real time CV interactions of crown ethers with SAM layers, binding
interactionsand insertions were monitored as a function of frequency dampening, and
extrapolated to ® of interfacialmass (Figure -31). Before the cholesterol modified crown
ether was used, it was confirmed that the free form of cholesterol inserted into an MHDA
SAM (Figure 331 A). A sequential change from aqueous MOR&fer to1 mM synthetic
cholesterol in methanal e sul t ed i n @olvéntgadientBup massintréasedad , a
46.0ngent. Only after asecond MOPS washhich stabilised the signal gaveettrueD mass

of 3.987ngent. A final base correctedverageof D mass of3.574ngent mass increaseas
observedrom the50 ni injection of 1mM cholesterol. Similar magnitude$ mass change

were observeffom cholesterol dispersed RBS and pure ethaho

Figure 331 B shows successful insertion of cholesterol tetheredEarown6 from a100

m injection of 10 mg/ml crown ether, observed mass increasef 4.56 mgcnf. This
increasedo  4.87ngcnf during a buffer wash. Aveitch to aSr(NOs), solution momentary
increasedhe frequencydampeningbut stabilisecat a D mass 0f3.93 gcmi. After aMOPS
buffer wash to remove unbound analyte, the tfienass stabilised a.76 gcmi which
showedan increase of 0.2 génfrom bound SF*ions. Repeatof this experiment showed
successful crown ethdnsertion but destabilisation ohe signal upon S addition A
significant increase in noiseas also observed The likely causeof noise wasbecause
analyte bindingvasincreasing theéhost hydrophilicity which was still counteracted by the
dominatinghydrophobic insertion forces between cholesterol and MHDA molectlas
sudden instability and the Sauerbrey equations incompatibility with non rigid molecules are
the likely cause of # observed noise and signal instabilitthese redts supportthe
conclusion that &f binding to the crown ether occurred, but could not dpgantified
accurately Further experimentation usinD-QCM would be needed to develop this

approach.

A range oforganic solvents were used attempt toincreasethe amount of crown ether

loadedinto the MHDA SAM. Acetone, ethanol and metbhwere found suitable to dissolve

many of the crown etherddowever whilst efficient at solvating the crown ethédMSO and
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chloroform resulted in removal of the SAM layer complet@figure 324 C), where the
starting mass is equal to the final mass.
3.7.7.4 Sr** binding by resorcalix[4]arene inserted into MHDA SAMs

An 1:10 (v/v) acetonitrile ethanol solution was polar enoughdissolve the host
resorcalif4]areneand deliver the crown ether to the SAM without stripping the SAM. Flow
of host molecule over a prepared MHDA layer showed successful and stable insertion of

resorcalif4]arene(Figure 332).
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Figure 3-32 - Insertion of resom@ix[4]areneintoa MHDA SAM. Figure numerals indicate
soluions flowed over theggold SAM coatedsurface; (i)dH.O; (ii), ethanol;(iii), 10 mg
resorc[4]alixarene in 10:1 (v/v) ethdno acetone (iv), ethanoj (v), dH,O; (vi), 1 mM
Sr(NGs),; (vi), dH20; (viii), 1 mM EDTA; (ix), 1 mM Sr(NQ),; (x), dH0O; (xi), 1 mM
EDTA, (xii), dH.0;.

Insertion ofresorc[4]alixare was observed as a frequency increase from steps (ii) to (v).
After this event, a frequency increase and false apparent mass decrease is observed, a result
of switching through a mild organic solvent wash to remove unbound host, andisgvitch
agueous solvents. However, a repeatable mass decreasé& opdr5r(NGs), additon was
observed in steps vi and ix, which could be reversed by addition of the chelator EDTA, which
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removed St ions from the resorc[4]alixare. This behaviour supptiestheory that $f

ions are bnding to the surface, but a frequency increase, rather than decrease occurred. The
proposed reason for this is similar to the problems observed with the insertion of cholesterol
azal8-crown6 (as discussed in section 3.8)7 The hydrophobic tails of resorcalix[4]arene

insert into the SAM but are not covalently bound to the gold substrate, and as a result the
molecule does not oscillate with the SAM. Binding of'Sons increasethydrophilicity of

the receptor moleculend may in fact resulted in the molecule moving partially back into the
solvent, and away from the substrate. This resulted in the observed frequency increase, rather
than the expected decrease. This affect was reproducible, but not proportionaldosddti

SP*. As a result, because no calibration could be made, the system was abandoned as a
sensing procedure.

3.8 Conclusion

After the succes®f using surface layer proteins as adfie receptor for a functioning
uranyl biosensgran alternative appezh was needed for other analytes due to the lack of
binding proteins with specificity t&€s" or SF*. Because of thjs number of synthetic hosts
identified from literature wittdesired specificitiewere either obtained commercially osed

as supplied, chemically modified or synthesided specific functionality. These were
combined with techniques including EIS, real time rapid CV, scintillation counting and
QCM. The range of hosts molecules are summarised in Table 3se of rajd cyclic
voltammetry on HgPt electrodes showeéir interaction adsorption andlisplacement via
SAMs in real time. The crown ether were shown to adkgdsophobially to the electrode.
While macrocyclesurface interactions could be observed, no ptapwl and reproducible
signal could be observed to the addition of SrSimilarly, atempts to use these hosts at
electrode interfaces with EIS was unsuccessfiihe failure was most likely due to the
orientation of crown etherperpendicular to thenterface from the angles imposed by the
lariat side arms. This coupled withinimal conformationalchange upon analyte binding
resulted in interfacial changdsat could not be detectedhe use of ionic liquid masked the
desired St and C3 peaks expeted in mercury ASV experiments. The possibility that the
ions were not being transported by the layer was ruled out by scintillation counting of the
radioisotope ions which confirmed a small, but reproducible sorptiof’if*, but a
significantly highe degree of specificity fof®y?* not previously reported. Problems with
ionic liquid breakdown due to water incorporation and slow ion transport through the ionic

liquid without the use of a rotating disk electrode resulted in this approach being addndon
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Table 3-5 i Summary table of macrocycle molecules and subsequent successful

modifications used in this chapter.

Dicyclohexance18-crown- Aza -18-crown-6 and
6 and derivatives modified forms

Carboxybenzo18-crown-6 and
modified forms

Synthesised crown
ethers

FV

C(O o)ij [O O]
Lo L_o._J

E
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octadecane)
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gegp el
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N )j\/\/SH
N
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tert butyl dicyclohexano 1
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pentaoxal6-azacyclooctadee
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hexaoxabenzocyclooctadeceri
carboxylic acid N{(4-mercapte

phenyl}N-methythydrazide

2,68,c14,c20-tetraundecyl
4,6,10,12,6,18,22,24

octahydroxyresorc[4]arene

16{17-(1,5Dimethy+hexyl)-

cyclopenta[a]phenanthrest
ylperoxymethyl}1,4,7,10,13

pentaoxal6-aza

cyclooctadecane

10,13dimethythexadecahydro
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Insertion of crown ethers into SAMs was observed as a frequency dampenening effect on
lipid coated gold QCM chips. Addition of analyte to cholesterol tethered crown ethers
caused signal destabilisation due to significant disruption of the SAM by cholester
reorientation. The esorcinol calixarenwith its 4 hydrophobic chains similarly inserted into

MHDA SAMs, but upon St addition, an apparent decrease of mass was observed. This
apparent mass decrease could be cycled with addition of a chelatoben@fh The cause

for this was theorised due to an increase in hydrophilicity of the polar crown head group and
partial removal from the SAM layer.  Attempts to synthesise a similar host by replacing the
dodecyl aldehydéails with a shorter moietyhait would enable covalent linkage to the gold
substrate to eliminate this problem was att ¢«
or 6off strontium binding system was shown,

usable calibration curve aigat know Sf* concentrations.
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4 : Functionalisednanoparticlesfor
chelation of radionuclides
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4.1 Chapter overview

Because of the problems detecting ions using chemosensing hosts as detailed in Chapter 3, an
alternative stratergy was instigated whereby enhanced chelator surfaces in the form of
functionalised particles would be combined with raionuclide speciationcuill&ation or

gamma counting. Because metallic particles are coloured and interfere with scintillation
counting, biosilica was chosen as an optically transparent, robust material for functionalising
with a range of simple chelator groups. The partickesated had a superior capacity to
commercial resins and were able to bind a significant amourtSef*, but all systems
struggled to bind significant amounts 6¥Cs". Low level radioisotope concentrations
modelled on Sellafield SGW were detectedhwét 1 h incubation time and 2 h counting
profiles. The overall hierarchy of this chapter is shown in Figure 4.1.

Chelator silica particles with high
surface area and metal ion affinity

Commercial

Nanoparticles vs micro particles resins

Radioisotope
saturation
binding and
synthetic ground
water binding

Functionalised Solid scintilant

Bare sili : :
A SHEa particles particles

Figure 4-1 - Chapter four hierarchy outlining the methods used to create chelator particles
with a high specificity particularly t8°Sr** with greater binding capacity than a number of
commercial resins and functionalised nanofibres.

4.2 Functionalised nanoparticles

While there is no international definition afnanoparticle, the UK PA&ublicly Available
Specification British Standards Institutigr{176] in broad terms defines a nanopatrticle as a
particle that hasat least one dimensiaof less than 100m. Because of their high surface
area to volume ratithey often exhibit unusual optical, chemical and physical properties

when comparedo the bulk maerials [177]. Metallic, polymeric, organic and inorganic
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paticlesare the most frequently usgges of nanoparticleBecause metallic particles exhibit
strong colour properties that interfere with scintillating countiagsystem of optically

transparent functionalised silica particles was developed.

4.3 Functionalised sibnes

One useful class of silanes hasemtralSi atom bonded to an alkyl linker arm (@kplusthe
functional or reactive grouffFigure 42). The most commogroups around the central Si
atom aremethoxy (alkyl H-C chain linked to an O)alkoxyls or ehyl ether, theethoxyl
silanes which can be hydrolised to leave the reacti@HSsilanol groups. These groups

condense to form covalent bondstyroxyl coated surfaces.

CH,

|

Silicon atom O\

O/@./\/\/R -«— Functional or reactive group
AN

H,;C
o \ Alkyl chain

Hydrolysable groups CH,

Silane coupling agent
Figure4-2 - The basic schematic of a bioconjugatable, hydrolysable silane used to ni
the silica particles. The most common unfunctionalised forms T&O®S (tetraethyl

orthosilicatg or TMOS (tetramethyl orthosilicate)R can le a wide range of groups but
most commonly an amine or thiol.

The side arms of the silane can allow a versatile range of orgastive or organo

functionalisation. Functionalised compounds that are commercially available include amino,

aldehydes, epoxy, alcohols, carboxylic acid, esterdtdnbsilaneq178].
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4.4 Silanol condensationtheory

The effect of hydrolysis on a silane is libéoat of the side arms revealing a hydroxyl group
(Equation 41). In the case of TEQ$heR is the alkyl group GHs,

Si(ORy+H,0 Y -Bi(@R)+ R-OH (4-1)

Complete hydrolysis can replace all 4 gro(fpguation 42):

SiORy+4HO0 Y Sis+4ROH (4-2)

Partially hydrolysed silanes condense to form siloxaneO{Si) bonds resultingin the
release of watefEquation 43), allowing three dimensial growth as the reactive silanols,

R-OH, cross react and condense (Equatiet),4n this case gHs, alcohol:

Reaction J(OR)i Si-OH + HO Si-(OR: Y [ ( 3SiR)i Si(OR)] + H-O-H (4-3)

Reaction 2 (OR) Si-OR + HO Si-(OR: Y [ ( +SiF0) Si(OR)] + R-OH (4-4)

A range of functionalisedilanes are also available where typically one of the 4 alkoxy
groups is replaced by a-Si borded functional group, e.g B aminopropyktrimethoxysilane
(APTES) there are 3 ethoxy groups, which can still be hydrolised and the aminopropyl which
can not. The condensation of APTES leaves pendant aminopropyl groups available for
further reaction.When combined with a nucleating agent, growth occurs in three dimensions
resulting in particle nucleation. If no nucleating agent is present, two dimensional growth
occurs allowing the coating of surfacemy example shown ifrigure 43 where two
dimensimal growthof APTES occurs on a planar bulk surface. This idea is explored in
detail in Chapter 5.
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NH, NH;

H,0
Hydrolysis

HO—S8—O0H +  Ho—si—OH

|
4 I8 N

APTES 3-aminopropyl-triethoxysilane Silanol
condensation

NH, NH, NH; NH, NH,
HO_S'_O_Si_O_Si_O"Si—OH HO—Sl—O—-Sl— —-SI_O S|—OH
I o 0 0 OH OH OH oH
[ [/ / R
OH  oH OH OH

Aminopropyl silane coated surface | | | |

Inorganic surface

Figure 4-3 - APTS condensation onto hydroxyl surfage silanol bond formation. This
method allows large surface areas to be coated on hydroxyl coated surfaces (glass, silica,
metal oxidesetc) with a wide range of functionalities.

4.5 Silica nanoparticles

A vast area of nananicro and micelle particle engering is based on emulsion processes,
the stabilisation of a liquid in liquid suspension of two or more immiscible substances as a
colloidal suspension.  Condensation of silanols inside the encapsulatednagitdkV/O)
emulsion sitesknown as thed gel method can beatalysed either by NgHor HCI [179].

The emulsion droplets act as a size tempéatd restrictthe nucleation size of thsilica
particles to the stabilised drop size. They are however limited to broad polydisperse.systems
Emulsions themselves are a huge industryenehparticle engineering aims to create
monodisperse suspensiorBroducingmonodispersity requirgsrecisechemical engineering

with dedicated engineered rigs, emulssiand sonicata. Developinguch a system would

be a complete project itself, which is whyan alternative method using a modifiddssical
Stoberéseed and growth met hod was wused, compromi sing
solution mixed withtetramethyl orthosilicatd TEOS).  Particle size distributions were
improved by controbf the growth conditions i.e temperature, pH and choice of solvent.
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4.6 Bifunctional silica particles

Functionalised silica particles have a broad application daddave been used fahielding
metallic nanoparticles (Al/Znand corrosion resistancfl80], encapsulation of fluorescent
dyes[181] as well agdrug encapsulatiofl82]. Recent advancés dye encapsulation have
had huge effects onhe application otommercial dyes. A significant drawback of optical
systems is that the chemical dye dise sensitive to pH, oxidatiophotedegradation and
quenchig. Research dyes have extensive chemical modification or protection to slow
hydrolysis and breakdown of the dye, with costs reaching hundreds of gmemifsiligram

The ability to encapsulate cheap water miscible or even immistyele that cost pousder

gram is particularly advantageous. This encapsulation methatfoig@ing a number of
traditional dyesto be dispersed with nenof the former limitations, and is causinga
resurgence in dye based fluoreseend his was previously believed be maing towards
guantum dot baseffuorescence Quantum dots argroup lll-V compositesemiconductor
particles that emit photons of a desired engineered band gap energy with a brightness that can
be more than one hundred times brighter than chemica[8§8k While originally believe

to be tke future of optical based systems, their problems of high toxicity and molecular
blinking from single photon emission has metuatt practical applications have not lived up

to thdr initial promise Silica particles containing fluorescent cores have ntbcebeen
shown to be brighter than quantum dots because the delocalisation and emission of multiple
photons desnot sufer from the molecular blinking Such particles are created in two stage
processes.First, the anhydrousand condensation of tetraethylorthosilicate (TEOS) with a
dye such as fluorescein isothiocyanate (FITC) creates intensely &itigatparticle cores. A
second step disperses these cores that arepnotgcted from hydrolysis and chemical

bleachingn aqueousgmedia.

Size control depends on a wide range of variables but the dominating factors are silane
concentration, temperature, nucleation time, feeding time and sol\&ait.concentrations
significantly alter the (yaltetstabilityeasdizedNaGl bl e | ¢
reduce repulsion between condensedlloidal speciesand was showed to redugarticle

sizerather than the expected charge screening and aggregation of pfi8dleSurfactarsg

as well as charged species are frequently used to stabilise dispersions. These can bond
covalently or act via chemisorptions. For examplgtadecyl and other hydrocarbon

surfactats adsorbonto silica particlesstabilisingthem and allowing dispersiotin strong
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organic solvents with which they are not normally miscible. Combining this iwitax
(mis)matching é.g. chloroform, hexadecanesolvents of refractive index significantly
different to that of silica allows direct particle visualisation via microscopy that is not
normally possible[185]. There are however a number of contradictory publications
regardingsilica particles and stabilisationwith claims of the surfactant SDS both increasing
aggregatiorj185], and inhibiting nucleatioraltogethef[186]. This is because many systems

use multiple nucleating agents, stabilisers, salts and surfactants and it is impossible to
determine experimentally the effect of each component. As a result, particles were grown
from two basic protocols without salts or fatants for enhanced control over the particles
produced.

4.7 Nanoparticle dispersity

Accurate gowth of monodisperse nanoparticles is often a very difficult process requiring
strict monitoring and control of the growth environment temperature, gid, silane
concentrations Without these controlentropic constraints lead to polggerse particle
systems.Colloidal particle dspersity can be measured as a size distribution indgxsidwn

in Equation 45. The lower the U value, the more monodisperse thekariMonodispersity
calls for U < 1.09184].

Yo o— 0O — © 2wy

where D is theaverage particle size, U the size distribution indéxilica paticles, D; the
diameter gained by measuringparticles (about 100) for each sample using SEMisRhe

number average particle size, angliDthe weight average particle size.

Mixing of components is extremely importantinfluencing particle formation kinetics, size
distribution and morpholog[187]. Ideally, rapid nucleationis followed by a slow growth
phase during which the particles are stabilised against collisiomgdregatio. Steric
surfactantstabilisers can be used at this stage but are costly, available in limited quantities
and only useful in liquid phase growf88]. Size fractionatiorby centrifugation dbws

more monodisperse fractions to fvactionatedfrom polydisperse systenj$87], but is not
suitable forbulk synthesis. While a number electrostatic controlled processes are available

for monodisperse gaseous particle growth, aqueous ginasth has problems of container
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interactions and aggregation. Because gaseous phase growth was not an option, a range of
experiments controlling duid phase growth with temperature, silane concentration, heating
and mixing effects were performed to optimise silica particle groRtifypropylene growth

vessels particularly improved growth and minimised surface condensation which occurs

significantlyin glassware.

4.8 Long term stability of nanoparticles

Physical instability due to aggregatiomarticle fusionand chemical instability due to
hydrolysis or chemical reactivity are barriers to nanoparticle stabilgglution To improve
stability, the solvent of such colloidal suspensiongeisioved. Tie most common methad
accomplish this idreeze drying also known as lgphilisation. This is where water is
removed from a frozen sample bgublimation under vacuum. The process generates
desiccabn stresses on the particles so stabilisers are usually added which can increase shelf

life up to several year 89].

Sedimentation of sulmicron particlesby gravitational forces is usually not a problem
because of the counteortes of mixing from diffusion, convection and Brownian motion.
Brownian forces dominate and keep the particles suspended. Addition of active molecules
can induce particle agglomeration by displacing surface stabilisers. High molecular weight
stabilises can cause bridging flocculation when theefrend of lengthy stabilisers saab

onto adjacent nanoparticles, drawing them together. Charge stabilised particles can aggregate
due to charged species adsorption in the electrical double layer. Whileiexteviews are
available for plymeric and organic dryingf particles[190], to date, the only reported
method of long term silica particle storagédjsfreezing. A first stage 30 mi80 °C freeze is
followed by a primary dryingstage which held the particles a0 °C under 0.05 mbar
pressure for 4%, followed by a second drying phase-20 °C, 0.01 mbar for 96 {191].

Based on this protocol, a storage method was designedarsidigderman vacuum ovemd

a VirTis Vantage freeze dryer.
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4.9 Experimental

4.9.1 Experimental overview

A range of optically inerbiosilica nano and mroparticles were grown usingtleer direct
nucleation (Section 4.11.1) qrehydrolysis(Section 4.11.2)nmethods. These were then
functionalised with a range of chemical groups. Growth and functionality was confirmed by
eledron micoscopy, FTIR and PCSPotential chelator particles were used in scintillation

counting experiments to determine saturation binding capafitiésr* and**’Cs'ions.

4.9.2 Reagents

Tetramethyl orthosilicate (MOS), tetr&thyl orthosilicate (TEOS);-&rimethoxysilyl)propyl
methacrylate (methacrylate silane)}(tBethoxysilyl)propyl isocyanatéisocyanatesilane)
(3-mercaptopropyl)trimethoxysilanémercapto silanejvere obtained fromSigmaAldrich.
O-(Propargyloxy)N-(triethoxysilylpropyl)urethangalkyne dane) was bought from ABCR.
3-aminopropyltriethoxysilan€dAPTS, amino silanejvas souced from Across Organics- 3
[(trimethoxysilyl)propyl]lethylenediainetriacetic acid (EDTA silane and
triethoxysilylpropylmaleamic aci(carboxylate silane) were sourciedm Silar Laboratories.
Sodium borohydride, agarose fluorescein isothiocyan@epcenecarboxyaldehydeere
from Sigma Aldrich. Silanes will be subsequently refered to by their acronyms. All the
abbreviations refer to theimethoxy or triethoxy forms.

Scintillants and their sources were ntteacene (Aldrich), 1/4is(5phenyloxazo2-yl)
benzene (POPOP) (SigmapR,5Diphenyloxazole(PPO) (Sigma), 1,1,4trapheml-1,3
butadiene (TPB) (Acrossr@anics) polyethylene glycol g1,1,3,3tetramethylbutybphenyl
ether(Triton X-100 (Sigma), pterphenyl (Aldrich), methylstene/vinyl toluene (Aldrich).
Ammorium hydroxide solution, ferrocenecarboxyaldehydehylenediaming sodium
borohydridewere from Sigma Aldrich. & other solvents andcids were sourced from

Fisher Sientific unless otherwise stated.
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4.10 Analytical methods

4.10.1Photon mrrelation spectroscopyof nanoparticles
A Malvern InstrumentZetasizer Nano ZS8alibrated to appropriate solvents, densities and
refractive indexes was used to determiamoparticle size distributions using 1 ml sample

volumes at room temperature.

4.10.2Field emission gun tunnelling electron ricroscopy of silica particles

A drop of ethanoldispersed particles were dropped onto a coppdson grid and dried at
room temperature Imagng was performed on an FEI Tred TF20 20kV FEG TEM fitted
with a Gatan sc600 CCD camera and an Oxford Instrumentmr80X-max SDD EDX

detector running INCA software.

4.10.3Fourier transform infrared spectroscopy

All FTIR regardless of sample pramtion was performed on a liquid; NPerkinElmer
Spectrum 100 FTIR Spectrometer. A scan range of 4000 t@m30resolution Icm™ and
scanaverages of n = 30 per point was used. 3 regions per sample were compared for peak

uniformity.

For determinatio of nanoparticle functionalifystricly anhydrous preparatis wereneeded.

Best spectra were obtained using AT&Rténuated total reflectang&TIR. Particles were
vacuum dried overnight, and homogenised into warm dessicated KBr. Samples were
transfered to a Specac pellet ddwacuated for three minutes and placed inside a Specac
hydraulic pressand compressed under high presgimeimum of 5 tonnesjor 3 minutes.

The resulting crystls were stored under desiccatiortil ready to be analysed.

If a sloping base was observed indicatinffa red beam scattering from improper sample
preparationthe sample was not used. Proper solvent drying was confirmed by the absence
of broad absorption bands corresponding to ethanol contamination (28600, 1200i

1300, 1260-1500 and below 900 cfy. Other absorptionbands used for quality contrate
summarised in able 41 [192]. Known ATRFTIR artificial bands were eliminated by
cleaning the probe between sampl€sristiansen effect absorbtion (lightattering from

particles of equal size to the infrared wavelengtlas minimised by a strict grinding duration.

166


http://www.malvern.com/labeng/products/zetasizer/zetasizer_nano/zetasizer_nano_zs.htm

Table4-1 - A summary table of potential spurious bands that frequently are seen from poor
sample preparation, sampiitechnique or other phenomena.

Wavenumber (cm™?) Compound [192] and [24]
28003600
1200-1300 EtOH contamination (imprope
12607 1500 drying)
Below 900

Gaseous co forming
1590

carbonates

4.10.4 Accurate determination of nanoparticlechelation

Attempts were made to develop a procedureatourately determinghe amounts of
radionuclide bound by th&unctionalised nanoparticlesom solution. It was essential to
differentiatethe signal fronbound and unboungdidigand.

The main approach was to utilise functionalised NP to bind radioligand, then recover these by
centrifugation and quantify the radionuclides by scintillation counting. A range of organic
scintilants was investigated for for use in scintillation cocktails, summarised in Tehle 4
including the commercial scintillation cocktail Emulsi Safe.
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Table4-2 - Organicmolecules used as scintillants for begdiation.

Name Chemical structure
Naphthalene .
CHs5

Toluene ©

Anthracene OOO
Xylene H30©’CH3

2,5-Diphenyloxazole

N
/A
(PPO) @/Q/\@
2

1,4-bis(5-phenyloxazo-yl) benzene ( h'[j

M\}> m\\ (‘)D |
(POPOP) . /I:o s, %\

=

4.10.5Centrifuge assaysor *°Sr** and 2*’Cs" binding

In order to assess the binding capacity of functionalised NPs a centrifugal binding assay was
used [193] (Figure 44 A). In order that the three layers retained their integrity, the
approximate density mix of gradient oiinonyl phthalate/ dibutyl phthalatehad to be
determined.
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A centrifugation assay was designed using a gradient of nLOM sucrose, a 200r
hydrophobic oil layer and 10081 sample containingadioisotope ofa know concentration
incubated with a predetermined mass of particlesthis way only bound nalyte will be

able to pass the oil layer. Background rddiatvas subtracted using blanks gig/sisorbed

analyte accounted for by subtracting the amount bound on unfunctionalised TEOS patrticles.
Thus the remaining signal is due to thiading capacity of the particlekicreasing ratios of

the oils showed that a 8@ : 20 m or greater ratio oflinonyl phthalateo dibutyl phthalate

was dense enough to retain unbound radioisotope and the aqueous phase in the upper tube
segment even &fr a 1 min 13,000 RPM centrifugation (Figurd 8).

A
() a Sample (dye or NP with

isotope) in buffer

o]

Immiscible oils i o~ o Caftis
(Dibutyl phthalate / O Ot

Diisononyl phthalate) ° o

U Buffer

(o,
KoM Be s 3, @s. 1 & 7,
C %%, YT % P 7R 10/‘%.- 5)‘96.‘- o, %.

£7

Figure 4-4 i (A), Cartoon of centrifugation assay which used an aqueous : oil : aqueous
gradient to separate bound and unbound analyte from the NRseasing ratios of oils
(dinonyl phthalateto dibutyl phthalat® with a sample dye adde (B) After 1 min
centrifugdion at13,00 RPM, an 80 Im 20 ni ratio of dinonyl phthalateo dibutyl phthalate

was found to be the optimurmondition
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4.10.6Gammaradiation of *'Cs’

Samples wergypically counted for 30 min per tubeA counting profile used two windows
defined as regin A: 1550 keV, corresponding to the-bay peak that occurs as a 30 keV
emission, the Ba Hlpha peak, and region B: AD00 keV, corresponding to the gamma
higher energy emission at 600 keV (Figur)495 % of *'Cs’ decays td*"™Ba, the gamma
emitte, the other 5 % decaying t8/Ba, the stable isotope.

(A)
55Cs137
30.17a ~7m
SN T 5
& 7o)
o v,/;f@.. 56Bal37m
\) Dy 0.6617 11/2-
R 2.55m
7@
S 85.1%
?\‘ d 56Bal37 0 3/2+
stable
(B)

Figure4-51 (A) Theoretical and (Bp screenshot of the experimentatlyserved emission peaks
137Cs decays either t3'™Ba, then'*Ba emitting ag emission, or directly t&*’Ba via b emission. The
30 keV emissiongboxed peakjvas used to identiff?’Cs decay.
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4.10.7Beta countingof *sr**

952" decays via beta emission. As a result beta counting was used to quantify the amounts
of ®°SP*. Figure 46 shows the possibi€SF* decay emissions. While 3 beta emissions are
possible, experimentally one main peak <18 keV corresponding to the loWi87é beta
emissionsvasdetectedand used for quantification.Counting windows defined were A: 0

18.6 keV, B:18.6200 keV, C: 202000 keV).

2274 ket /20 953%

Figure 4-6 i Theoretical decay emission routes f88F" via a high energy beta emission
decaying to’®Y, then a further high energy beta emission, or a further low energy beta and
gamma emission to the stable fotfar.

4.11Methods

4.11.1Direct nucleation of silica nanoparticles
A methodbased orAchatz[194] combined with a modified Stober methfd@6] for a one
step simultaneous growth and functionalisation of silica ceras used. In a typical
experiment dunctionalised silane e.g. aminosilane (2thg, 0.12mM) was added t6.4 ml
anhydrouddispersant (EtOH, MeOH, acetone or DMF) containing 2028 % ammonium
hydroxide. Separately prepared TEOS (0.4162 mM) in 50 ml of the same solvent was
hydrolysed in28% (w/v) ammonium hydroxide solution (1.7@l). 1 ml of aminosilane
solution was added to tHeEOS solution, and reacted férh ata controlled temperature: (
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0.5 °C). Silica nanoparticlesvere collected by centrifugation 8600 RPM or recovered
with a30kD cut off centrifugal filter Particles were ashed in ethanol twice atiden in5%

(v/v) ammonium hydroxidéefore storagén this solution.

4.11.2Prehydrolysis nucleation of silica nanopatrticles

A method used recentlyby Lee [185] used prehydrolysis 6 silane components and
functional monomers tesignificantly reduce particle size distribution. This was by
minimising rapid hydrolisationvhich results irrapid localised pH changedf this occurs,
localised environmental pH changes result in multipleleation sites and uncontrolled
growth A typical protocol usedwo types of ethanol solutions with identical volumes (25
ml), denoted as solution | and solution Which were prepared separately. Solution |
consisted of NEOH (1.0 M NH), and HO. Sdution Il contained2.216ml TEOS (0.4M)
and any furtheby e.g. FITC or modified ferroceneThese solutions were mixed together
either by diffusion or using a shaker fofor 3 h. After the reaction, the samples were
centrifuged at 00 RPM for 10 min to collect the silica particles. The collected particles
were washed with ethanol by centrifugation and decantation several times in order to remove

unreactecdomponents

4.11.3Fabrication of mercapto-and sulphonate silica particles

A 50 ml batch of silica ore particles was prepared by the prehydrolysis meti®d.m of
mercaptosilangvasaddedand reacted for a further 2 h, without stirringurificationwasas
previoudy described Mercaptoparticles showed the narrowest Gaussian size distribution and
were the best for controlled growthinless otherwise stated other functionalities were
produced in this method.

Sulfonate particles were then prepared usirg)stage oxidation of mercamdica particles.
Mercaptesilica particles were dried under vacu< 10%ban overnight then redispersed in
14 ml 35 % (v/v) H,O, plus 50 ml methanol, stirred for 24. These were then washed and
resuspeded in 0.1M H,SO, and stirred for a further # before another # wash and

resuspension.

4.11.3.1Surface quantification of thiols on mercaptoparticles

ElI'l manbs reagent was used to quantify the
particles. For this & ml 0.5M mercapto silane stock (98 to 907 H,0) was used Of

this stock 2.05, 0.64, 1.23, 0.82, O.4tflwas added to reaction buffer (Tris HCI @) to
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make a total assay volume of 20B(working concentrations 1 to 5 mM) concentrations a 41

times dilution. 5m of samples (known or nanoparticles) was added, incubated for 5 minutes

and the absorbance ofet generated NTBat 412 nm recordedJnlike the problemsbserved

with amine dyeqwhich were unable to generate a linear response on amine particles)
coloured product is only generated upon rea

subsequerpurification.

4.11.4EDTA silica particles
EDTA coated particles wergiiepared as 4.11.3 excepb@ % (v/v) solution was needed to
hyrolyse the EDTA silane Control over temperature and silane ratios was needed to inhibit

uncontrollable polymerisatioandhydrogel formation.

4.11.5Dye core particles.

Fluorescet dye core particles were made an indicator of successful nanoparticle growth
before particles could be sized and confirmed via PTis was performed by reacting the
dye fluorescein isothiocyanafgITC), whose isothiocyanateN=C=S) was reacted with
amine functionalised particles. The excitation and emission spectrum peak wavefengths
the tetheredluoresceindye were approximately 495 nm aBd1 nm. Normally fluorescein
hydrolysed and photbleachedvithin a few days. Howevea modification step that coated
the FITC silica parties with a further TEOS or TMOS, created a protective ilier layer
protecting the dye molecul&®m aqueous contadParticles stored in ambient light wetdl s

functional months later

A summary of the different silica functionalised particlestbgsised is shown in Figure74
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Figure4-7 - Summary of the functional groups on modified silica particles. Basic hydroyl
groups(A) were modified tqB) alkyne,(C) isocyanate(D) methacrylaye, (Eferrocene(F)
mercapto(G) sulfonate (H) carboxylic acid{l) amine or(J) EDTA functionality.

4.11.6 Nanoparticle and scintillant seededagarose gels
In order to utilise the chelators functionalised NP*f&** and**’Cs" capture, for ease of use
they had to be immobilised in someway. Agarose gels which are relatively porous are

hydrophilic, and werenivestigated for this purpose.

Nanoparticleswere dried overnightand thenground with mortar and pestl&hese were
rapidly dispersed in agarose gels that were prepare@oai/v) above 66C. One millilitre
or liquid gel was added to a glass scintillantvial androtatedon a rollermixer for 30 min

As the temperature cooled below%Dthe gelsolidified creating a NP seeded film.

To seed with scintillantorganic dispersantwere needed thatvere ableto solubilise these
highly hydrophobic moleculesHowever agaroseproved to besoluble in the mildest organic
solventsincluding DMSO, acetone and methanolAs a result,most scintillants were
dispersed imglacial acetic acidrather than pure organiolsent. Glacialacetic acid spiked

with 10% (v/v) methanol or DMSO increased solubility without removing the agarose layer.
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This was performedly incubating the coated vials on rollers first in inbglacial acetic eid
for 30 minto remove adsorbed vetand increase gel hydrophobicit9.5ml of saturated
scintillant for 45 minsand finally 5 ml of H,O was used to physisorsurface bound

scintillant while flocculating free bulk scintillant.

4.11.7Commercial functionalised resins
To compare binding efficiencge a number of commercial catidrinding resins were

obtained(Table 43), and used withowvithout further modificationotherthan a protonation

wash prior to incubation with radioisotope.

Table4-3 - Commaecial resins compared

Resin Type Matrix Functionality

DOWEX MARATHON C Strong Acid| StyreneDVB, Sulfonic zid
Cation Gel

DOWEX HCR-W2 Strong Acid| StyreneDVB, Sulfonic &id
Cation Gel

DOWEX MAC-3 LB Weak Acid| Polyacrylic, Carboxylic @id
Cation Macroporous

AMBERLI TEE | R Weak Acid | Macroreticular | Iminodiacetic
Cation

BIORAD Ag50W Strong cation Styrene Sulfonic acid

BIORAD Biobeads Neutal Polystyrene Neutral

AMBERLITE E | RBC7 5 Weak Acid | Macroreticular | Iminodiacetic
Cation

175




4.12 Resultsand Discussion

4.12.1Synthesis of silica particles

4.12.1.1Particles and mass yield

TEMOSin ethanol nucleated nanoparticlegregrown for set periods of time with physical
agitation before halting the reaction via centrifugation at 38BM and a minimum of two
solvent exchanges to remove unreacted compondiits. resulting masses of particles was
dried overnight at 128C and weighed. The resulting masses of NP generated as a function of

time are summarised in Table44 Up to 5 hthe paticles nucleaté and grev to the optimum
yield.

Although results were somewhat variable at 8 h due to surface nucleation and vessel coating,
24 h would generate the most mass. At this stage, bulk aggregates rather than particles were
formed, and as asalt 5 h was deemed the maximum nucleation time.

Table4-41 Dried mass yield of 46C nucleated functionalised silicarhich resulted ir
particles, surface coatings and bulk aggregalé® average mass of particles in m¢
given (n =3).

Functionality Nucleationtime / h
2 5 8 12
Amine 45.1 148.3| 52.9| 1845
EDTA 14.3 120.9| 17.0| 90.2
Methacrylate | 52.3 84.2| 37.7| 710
Sulfonic acid 6.6 156.8| 93.6| 114.6

A reaction catinued beyond this period showadecond nucleation and growth phase either
as surface coatingf the reaction vessélecameunfavourableor asthenumber ohucleation
sitesbecametoo large andilica surface coatingdesorled into solution. By thigoint bulk

aggregates rather than particlesre observedyf the size scale of millimetres to centimetres.
4.12.1.2 The critical silane concentration limit

All self assembling molecules have an aggregation activation concentration. Below this
value monomers ar@referred. At this concentration and above the entropic loss is

counteracted by an enthalpic gaifihus, increasing nanoparticle yield must be balanced with

the constraints of growth. While a number of factors discussed increased nanoparticle size
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polydispersity, it was observed that keeping silane concentedbielow 0.2M significantly
improved particle size distributions. Beyond this concentration, broader sizes ramge

multiple b and tri Gaussian size distributions were observed or bulk agtioagoccurred

4.12.1.3Effects of solvent and purification regime

Temperature control withire 0.5 °C caused significant improvement in particle growth
uniformity. A range ofelevatedtemperaturesvere used to attempt to increase yields over
shorter productio times. Beyond0 °C, slight surface layer coatisgnvere producedyhile

at 85°C silanesrapidly come out ofthe liquid phase and generatéulk silanisedlayers.

This occuredevenin resistantpolypropylenevesselswhere liquid-particle nucleationwas

found to be entropically more favourablewever,for the narrowest size distbution, it was

found that the best method wasuselow water ratios grown at room temperature over many
hours. Slow nucleatioxia Brownian motion is preferable to accelerated aggregation from
elevated heat.Figure 48 A showsroom temperature based reactwhn5 % (v/v) TEMOS

with 100m aminosilane3 % (v/v) dH.O in ethanglpH 5. For the first 8 h of reaction a 40

nm increasen average particle size was observed. Beyond 8 h, the particle size increased
dramatically as the size distribution indicates. Beyond 24 h particle sizes reached the micron

range.

The effect of nucleation solvent also pahan important role in particlgrowth. Silanes are

initially insoluble in water until theydiffuse, contact a water molecule ahgdrolise.

Therefore the ratef phase transitions influenced by silaneolvent interactions (polarity,

hydrogen bondingVan der Waalsnteraction$ ard thesehave an important role on particle

growth. Figure4-8 B shows reactions based BrPb6 (v/v) silane in a rangef solvents,

including methanol, ethanol, DMS, DMSO, acetorad pure waterwith 3 % (v/v) H,O

added The average sizes for particles grown in these solvents were; DRIB£SO)-CHa,

GP 18.4) one of t he smwelhe most lagdrbulkeaggregatian,cands ol v €

as a result very variable particle siZ8933.0+17596.6 nm 5518.2 9658.7nm).

Protic solventsmethanol CHs;-OH) averaged 04.152a 28.51 nm and 17.32 4.59 nm.
These were thesmallest particles withthe narrowest sizedistribution. Water (HO-H),
averaged202.82o 11.04 nm andl32.46a 1.88 nm. The reason for narrower size
distributionsis due to the ease of rapid transition from insoluble to soluble phases and a slow

growth process.Acetone CHs-CO)-CHg), whilst having a polarity rating between methanol
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and wa foeacetone(if0Rvs 8.8 for methanoland 12.3or water[195]) surprisingly
resulted in significantly larger and more polydispepadticles 8521.2 296.9 nmand4831

o 2020.7. Rapid nucleatiorandsimilar growth toparticles grown irDMSO was observed
suggestingthatthe highly polaicarbonyl oxygensveredriving aggregation.

As these data are at the upper limits of the sizing machine range they must however be
treated with caution The reason for the bulk aggregatesay have been ineased

aggregation athe silanesolvent interfaceresulting in a more rapid silarsilane interaction

and silanol condensation rather than solvent dispersion.

Although DMS (C,HeS) also caused particle growth, it was difficult to work with, being an

aggressive solvent, and itise was abandoned.
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Figure4-8 - Silica nanoparticle nucléian as a function of parameterThe reaction solution
contained 5 % (v/iv) TEMOS, 1061 APTS, 3 % (v/v) HO in ethanol.(A), Improved
narrower size distribution of amino nanoparticle growths shownusing a controlled
temperature Huber water bath20°C + 0.5°C. (n = 3).(B), Dependence of silica nucleation
on dispersion solvent (2 independent batches, n = &at) (C), Effects on stability of
nanoparticle from purification and solvent redispersion (n = 3).
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To halt particle growthsolutions were diluteéh a 1:4 ratio into fresh solvent, centrifuged
down and theparticle mass in pellet and supernatacompaed, after drying down, in size
(Figure 48 C). Particle suspensions witlnly one wash showed significant aggregation
This was reduced ifwo solventwasheswere used, which significantly reduced the size of
particles found in the pelletParticles tht remained in the pegrnatantafter centrifugation,
too light to sedimenigppeared stable for several days dittnot undergo further nucleation
if usedrapidly. As a resultto ensure minimalurther aggregation typically 8ecanting and

redispersiorstepswere usedo purify particlesbefore storagéor longer periods.

4.12.1.4Effect of pH on silica nucleation

Initial experimentswere particles nucleated at plA However problems occurredlith the

sulfonate and EDTA silanekie tophase separatiofeetween sane and solvent. Figure$t
showsthat a change in pH while maintaining all other factors consigntficantly altered
the amount and form of silica particles nucleatedt highly alkaline pH(> pH 9 bulk

aggregation and sedimentatioecurred, whit between pH 4 and 7 white translucent
solution was nucleategshowing particle formation. Below pH 4 opacity was minimal,

indicating little nucleation

When silica particles were functionalised wiEDTA (Figure 410) at highly alkaline pH>
pH 9) large white aggregatesedimented Beyond pH10 the bulk solution flocculatedith
large aggregatesettlingin solution. Similarly to the mercaptsilica particles, at increasing
acidity the rate ohydrolysis and nucleatios reduced, but between @Hand 8 a stable silica

solwasformed without bulk aggregation.

Overall this comparison shows that although the optimum growth conditions varied with the
functionalised silanes used, somewhere between pH 3 and 8 was generally suitable for all.
Generally,nucleation was enhanced at the higher end of the pH range.

Further treatment to causéasol stabilisation( 6 ¢ a | ¢ icould e iachievéd by 15 min

firing at 110°C [196].
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Figure 4-9 - Image of mercaptailica nanoparticles, 20 h nucleation of TEOS at room
temperature oa Stuart gyryeshaker speed 8as a function of pH.

(A) pH 1 2 3 4 7 8

Figure4-10 - Image of EDTAsilica particles nucleated at different pParticles were grown
from a20 h nucleation of TEOS at room temperatur@@tuart gyreshaker speed 8.
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4.12.2 EDTA silane hydrolysis and condensation

The silane {(trimethoxysilyl)propylethylenediaminetriacetic ati being a alkoxy silane
was expected to behave similarly ttee other functionalisedcsilanes used. Howevehe
compound was supplied as 40 % (w/v) wmater, which are conditions under whichost
alkoxy silaneswould have completely hydrolysehd bulk polymerised A similar protead
to the one reported in this the$k97] to functionalise carbossilica particles with EDTA
silaneproposed direct hydrolysis and condensation, for use as a MAla3s specometry
reference, asaks a method to silanise grapblewith EDTA functiondity and aredox
specieg198]-[199]. Under acidic conditions, Tidd99] suggestdthat the hydrolysis rate of
TEOS and EDTAsilane is decreased by substituevitéich increasesteric crowding around
the centrakiliconatom Electrondonating substituestwhich help counteract thacreasing
positive charges and protonation, should increase the hydrolysis rate but to atésser

because the silicon acquires little charge in the transition state.

Extensive optimisation was needed because of the different rates of hydrolysis. Phase
separation and sedimentation ocedibetween EDTAsilane and TEMOSnostlikely due to
localised pH shifts which occurratithe EDTA-componentwasnat prehydrolysed and then
added tqrenucleated silica cores. A5 % (v/v) of H,O to EDTA silaneat pH 5resulted ina
significantly slower hydrolysis rateompared to other silanesut ensuredactivation with
minimal self condensation before addition to-grewn silica cores.This resulted in EDTA

functionalised silica particles with minimal aggregation.

4.12.3Synthesis of functionalised nanoparticlesising a twostep prehydrolysed
silane method

Particles that were grown from separate-fydrolised solutionspne ammoniasolution
which contained functional monomer, and a second with hydroliggaS thatwere then
combined created distinctly different partictles comparedirtect mixing andStobker method
nucleation Particles producedvia this method were significantly smaller and more
consistently uniformwith a narrower size distribution. Why should prehydrolising the
functional silane that condenses onto the surface of prenucleated giisaso radically alter
the observed size distribution?If a single molecular layer of funconal silane is deposited,
the size increase would be on the scal8.of single molecule deep layer is unlikebnda

functionalised mesh layéormed, accouning for this increase in particle diameter.
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Simultaneous nucleation and hydrolysistloé silicacores and functional monomers causes
significantlocalisedchangesn pH and solvent polaritylt is also important to note that each
functional monomer hydigses at a different rate, directffectingthe core growth rate and
stability. Early experimentthatused between 0111 : 1 molar ratio of functional monomer

to TEOS indeed showed significant aggregation and sedimentation. Simply adding excess
functional monomer which can be removed by centrifugatiotlecanting is not an optipas

second nucleation sites and polydisperse particles form with excess. silaaaerally,
particles grown witlthe two step silane prehydrolysis methaing a 0.3% (v/v) functional

monomer to TEOS ratio created more stable particles of white translucent sol suspension.

Adding an excess of functional monomg&equently resulted in continualunstoppable
nucleationand formed bulk solid gels. EDTgilanein particular wadifficult to incorporate

onto particles. Initially, solutions formeidtegrated networks of polymers or solid gels
possibly due to inter carboxylic interactions between adjacent particles similar to the effect of

bridging flocculation

4.12 4Effects of varying solution component on nanoparticle growth
The effect of varying silane, water and ammonia were systematically examined by keeping

any two of these constant whilst varying the third.

Figure 411 A shows that ammonia, the nucleatioitiator, did not significantly alter the size
distribution of nanoparticles observeuth particles averaging between 35327 nmand
559.88+ 299 nm. However,dyond 6% H,O (Figure 411 B)the polydispersit of particles
increasedsignificantly and particle size increed beyond 4mm, with a standard error of
similar magnitudepresumediue to the increased rate of hydrolysitlp to 8 % (v/v) silane,
particle sizes ranged up to around 8 were seen. However, beyond this, bulk flocculation
occurred (Figure 41 C) Fromthese experiments, optimum conditionsre found to be

room temperature nucleatiomsing5 % (v/v) H,O, no more than 2 (v/v) silane, a constant

2 % (v/v) ammonium hydroxide, nucleated in ethanol at pH 5.
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Figure4-117 Nanoparticle growth at RT as a function of solution congnts. Components
varied were (A), ammonigB), water, and (C) amino silane varied as a % (vhatio of the
total volume. (D) shows as ovay comparison of the 3 variable€onstant paramteres used
were 5 % (v/v) ammonia, 5 % (v/v) water or 2 % (v/v) silane. (#SD).
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4.13 Particle characterisation

th EI|I
& sudfaceudensity of tavailaldeuttaols ton rheycapto h

4131Sul f yhydryl Wi
EI I

particles. Absorbance of known standards wereduge plot a calibration curve (Figure 4

guantification

mands reagent

12). The reaction scheme is shown in Figuti24; reaction of DNTB releases the yell@w
(B) shows

calibrationagainst the standardri&rcapto propyltrimethoxyilane. Using this procedure,

nitro-5-thiobenzoate (NTB anion which adsorbsstrongly at 412 nm

silica particles formed using®ercapto propyltrimethoxyilane were used to calculate 11
15 mM thiol group per g of particle mass (Tabled.

Table 44 shows the accessible mercapto groups per mass of nanoparticle. This may include
internal mercapto groups as organic silica is porous. The optimised prehydrolysis method
yielded 11.19 to 14.74nM -SH ¢g* NP.

ma n

Corrected Calibration estimate | Nanoparticle .
Sample | 412nm A@412nm | mercapto (MM ¢SH mass/ g mM -SH ¢ NP
1 0.186 0.1802 0.260 0.02323 11.19
2 0.355 0.3492 0.402 0.02723 14.74
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Figure 4-12 - (A), Available thiols on the nanoparticle surface react with aeave
theDNTB disulfide bondo give 2nitro-5-thiobenzoate (NTB, which ionizes to the NTB

dianion, ayellow product that adsorbs 4dtl2 nm in a 1:1 stoichiometry reactiofB),
Calibration curvefrom UV- visible spectroscopjor thiol quantification on mercapto silica
particles usinge | | mands r e a g eGontrol of urBupatidnalided silica pars
showing no react i of% calbrationEdrde fiam dilgions & &npwenn t ;
mercaptosilane concentrations used to estimate the surface thiols present on mercapto
nanoparticles.
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4.13.2FEG TEM and EDX surface analysisof functionalised silica nanopatrticles
Core silica TEOSarticles nucleatedising the optimised prehydrolysis methegtre found

to have narroer Gaussian size distributionthan the one step Stober methodPhoton
correlation spectroscogfPCS)sizing d particles(n=5), (Figure 413 A) showed an average
particle sizeof 127.3 nm. EDX elemental analysigFigure 413 B) showed significant
amount ofSi and O as expectedCu peaksseen were result of the sample support stubs.
Similar size ranges werestially confirmed by sizing point regions of particle dispersions on
dried samples using TEM.Figure 413 C and 413 D shows spherical aggregates of

crystalline silica

Further modification with a functional silane (EDTA) was then performed to compare any

significant changes in particle morphology and size.

PCS sizing(Figure 414 A) showed an average of 3Bn, comparable to visual[EM sizes
(Figure 414 C and D), with EDX analysis showing the presence of Si, O and Cu (Figure 4
14 B).

While particle sizedid not significantly increase under controlled prehydrolysis and
deposition of the functional monomer, the surface morphology clearly chaagséen in
Figure 414 C and D. EM analysisconfirmed particles were stable over two months, as
little aggrea@tion of EDTA particlesthat were made usinthe prehydrolysis methodias

observed.

However, the EDTA particles appeared much more electron dense (Figdr&€4and D).
This was most likely due to chelation of Cérom the copper support stubs by the EDT
groups
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Figure4-13 Figure of bare TEOS silica particlegA) Photon correlation spectroscopy sizing=(B), averagesize
=127.3nm, S.E.M = 0.17XB) EDX elemental analysishows silicon, oxygen ancbpper (C) and (D) TEM

images of dried particles on a carbon substrate.
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Figure4-1471 Figure of EDTA functionalised particles, prehydrolysis methdd RT nucleation
2 centrifugation steps. Photoorrelation spectroscopy sizid 1 week old particles (n 5) =109.2nm,
S.E.M = 0.286. TEM images of 5 week old particles. EDX elemental analysis shows silicon, oxygen and

copper.
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4.13.3Confirmation of nanoparticle functionalisation by FTIR
Basic particle functionalityvas confirmed by Fourier transform infrared spectroscopy (FTIR)
by first analysing the bare silica particle spectra and identifying adsorption peaks and then

identifying new peaks after functionalisation.

Particles dried onto support substrates or prepareanhydrous solvent dispersioyiglded

poor spectramasked by water adsorption peaks. As a result all particle analysis was
performedusing a solid KBr support matrix. Figwré15 and 416 showabsorption peaks
observed usingTIR. The spectravereused to identify successful functionalities condensed
ontothe TEOS particlesIn additionattenuated total reflectandeourier transform infrared
spectroscopfATR-FTIR) was used for finer resolution in the fingerpriegion (700500

cm?). Scans used range of4000 to 750cm, a resolution oficm® and with30 spectra
averagd. Summariesof spectraspecific peaksto the desired functionalities ashown in
Tables 44 to 49.

TEOSunfunctionalised core particles were analyse as the base ni@dekral silica peaks
observed corresponded to-énd hydrolysis (SDH, COOH and HO) at 3390 cn,

weaker norhydrogen bonded silanols appedat 3738 crit [200]. Bulk water absorbance
was observed at 3452 chif samples were improperly dried. Genesiica peakssingle

silanols andvicinal silanolsoccurred at3747 cni and3660 cni, and ageneral broad peak
between3000 4000 cm [201] were observed imll particles. The recurring peak in all
scansaround 1590 cfhand 1410 cil is atmospheri€€0,[199] and is commonly seen in
mog FTIR. Additional peaksin subsequent particlesorresponded to successful

functionalisation.
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Figure 4-15 7 FTIR spectra of functionalised nanoparticles dispersed in a KBr matrix.
Particle functionalities were(A), carboxylic acid;(B), EDTA, condensed ontalEOS

paticles.
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Carboxylic acid (Figure 45 A) and EDTA particles (Figure-45 B) sharel a peak at 1724
cm*and abroader region 28003000 cni that corresponds tstretching ofthe acid C=0
and CH arms respectively. C=0 is also reported at 1580 wiich also corresponds to
absorbed BO* hydronium iong[202]. The 1780 cil peak can drift depending on the acid
conjugate by around 80 ¢hasshownin butanoic acid spectf@202]. An overlapof EDTA
and silanol peaks causéte broad absorbance observed; 166# is againi OH vibration
but also an indication of absorbed watertorthe caboxyl. The 1480 cmand 1395 cnmt
peakscorrespond ta COO stretching. Tier{199] suggestegeaks 1332 cthand 712 crit
occurringon EDTA sol gel materiatorrespondedo the EDTA silica molecule. The 1330
cm peak occurs in functionalised silica particles while the closest lower \paskeen at
861 cm' (1395 cnt and 906 crit respectively in carboxylic acid particles). The EDZ980
cm® and carboxylic acid 2973 chpeaks correspond tcCHs streiching with an overlap at
around 2880cm™ with CH, stretching. Smalleandjust visible peaks between 1500 tio
1735 cntt (1266 cntt, 1395 cnt, 1409 cnt) correspond to thehelator arm N(CHCOOH),
[203].

The first method of direct condensation using sulfonate trimethoxylsitamérectly grow
sulfonic acid particlefailed, with spectra observed correspondinghose of the bare TEOS
particles. Thisuggested the siladea d my@lrolisad and condenskonto particles. Instead
binding the sulfonic acidtontaining amino acidtaurine via its free amine side armto
carboxylic acid particles waattempted and succesenfirmed by available spectrahere
20 of the 23 expected peaks observed between 700 to 160@em preser{204].

An alternative approach involving the two step oxidation of thiol particles to sulfonates (see
section 4.11.13) also revealed new peaks that were not obtained in FTIR spectthefrom
starting mercapto particles.

The two step oxidation rout® convertmercapto particles tsulfonic acid moieties showed
new peakscorresponding to the sulfonic acid groopt present in the mercapto particle

spectraffigure 416 A), which are summaséed in Table ®.
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Figure4-167 FTIR spectra of functionalised nanoparticles dispersed in a KBr matrix. (A)
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4.13.4Nanopatrticles seeded with scintillant and embedded iagarose gels

It would be advantageous to combine a solid scintillant onto the functonalised particles along
with the chelator groups to allow direct use in scintillation counting. This wouldvesthe

need for large volumes of scintillation cocktail that would result in quantities of organic

solvent and radioactive waste.

To do this, a known dried mass of particles, bd$©S particles and EDTA, carboxylic
acid, amine or mercapto functionalityas dispersed in agarose along withoéd scintillant
POPOP methyl styrene or Triton X.00. This wado create a solid state scintillation matrix
that could both bind and convert analyte detection to a us#ptel thereby negating the
need for saitillation fluid. These seeded matrixes were coated on glass vials or inside glass

capillaries, a radioactive analyte flowed over the surfaces and the isotope bound quantified.

Of the 5 particles TEOS, EDY, carboxylic acid, amine, witB scintillants, pus an agarose
only control with andwvithout scintillants, 24 conditions were usegtintillation counts from

1 h flows of a 10ml 20 kBq *°SP* stock showed surprisingly poor bindingpunts ranged
from 0.6 to 3.4% of the stock concentrationThe courg were significantly Iss than for free
nanoparticles anfiequently the agarose gel only controls only controls showed higher counts
(.17 3.4 % of analyte bound). This suggested that with time the nanoparticles were
desorbing and being flushed from tgel and capillary tubing and the signal detected was
from a small amount of physisorbed radioisotope and scintillant that remakreduently

the entire gel desorbed from the glass capillary and was lost asvh®ne covalentlinkage
between gl andsurface. While this showetiat solid scintillant surfaces have potential, the
nanoparticles were not compatible with an agarose matrix. Thiol seeded gelengere
exception, with physisorbed corrected counbound between 8.5- 9.2 % of the total
radioniclide stockfor POPOP and methyl styregeintillant loadedsamples.

4.13.5ATR-FTIR of bifunctional solid scintillant chelator particles

Scintillant depositing during the particle growth phasasinconsistentecausettachment

of the scintillant to theTEOS particleswas based orlectrostatis. Because of thian
alternative method of eoondensing the silane, trimethoxyphenylsilangh the chosen
chelator groups was devisedo act as a close proximity scintillarfor b emitter
quantification. Bifunctioal micro particles were created by the simultaneous deposition of
30 min prehydrolised solutions pheny trimethoxyylsilaneand a second functionality at

varying ratios using th@rehydrolysis method; see schematic Figw&74 In subsequent
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ATR-FTIR spectra, bare silica particle spectra (Figus&8¥ are shown in black, silica
trimethoxyphenylsilanén blue, and the bifunctional siliescintillantchelator particle spectra
shown in red. Bracketed peaks correspond to broad regions publisheddtional groups

regions, the unbracketed peaks are the corresponding peaks identified to fit these.

Figure4-17 7 Schematicof solid scintillant EDTA/phenyl functionalised chelator particles.
Upon tte EDTA arms chelating ¥SF* ion, an emitted particle excites phenyl groups
close proximity which emit a photon of light during-ekcitation allowing scintillation
counting without traditional scintillation cocktails.
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Figure4-181 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: (b) TEOS unfunctionalised particlesb) TEOS particles withsolid scintillant
trimethoxyphenylsilandnset a schematic of particle structure shown in Figet&.4

Table 4-5 - ATR-FTIR summary for unfunctionalised TEOS silica particles, and general
troughs common in all particles.

Wavenumbefcm?) Functioral group Reference
3390 Si-OH H0 [200]
3738 Si-OH [200]
3452 H,O [200]
3000i 4000 silanols, vicinal silanols [201]

(3747, 3660)

1590 CGo [199]
1249 Sii C stretching [205]
1108 SiiT O stretching [205]
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Table 4-6 - ATR-FTIR summary fortrimethyl(phenyl)silane functionalised TEOS silic:

particles,common to all bifunctional particle spectra.

Wavenumbegcmi®) Functional group Reference
1430 Ar, [192]
1100 Ar, Si-C overlap [192]
1030 Ar, Si-C overlap [192]
1000 Ar [192]

1697,1533 Ar, 2 unique peaks used a [192]
(16607 2000) identifier
| | | L | | . |
100 - 5 53
% -
T I 88
98 gz @7
o7 -
§ 96 —- g g 4 -
95 + vicinal silanols gﬂ §
94 j/ &
93 _ ///\%//\/N ;
92 _- A §/on
] / °
91 4 \O
90 T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure4-191 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: (b) TEOS unfunctionalised particles; TEOS particles withrimethoxyphenylsilane
and a chelator functionality b) TEOS particles witiEDTA functional group only. Inset

a schematic of particle structure shown in Figuter4
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Table4-7 - FTIR summary for triethopsilylpropylmaleamic acid functionaliseEEOS silica

particles.
Wavenumbegcm™) Functional group Reference

1724 carboxylic acids [202]
2800-3000 C=0 and CH [202]

1580 C=0, HO" [202]

1634 H,O on COOH [199]
1480and1395 1 COQO stretching [199]

1395 and 906 SI-OH in Carboxylic particles [199]

2973 Carboxylic acid CHz CH, stretching [199]

Table 4-8 - ATR-FTIR summary for g(Trimethoxysilyl)propyl] ethylenediaminetriacetic
acid functionalised TEOS silica particles.

Wavenumbe(cm?) Functional group Reference
1724 carboxylic acids stretching [202]
2800-3000 C=0 and CH [202]
1580 C=0, HO" [202]
1634 H20 on COOH [199]
1480 and 1395 1 COQO stretching [199]
1332 and 712 Inter COOH interactions (sol gel)| [199]
2980 EDTA T CH; CH; stretching [203]
2973 Carboxylic acid CH; CH, stretching| [203]
(1500 to 1735) 1266, 1395, 1409 N(CH-COOHY), [203]
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Figure4-201 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: (b) TEOS unfunctionalised particled; | TEOS particles withrimethoxyphenylsilane
and a chelator functionality b) TEOS particles wittiunctionalsulfonic acidgroup only.
Inset a schematic of particle structure shown in Figet&.4

Table4-9 - ATR-FTIR summary fosulfonic acid funtionalisedTEOS silica patrticles.

Wavenumber (cif) Functional group Reference

large broad peak at Sulfate (from sulfuric acid) [205]
1129 with a small shoulder
at 1056 overlaps SO

(11401 1260) -SO,0 SO, symmetrical [192]
stretching
(790-830) SO stretching [192]
Expected a asymmetrical SGtretching [192]
(8607 1020)
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Expected m-w S0 deformation [192]
(620- 520)
Expected m-w SO; twisting [192]
(500- 340)
(1140- 1245) Metal ion chelated form is [17]
know to exhibit
-SOM”
Vs asym Ssstretching
(1125-1170) s-m sym S@stretching [192]
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4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure4-217 ATR-FTIR transmission spectra @fnctionalised particles. Lines correspond
to: (b) TEOS unfunctionalised particled; TEOS particles withrimethoxyphenylsilane
and a chelator functionality b) TEOS particles withiunctionalthiol group only Inset a
schematic of particle structure shown in Figw&74
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Table 4-10 7 ATR-FTIR summary for 3-mercaptopropyltrimethoxysilarfenctionalised
TEOS silica particles

Wavenumber (cif) | Functional group Reference

C:Hs propyl group attached tothe silcon atom a
10061010 _ _ (206]
hydrolysis,overlap with broad €H peaks

2561 Si H stretch [207]
2156
SiT C
2543 [205]
Si1 O stretch

! S-H streching vibration aliphatic GH stretching of
2555 (2850 2930) . [208]
the propyl/ methylethyl groups (linear 3 carbdr)

=
z

96

T%

vicinal silanols
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Wavenumber (cm™)

Figure4-227 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: (b) TEOS unfunctionalised particled; | TEOS particles withrimethoxyphenylsilane
and a chelator functionality ) TEOS particles withiunctionalaminegroup only. Inset a
schematic of particle structure shown in Figu&74
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Table 4-11 7 ATR-FTIR summary foraminopropyltrimethoxysilandunctionalised TEOS

silica particles

Wavenumber (cif) Functional group Reference
3450-3160 Solid state primary aliphatia [192]
amines
960 More frequent in 4%C [206]
1390 samples
unhydrolysed
ethoxy goups. Low
concentrations silane not
observed
779, 826 Additional N-H bonding [192]
(895-650) observed due to disk
compression
1643 NH, scissoring [207]
3269 3207 N-H asymmetric and
(35501 3250) symmetric vilvations
3368 and 3298 TNH; [207]
stretches

1601, 1608,1620
(1650i 1580)

N-H deformation vibrations

[17]

202




T%

98;
o7
96;
95;

94 4

93
92 +

91

90 T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure4-231 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: (b) TEOS unfunctionalised particles; TEOS particles withrimethoxyphenylsilane
and a chelator functionality b) TEOS particles witliunctionalalkynegroup only. Inset a
schematic of particle structure shown iglire 417.

Table 4-12 7 ATR-FTIR summary for(O-(propargyloxy}N-(triethoxysilylpropyl)urethane
functionalised TEOS silica particles.

Wavenumber (cif) Functional group Reference
3300 Clrc [207]
overlaps SIOH
1220- 1380 CIC overt [17]
950 Cl @-w [17]
906 Cl @s
770 Cl @&s
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Figure4-247 ATR-FTIR transmission spectra of functionalised particles. Lines correspond
to: (b) TEOS unfunctionalised particled; ] TEOS particles withrimethoxyphenylsilane
and a chelator functionality(b) TEOS particles withfunctional isocyanate groupnly.

Inset a schematic of particle

structure shown in Figet@.4

Table 4-13 7 ATR-FTIR summary for3-Isocyanatopropyltriethoxysilane functionalised

TEOS silica particles.

Wavenumber (cfh Functional group Reference
N=C=0 symmetrical stretchin
13601445 [192]
present
N=C=0 asymmetrical
2200-2300 i [192]
stretching not present
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4.13.6 Radioisotope saturation binding of particles andscintillation counting

The optimised density oil layer used within the centrifugal binding assay (see section 4.10.5)
allowed samples of nanoparticles to be incubated with radionuclide and then centrifuged to
separate the bound and unbound radionuclide.50 mi aqueous redispersion of dried
nanoparticles was added to Biof radioisotope, incubated forilatroom temperat@then

sedimentedo determine the amounts bound.

Figure 425 A shows nanoparticles incubated with 20 kBq radionuclide stodfséf and

the amounts chelated by the nanoparticles (green bars), and the unbound radioisotope
measured (red bars). The minariation in stock activities around 20 kBq shows there is a
degree of variation, with standard deviations between 10 and 12 % resulting from pipetting
and transferral error. However, because the isotope count used was around 25 % above the
maxium satuation of the best chelator particles (EDTA particles managed to bind 10,900 Bq

to 12,400 Bq) this will not have affected the accuracy of binding experiments. All samples
were corrected and had background nonspecific bound isotope removed by subtracting th
CPM bound by bare silica particles. This was then used to calculate the total mass of analyte

bound from calibration against a stock of known activity.

Bare silica particles bound minim#iSF* radionuclide at acidic and alkaline pH (29 to 300

Bq). Caboxylic acid particles were expected to bind more significantly more activity. The
intermolecule spacing may have resulted in each COOH acting independently rather than in a
bidentate fashion, and as a result not resulting in significant chelatiorthe @dur types of
particles, amine and EDTA particles bound a significant proportion of the radioisotope. As a
function of pH, (Figure €5 B) both particles performed excellently between neutral (pH 7)

to highly alkaline (pH 11) with EDTA particles binj a total average activity of 10972 Bq

and 12393 Bq; amine particles binding 11835 Bqg and 10946 Bq at these pHs respectively.

Figure 425 C shows the total saturated binding showing that the binding capacity between

batches of particles is consistent aegroducible (n=3+ S.D).
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Figure 4-25 1 Functionalised chelator nanoparticles and sequestering afutitpqueous
SP*. (A) Ratios of isotope remaining in the upper tabgment unbound (red) and isotope
chelated by the nanoparticles (greemyhow reproducibility between sampléB) Relative
CMP and mass of’SF* bound as a function of pHyreen, pH 11; blue, pH 7; red, pH 2;
black, pH 1.(C) Total bound®’SF* as a finction of pH black, pH 1; red, pH 2; blue, pH 7;
green, pH 11.
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Using themass of nanoparticles usadd the known isotopspecific activity, the mass of
strontium bound peunitbmass of nanopticles was determined, summarised in Tabt&44

It can beseen from the TEOS samplé®SF@* is adsorbed to the surface hydroxyls or
hydrophobicaly into the particle interior. Theemk cation exchanger carboxylic acid bound
a less than 1% mass ratio and only functioned effectively at high alkaline pH. As
contaninated ground water samples are expected as slightly acidicH)~hidy would not be

a suitable chelator. Between the functional pH range of EDTA (pH2) EDTA particles
bound 50% of their own mass, an impressive loading capacByrprisingly, amines too
while in protonated formbound a high amount dPSr** ions, between 10 and 4% their

own mass.

Table4-1471 Functionalised NP an®Sr** saturation, normalised per mass of partichag’(
*5P* bound peng™® NP).

ny S boundng® | Mass of’°Sf* bound Mass of NP fg

NP pH1 |pH2 |pH7 |pH11

TEOS 0.001| 0.000| 0.001 0.001 900
Carboxylic acid 0.000| 0.000| 0.005| 0.002 745
EDTA 0.105| 0.069| 0.449 0.063 505
Amine 0.025| 0.005| 0.451 0.100 565

207



22000 T T T T T T T 27.5
20000 - 25.0
18000 - 225
16000 — 20.0
14000 -4 175
12000 - 15.0
= - : E
Q- 10000 | 4125 S
O | i o
Q0
8000 4100 -«
[%)]
r ] @)
6000 4175 &
i 1 [@)]
4000 - 5.0 IS
2000 425
0 0.0
TEOS Carboxylic acid EDTA Amine

Nanopatrticle functionality

Figure4-26 - Functionalised chelator nanoparticles and sequestering ability to addéesis
ions. Bars correspond to pH used; black, pH 1; red, pH 2; blue, pH 7; green, pH 11.

Experiments under identical conditions performed to Bif{@s" ions are summarised in
Figure 426. As can be seen, all particles performed poorly compar&$itd binding. A

greater variation was seen between batches of bare silica particles and the carboxylic
particles. EDTA particles bound an average of 199.7 Bq and 166.0 Bqg and amine batches an
average 32.0 Bg aréi5.4Bq at pH 7 and pH 11 respectively.

EDTA and amineparticles were able to bind 13 times mSP&F* than that™*’Cs". An
explanation for this can be seen from the ions valency. The divalent®®f5would be
expected to form stronger complexes than mono val¥fs ions. How well each
functional goup can chelate is also dependent on ion and pH. A summary of pKa values for

each functional group is shown in Tabld 3.
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Functionality

Chemical groups

pK . [82, 209210][18]

Varies 3.54. 6
Silanols -OHz -O
6.21 6.8
Carboxylic acid Rd COOHz R-COO | pKa5
H4 =2.07
C:1OH16N208
H;=2.75
EDTA
H2 =6.24
H;=10.34
-NH, z NH3)r
Amine 9.5
Sulfonate SO-OHz SO-O 1.6

Table 4-15 7 Summary table of theoretical pkvalues of functional groups used on
functionalised nanopatrticles.

The pk,is the point at which 50 % of groups are in the protonated form. At one pH above or

below the pk 90 % of the functional groups are in their deprotonated or protonated state

respectively. The chosen pH range (pH 1, 2, 7, 11) of experiments corresponds to the

different protonation states become protonated, introducing electrostatic repulsion arfd loss

chelating ability. Minimal binding of silanols (TEOS particles below pH 7) is expected due

to protonation. Some binding of carboxylic acid particles would be expected above pH 6

(pKa - 5) but only bound significant amounts 88" in strongly alkaihe environments.

EDTAOGs 4

protonati on

states

show

t hat

enouglt

until as low as pH 1 where binding fails. Amine particles surprisingly were able to bind large

amounts of°S?" well beyond its theoretical limit of pH 8.5 (pi.5).

Thus the functional pH ranges of each molecule have been identified, the difference in

binding is due to the nature of the analyfSF* and**’Cs" and not the host molecule. The

nanoparticles wix well as chelators for divalent ions such’®7*due to the higher charge

valency but not as well for monovalent species sucfi'as’.
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4.13.7Particle stability
If particles were used within several days, EtOH storage was suitable. Beyond several weeks
particles showed signs afggregation and sedimentatiofrreeze drying was also used but

particles often aggregated significantly.

Electrical duble layer theory vas discussed int@pterl. Double layers in colloids are
formed by potential determining ions, andturalsurface chargen a particle. Both vary
dependent orthe surroundingelectrolyte. Thus nanoparticle stability is controlled by the
supporting eletrolyte. Silica colloids are known to exhibit Janus characterigtius,are able

to form both positive and negatively charged suspensitimgler usual circumstances silica
normally exhibits a negative double lay211].

Silica particles appeared stable in phosphatiéer (H;PO,) at pH7 for up to a week. They
are also known to be stable in boraBOg® ) buffers at alkaline pH-20[212]. At alkaline
pH phosphates form up to trivalent anions. The Shdlely rule state that particle
flocculation is determined by valenawther than the type of ionthat have opposite charge
to the particle. Te higher the gmosingcharge valency the higher the flocculating power,
and thus the lower the flocculating concentratainsalt required This is known as the
Hofmeister series, or lyotropic serieBositive cations for negative sols follows the ses

> Rb" > NH;" > K* > Na" > Li*, while anions for positive sols follows ¥ Cl" > Br > NOz >

| > CNS [211]. Double layer repulsion stabilises particles, countetHzy Van der Waals
attracton.Compr essi on of a par hiaehce dosnterdomsusndhes | ay e
CO,* resulted in rapid flocculation

4.13.8 Bifunctional particles

Bifunctional particles were created by the simultaneous deposition of prehydrolised solutions
of pheny trimethoxyylsilaneand a second functionality at varying ratioswhile the
functionality was confirmed by ATRTIR (Section 4.13.5) it was important determine if
adding multiple silanes, the phenyl silane used as a solid scintillant, resulted in secondary
particle nucleation or particle aggregation affects. To investigate this, bare silica particles,
phenyl only functionalised particles and functiom@nomer only particle were compared to
particles nucleated simultanoulsy with increasing volumes of both silane. The effects of

particle size distributions are shown in Figurg#
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Condensation was allowed for 24 h and then the supernatant solutigeeahaking PCS.
Because each silane reacts at a different rate there were visible differences in solutions within
minutes of the reaction starting. Amine solutions showed significant rapid condensation and
in some cases bulk aggregation within the f86t min. EDTA solutions only partially
hydrolysed,, with the insoluble phase sedimenting out resulting in partial bulk gelation.
Whilst mercapto and isocyanate phenyl solutions appeared to undergo rapid hydrolysis and
complete dispersion upon additiontte silicaethanol solutions, the alkyne silane exhibited

super hydrophobicity and was only dispersed when added to ethanol.
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Figure 4-27 - Co-condensation of two functional silanesto precursor silica particles (4 h
growth, 24 h condensation). (A) Particle size distribution as a function of functional
monomer varied. Amounts of phenyl silane and functional monomer added, in ml, were; O
m:100 m (no phenyl silane, functional momer only);black, 20 m:80 m; red, 40 m:60 ni;

blue, 60 mM:40 m; green,80 m:20 ni; purple 100 M:0 M (phenyl silane only, no functional
monomer). (B) Particle size distribution as a function of the two functional silane volumes
used. Bars correspd to functionalised silane used; black, EDTA; red, amine; blue,
isocyanate; alkyne, green; purple, merapto silane. 400 sizing scans were obtained from the 5
silanes combined with 6 ratios of silanes, (n = 10 per average).

212



No general trend was observedr fimcreasing the ratio of phenyl silane to functional
monomer (Figure 27 A) other than that pungheny trimethoxyylsilangarticles compared

to pure functional silane particles resulted in smaller particles (200 to 800 nm) with smaller
size distributions The mean particle size is not affected as most silica nucleation will have
halted by this point, with the functional silanes only condensing onto the already grown
particles. The degree of aggregation caused by this lumesver vary between functional
monomers.

This varying rate of silane hydrolysis and condensation clearly influencesd inter particle
aggregation and the particle polydispersity observed (Fig2/eé®). EDTA particles visibly
showed aggregation and sedimtation. The particles stable in the supernatant however were
of a narrow size distribution, around 400 nm. Beyond I6€0 Im(phenyl silane and
functional monomer) volumes of silane, sol gel formation did not occur, and solution opacity
increased beyal a 20 B0 Imatio with increasingheny trimethoxyylsilane

In spite of the rapid aminosilane condensation, particle size ranges were narrow until beyond
a 60 Id0 Imatio, which resulted in a large degree of aggregation and broader size ranges
were seen, with these samples ranging from 590 nm to 1600 nm.

As also observed by TEM (section 4.13.2), alkyne nanoparticles formed clear bimodal size
distributions with around 20 % of particles observed less than 10 nm and a fraction greater
than 1000 nm.Mercapto particles again showed the most narrow size distribution, generally
being between 240 and 360 nm.

4.13.9Bifunctional particles and scintillation binding

Functionalised chelator particles without the phenyl silane solid scintillant, tested under
saturatbn conditions counted in Emulsi Safe scintillation fluid, were summarised in section
4.14.7. These bound between-12,000 CPM for amine and EDTA particles, but under
2000 CPM for the carboxylic acid particleBhe bifunctional chelator particles werts@

tested under the same conditions as saturation binding except no scintillation cocktail was
added for counting experiments. In this case, scintillation events were countetiSrom
emissions interacting with the phenyl scintillants in close pnayi(Figure 428).

The CPM values observed for the solid scintillant particles were were significantly less than
for Emulsi Safe fluid scintillation counting. This was because of the higher density of
scintillant molecules in the Emulsi Safe fluid, whisturated the radioisotopes generating a
higher scintillation yield. Because all phenyl solid scintillant particles produced a similar
magnitude of counts it suggests that the available phenyl groups have reached maximum
scintillation ability regardles®f the amount of radioisotope bound. In present form the
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system would only be suitable for high level counting. However, these particles show that
solid scintillant chelators particles are possible, without the need for scintillaton fluid and
could be inproved by finding a better scintillant or increasing the scintillant density per
particle.

1400 , . , . , . , . , . ,

1200 —

1000 —
800 -
600 -
400 |
200 -
0 - . . . . .

EDTA Amine  Isocyanate  Alkyne Mercapto  Sulfonate

05> CPM
1 1 1

Phenyl scintillant particles with chelator functionality

Figure4-281 Ability of bifunctional scintillant chelator particlgs detecf°Sr** ions without
scintillation cocktail Particlescompromising of phenyl functionalised silica, and a chelators
group (EDTA, amine, isocyanate, alkyne, mercapto or sulfomate tested under saturation
conditions with®°Sr** solutions (20 kBgand countedvithout traditional scintillation cocktail.

4.14 Commercial resins binding of*°sr** and *'Cs"

The range of commercial resins were tested under the same condifickisown masof
resin wasncubated withradionuclide for 1 h at pH 1 or pH 7, and the antaf radionuclide
bound determined bcintillation countingin Emulsi Safe. The binding data for four

commercial cation binding resins is shown in Figu294
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Figure 4-29 - Radioisotope saturation binding experingenf *°S”** using a range of weak
and strong cation resinafter 1 h with shaking, the resnwvererecovered by centrifugation,
and added to 5 ml of scintillation fluid.n Bach case, the left bar shows datarf mediaat
pH 7 whilst the right hantdars shownedia at pH 1.

The saturation amounts of radionuclide bound is shown in Figi2®. 4 Weak cation
exchangergcarboxylic acid pk, 5) are expected to be pH dependent and fail atyhagtidic
pH due to protonation interfering with chelatiorstrong cation bindergsulfonic acids pK
1.5) are essentially pH independent and shalieoretically have boundacross the
experimental range used. However, experimentally all strong cation binderghdarc2,
Ag50W) performed poorly at low pH as did weak binddi&\C-3LB, Biobeads). Marathon
C, Ag50W and Bbeadsshowed a 496, 85% and 91% increase in analyte binding at
optimum pH 7, compared to fully protondtstates. The data are also presenietiable 4
16 where the final columshows the massf @nalyte bound per massnit of resin. The
highest capacity binders Marathon C and Ag50W were able to0fis6i6mg and 0.01528
ng *°SP* per ny resin respectivelyat optimum pHdropping t00.0320 my and 0.00221ny

952" pernygresin intheir protonated forms.
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Table4-161 Commercial resin saturation binding ¥¥8F*. Mass of analyte bound per mass
of resin calculated at each piean data are shown,= 3.

massof ny resin per
Resin Mean CPM | SEM | analytebound | ng analyte

(mg) bound
Marathon Q(pH 7) 2772| 2377 0.05775 0.00566
Marathon C(pH 1) 1569| 523 0.03269 0.00320
MAG3 LB(pH 7) 13 9 0.00027 0.00003
MAGS3 LB(pH 1) 199 49 0.00415 0.00040
Ag50W(pH 7) 7848| 1704 0.16351 0.01528
Ag50W(pH 1) 1136 170 0.02367 0.00221
BiobeadgpH 7) 2732| 553 0.05691 0.01498
BiobeadgpH 1) 257 122 0.00535 0.00141

A comparison of the new functionalised chelator nanoparticles comparedmmercial
resins is shown in dble 417. Onmassratio bound amine and EDTA particlesould bind
44-45 % their own mass compared to 8@ and 1.5% for the strongest commercial resins
Marathon C, Agb0W. The higher surface area to bulk ratio cleadwsthat thehigher
density of available chelating groups the nanoparticles gawe significantly enhanced

binding capacity for divalent cations.

Table4-17- Comparison of normaliseSP* saturation hiding data at pH 1 and pHfar
the four chelator nanoparticles and four commercially available regin$iSr** boundper
ng NP ).

Functionality pH 1 pH7

TEOS 0.00100 0.00100
Carboxylic acid 0.00000 0.00500
EDTA 0.10500 0.44900
Amine 0.02500 0.45100
Marathon C 0.00320 0.00566
MAG3 LB 0.00040 0.00003
Ag50W 0.00221 0.01528
Biobeads 0.00141 0.01498
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4.14.1Commercial resins and™*'Cs" binding

The six commercial resins used to bifdCs™ ions showed narrower variation in
performance, with averages ranging between 9759 and 13431 CPM (Fig0)e At neutral

pH the resins were far superior to the functionalised nanoparticles. With the exception of
resin Ag 50wx2 the resins were typicgllonly able to bind 19 24 % of their own mass in
analyte, summarised in Tablel8.

18 + Strong cation - 0.38
1 Sulfonic acid styrene 1

16 4 Strong acid catiion Strong acid catiion 1033
1 Sulfonic acid (styrene-gel) 1

14 4 Sulfonic acid - 0.29

Neutral polymer
1 Polystyrene-divinyl-
12 4 benzene

Weak cation
Carboxylic acid| 0.25

Weak acid cation
Carboxylic acid

= 2
o 10 021 3
o
& 8- 017  *4
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Y 0.08
24 0.04
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° && 0&* S O
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Figure4-30 7 Saturation binding ability of six commercial resins to high concentrations of
137Cs’ ions Mass of ions extrapolated from calibrated radioisotope stock shown on the right
axis.
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Table 4-18 i Table of normalised®*'Cs" binding saturationdatafor commercial resins.
Figuresnormalised showingg **’Cs" boundng™* resin

Mass of resin Amountof resin pemy ¥'C¢
Resin Mean CPM Bicéhound | ™ pemg
per tube (mg) bound
(mg)
Biobeads 9907.5 0.855 0.206 0.24141
Sephadex 10945.7 1.170 0.228 0.19490
marathon ¢
Dowex mac3 9758.7 0.605 0.203 0.33605
lon exchange 11623.4 1.110 0.242 0.21816
hcr-w5
Ag 50wWx2 13431.2 0.485 0.280 0.57694
Amb;’gge Ire 6825.0 0.665 0.142 0.21382

4.14.2Performance in synthetic groundwater with low level radionuclide
contamination

The previousxperiments in buffer do not account for the interferants and competing species
for chelation present in the real analyte matrix, i.e groundwater. As a result, allaedins
functionalised nanoparticles were incubated in synthetic ground water spiketbwitevel
952*/137Cs" contamination levelsypical of Sellafield groundwater 1 kBq “°SF* and 0.1

kBq **'Cs" (discussed in Chapter 1} h incubatios were allowed with 5&1 samples which

were then scintillation counted. The data are shown inr€&ig31.

All experiments to quantify*’Cs" were below the detectiorlimits of the Wallac Cobray
counter. As a result, for a practical sensing device an accumulationnsystth analyte
continually flowingover chelators would be neededtil the amount accumulated is within
the machine limits *°SP* beta counting was however within detection limits.
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Figure 4-31 1 Chelating ability offunctionalised silica paxles. (A), phenyl scintillant

particles (B), chelator only particlesvithout scintillant;(C), commercial resins. A known
mass of particles or resin was incubated in 50uL of synthetic groundwater. LewWRgs of
and ¥'Cs" were chosen on the basis typical activitie around Sellafield. I&k bars

correspond to samples counted vitimulsisafe scintillation cocktail, red bars without.
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Because of the low radioisotope concentrations®8f* and **'Cs" present and the lower
scintillation yield of the phenyl silane it was not possible to accurately determine the amount
of analyte bound. Figures3lL A and B show particles counted with (red bars) and without
Emulsi Safe scintillation cocktail (black baréo determine if there was a significant
difference between the scintillation methods at such low level analytes. While both methods
bound small levels of analyte (< 6 CPM and < 2 CPM) the levels bound with the phenyl
scintillant particles were within ¢hstandard deviation. As a result at low levels, the Emulsi
Safe counting method was more reproducible with narrower variation between samples. For
the scintillant nanoparticles to be used for low level contamination detection a sorption
system with largr volumes of analyte flowing over the particles, chelating higher
concentrations to within detectable levels would be needed. The commercial resins
consistently managed to bind a higher level of radionuclide-YZT2CPM). From previous
experiments, théigher levels bound by the resins are likely dué*{@s’ chelation and the
amounts bound by the NP due®®8r**. This coud not be confired because the amounts were

below the sensitivity limits of the Wallapcounter.

4.15Conclusion

A range of silicananoparticles were grown based on a controlled @beddent hydrolysis of
low percentage (v/v) methoxy silanes. Optimal conditions used ammohydroxide
nucleation using less th&% water allowedh controlled reaction rate tweate particleof a
uniform size confirmed by SEM, TEM and PCS. It walkown possibléo usea range of
organic solvents, ethanol, methanol or acetfameparticle growthwhich have lav boiling
points for solvent transfer, and importantly, low toxicityHdeating with a controid water
bath at 40°C was shown to produce micron size particles large enougtedimentatiorat

low g forces Reaction of these core TEOS or TEMOS patrticles with further bioconjugatable
silanes allowed a range fobespoke chemical functionalitige be added as the conjugates
hydrolyseand coupledirectly o the core particle silanolsWhile it has beershown in
literaturealreadythatamino[213] and mercaptf214] functionalisationvas possiblea range

of othersilanes were used. Only the suthte silane failed, as it appeared not to hydrolise.
As sulfonates are a powerful pH independent cation che[8&ran alternativewas

developedising oxidation of precursor mepta-particles.
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Significant variation in particle size dispersity of core silica particles and the functi@halise
forms was only observed witfO-(propargyloxy}N-(triethoxysilylpropyl)urethane) alkyne

particles, which have potential use for a range of high yield click chemistry based
modification [215]. These methods have great potential for bulk scalable production of

functional particles.

The functionalised particles were subject to various characterisation procedures, however the
key approach was ATRTIR analysis in KBr anhydrous matrixes which allowed
functionalisation tde confirmed.

Of the functionalitiescreated candidate chelating particldamine, carboxylate, mercapto
andsulfonate¥ were used in radionuclidgnding experiments. The saturatiohbinding as

a function of pH was determined, and normalised per mass of particle. The same
observations were apetl on four commercially available cation binding resins and it was
shown that the functionalised EDTA and amiren@atrticles compared t@anequal mass of

the best commercial resinsiere able to bind up to 4% more *°°S#*. Nanoparticles
performed sigificantly better than the commercial resins at chelafis* but not**’Cs".
Bifunctional scintillant chelator particles were shown to directly measure radionuclides
present at high levdd contamination, but at low activity levels scintillation codkteas still
required. Finally, particles and resins were used in low level contaminated SGW which
contained composition was based on typiéat* and**’Cs" activity levels found around the
Sellafield site. All surfaces managed to detect low leveladjdout error bars were notably
smaller when traditional scintillation cocktail was added.
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5 : High surface areananofibres as
affinity sorbents
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5.1 Chapter overview

Successful growth of functionalised nanoparticles was detail€thapter 4. It showed that

using functional silanes to nucleate and modify Raoomicro particles with chelating

groups was possible. However, attempts to encapsulate particles into a support matrix proved
challenging. Alternative approaches is to demse functional silanes onto a range of solid,

high surface area surfaces that will allow direct analyte flowed over for analyte extraction and
quantification. A range of bulk metal oxide and silica dioxide surfaces were functionalised
and binding capaties compared to those of the chelator nanoparticles. In a similar manner,
electrospun nanofibres were also investigated for this purpose, and used as high surface area
sorbents. A hierarchy of the methods used in this chapter is summarised in Figure 5

Chelator surfaces with metal ion
affinity

Traditional
bulk Nanofibres
materials

Aluminium Glass Functionalisedlj High surface
surfaces capillaries nanofibres area materials

Figure 5-1 - Chapterfive hierarchy outlining the methods used to deposit chelator groups
using functional silanes onto a range of surfaces including electrospun nanofibres for high
surface area sorbtn
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5.2 Silane reaction methods

Detailed silane reaction mechanisms have been shown for silica nanoparticle growth (section
4.5). However, to instigate surface condensation rather than solution nucleation a modified

protocol was used.

Silanes can be reacted in two phase systems in a range of protocols available; (1)
Organic/agueous suspensions withv (v/w) water content plus acid added to aid slow
hydrolysis. (ll) Direct aqueous dissolution if the silane is water soluble, with camaitiol

of the reaction time. Bulk silanes are initially immiscible in water and will form two separate
phases until the alkoxy groups hydrolyse and the silanes begin to dissolve. If reacted for too
long, the silanol intermediates will inteeact and plymerise creating milky suspensions and

will subsequently not react at the desired surface interface. As a result, protocols typically
used an organic solvent or organic/aqueous mix with typically only a few per cent (v/v) of
water. (Ill) Organic solvenbnly depositioncan be used only with specific highly reactive
silanes (chloroamine and methoxy) but not ethoxysilanes which require prior hydrolysis
(Figure 52). As well as aqueotegueous phase deposition, (V) vapour phase deposition is
possible,where the silane is placed in a sealed glass chamber, under heat and vacuum, to

react completely within the vessel.

(A) (B)
NH;
NH,
e Yo g—o” N\
CHj _ CH
o HaC\O/TI\o/
0
£ N
CHj, CHs
Figure 5-2 1 Examples of hydrolysable functionalised silanes; (A) 3-

aminopropyltriethoxysilanéAPTES) and (B) 3-aminopropyltrimethoxysilanéAPTMS).
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For attachment of the hydrolysable methyl ether or ethyl ether, a reactive intermediate is
gererated before reaction with the substrate surface. This can be aided by heating or

reaction with a catalyst.

The reaction of these intermediates with a hydroxyl layer forms orgifm@ne bonds. The
thickness of this layer is proportional to the watad silane coupling agent concentrations.

These properties were varied to create different functionalised surfaces.

5.2.1.1 Substrate preparationi coating surfaces with ahydroxyl base layer

Glass is comprised df5 % (w/v) silica (SiQ) plus NaO, CaO ad othe additives. Itis
optically transparent in the \Wvisible spectrum and readily availapMhich makesit an

ideal material for scalable functionised materials that can be essitly in combination with
scintillation countingor radionuclides Tosuccessfully silanise a surfagedense hydroxyl

layer will give optimum coverage. Glass and silica surfaces undergo disassociation of silanol

groups, acquiring a negative sudacharge according to Equatiorl5

3E/Z%3E/ (

(5-1)
SiO, groups are considered inert and cannot act as binding sites. The degree of protonation
on surface depends orthe ionic strength and pH of the solution. ®stimate the surface
density ofhydroxyl groups,applicationof the basicStern model on silica nanoparticlesd
titration with acid can be used.yBaccurately measuring the number of protons transferred
across an interfade highly acidic environmentshis method has been showa yield fairly
accurate surfacestimations. However, this is only the cader nonporous, agueouslica
colloids containing high salt concentratiofsl6]. A number of traditional method®
quantify surface density of hydroxylsll fail under low ionic strength These include
streamingpotential measurements, conduowitry and electroacoustic methoffsl7] and
only recentlyhavemodelsallowedaccuratebulk silica protonatiorestimation An extensive
theoretical derivation of sia surface chrge is availabl¢218] anda summary of the effects

of pH on surface charge given indure 5-3.

At apH lower than 4the calculated surface chargdica model[216] states thathe surface
charge of a silica stace approaches zero as surface silanol grallpgsecomeprotonated
This will be optimal for maximum hydroxyl coating and for subsequent silane deposition.
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Figure5-3 - Thebare {2) and effectivecharge densitieg---) of a planar glass
substrateccording tHiemstraet al[212]. (A), solid surfaces use@), a 1nm
silica sphere, assuming a density 8rof chargeable sites, a pK value of 7.5 for
the silanol dissocian, and a Stern capacity of F? [216].

Because of the difficulties to experimentally calculate the surface density of hydroxyls, the
theoretical nadel was used as an estimate. msized silica particles, i buffer at pH

5.5 (SGW conditions), unfunctionalised hydroxyls will deprotonate leaving a maximum
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2400 negative SiCavailable which increase to nearly 4000 chargestp@f at neutral pH.

A bulk planar glass surface under the same conditions will have 2600 charges JerpH

5.5 and approximately 2700 chargem? at pH 7. A comparison of the two estimates
reveals that bulk surfaces are less sensitive to changes in pH. This phen@xglains the
higher nonspecific absorption of cations at increasingly alkaline conditions observed

experimentally.
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5.3 Experimental

5.3.1 Experimental overview

A range of bulk surfaces (glass slides, glass capillaries, glass anti bumping granules,
aluminium substrates), and high surface area nanofibres were functionalised with
organosilanes bearing a range of functional chelating groups. These were characterised by
FTIR, miniSIMS and FEEGEM to confirm functionality, structure and surface properties.
Thesesurfaces were then used in radioisotope binding experiments to quantify binding

efficiency.

5.3.2 Reagents

Tetramethyl  orthosilicate  (TEMOS), teethyl orthosilicate  (TEOS); -3
(mrimethoxysilyl)propyl methacrylate,  -Byriethoxysilyl)propyl isocyanate, a3
mercapbpropyl)trimethoxysilane ere obtained from  Aldrich. @Qoropargyloxy}N-
(triethoxysilylpropyl)urethane;  was bought from ABCR:a®inopropyltrethoxysilane
sourced from AcrosOrganics. J(trimethoxysilyl)propyllethylenediainetriacetic acid,

sodium andriethoxysilylpropylmaleamic acid were sourced from Silar laboratories.

Scintllants and their sources weathracene (Aldrich), 1:8is(5phenyloxazoi2-yl) benzene
(POPOP) (Sigma),2,5-DiphenyloxazoléPPO) (Sigma), 1,1,4;tktraphenyll,3-butadiene
(TPB) (Across organics) Triton -X00 (Sigma), gerphenyl (Aldrich), methylstyrene/vinyl
toluene (Aldrich). Ammonim hydroxide solution, all other solvents and acids were sourced
from Fisher scientific unless otherwise stated.

Silication surfaces and their sourcetass capillaries (Ring caps for reflotron 89 were
purchased from VWR internationaBlue star micrslide glass microscope slides (76 by 62
mm, 1.2 mm thick) were purchased from Chance Proper Ltd. Nanofibres were produced by
the Micro and Nanotechnology Cenir&TFC Rutherford Appleton Laboratoryy mm
diameter glass anti bumping granules were soung@d Sigma Aldrich. Nanofibres were
supplied by Professor Bob Stevens, Smart Materials and Devices, School of Science and

Technology, Nottingham Trent University.
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5.4 Methodology

5.4.1 Surface preparation

All surfaces were washed @10 % (v/v) HCI solutionto renove nonspecific metal ions
(Na', Mg+, C$). Glass slide$76 by 62 mm,1.2 mm thick were cut into approximately 5
mm squares using a diamond tip pen. Tlegeare®r 32mm capacity glass capillariesene
piranha washed for 30 mito remove organicontamination and create a dense surface

hydroxyl layer for silane condensation.

Aluminium stubs were prepared by coating with a diamond stick resin and smoothing with
abrasive paper beforeZaminwash in dilutepiranhasolution (25 % (v/v) sulphuric andL5 %

(v/v) hydrogen peroxideyas carried out before reaction with #ygpropriate silane.

Nanofibres were washed @thanol,then piranha solution washed for 30 naind neutralised
with dH,O. All binding experiments were performed against an unsildnisetrol to

account for nonspecific binding.

5.4.2 Silane condensation for functional surface coatings

3-5 % (v/v) water in ethanobolutionwasadjusted to pH 4.5 5.5 with acetic acid. Silane
coupling agent was then dissolved with stigrito a final concemation of 2 to5 % (v/v).
Hydrolysis was allowedo proceedor 5 min at room temperature to create dieéive silanol
compound. The various hydroxyl coated substrates thereeactel for different periods of
time ranging fronmins to hrs, on a shakethen washed with ethanol repeatedly to remove
excess silane. Curing of the substrate at’Clfbr 30 mins under vacuum was performed to
remove water antbrm siloxane bonds The optimised conditionsere found to beH 5.5,

4 h deposition with ®% (vv) silane 2 % (v/v) water inethanol An example of EDTA
loadedsurface preparatiorsishown in Figure 8. To functionalise glass capillaries, they
were submerged in this solution with capillary force aspirating the liquid for complete
internal coverge. This method however resulted iimhomogeneous silane coverage and

explained thesignificantvariation between capillary batches.
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Figure5-4 - EDTA affinity surfacepreparation from two dimensional silane condensation on
planar hydroxyl coated surfaces.

5.4.3 Nanofibre formation

The ranofibreswere supplied by Professor Bob Stevendloftingham TrentUniversity. A

brief knowledge of their production method and limitations is important to understand the
batch irreproducibility. Briefly, fibresvere grown by forcing a jet of electrically charged
polymer solution between twelectrodes under high vo@ia. A plymer drop forms on the

end of the capillary and is pulled into a wet fibre by electrostatic fokes fibres carry
surface chargewhich condensas the fibre dries, the charge diy increases until at a
point. Here, self-extension occurs anthe fibre extends to produce nanoscale fibres
producing a nofwoven continuous matrix with no long range orf#r9]. A summary of the

five fibre types usedfor subsequent functionalisatioand their growth condidns are

summarised in Table-5.
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Table5-11 Growth conditions controlled during nanofibres growth: polymer injection rate,
growth temperature and relative humidity.

) % Relative
Fibre type Growth injection rate (m / h) Temperature ( °C) o
humidity
1 1000 25 25
2 1000 25 25
3 1000 25 70
4 1500 25 25
5 1000 40 70
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5.5 Analytical methods

5.5.1 Nanofibre diameter sizing analysis vidFEG-TEM microscopy

Nanofibreswere prepared by cutting the supplied samples into 2 cm x 2 cm squares and
modifying as required. Because of difficulty in handlirsamples were left othe foil
backingand modified insix well plates on a low setting shaker with multiple washing steps
bet ween stages. samplestubk \Ee@& TBwited watls i catb@n tabs
(Agar scientific) and the samples attached. oTav three carbon ink (& % (v/v) xylene)
perimeter coatings were added and didich minimised samplecharging. Initial samples
weresputtercoated with 2 x 3Gim goldlayersusing aAr purged EMSCOPE sputter coater.
Whilst removing charging, the cting created gold aggregates that lost fine detailthe
nanofibres at high magnificationThe bessputter coatinglternativefoundwas a single 10
nm, 80 mA platinum coat using an AGAR high resolution sputter coafgpical settings
used for high reolution images were a 3 keV accelerating voltagentperture, working

distance of % mm, n=21 lineintegrals at a scan speed of 5 arwyele timeof 1.4 s

5.5.2 Fourier transform infrared spectroscopyanalysisof bulk surfaces

All FTIR, regardless of sample preparatiointhe bulk surfacesvas performed on a liquid
N, PerkinElmer Spectrurl00 FTIR spectrometer with averages36f spectraveragegper
point. Typically 3 regionsvereanalysed and averaged per scan. A range of 40000n¥'5
andresolution of Z2m™* was used. For imagingf functionality density, the specified wave
numbers chosen were used to scan a 100 xrd8ample area, witBO scars averagd per

measurement.

5.5.3 Focused ion beam analysis for silane deposition depth

To estimate the thickness of the deposited silane layers a focused ion beam (FIB) etching

technigue was combined with TEM. Samples wer@med on a SEM metal stub with two

sided carbon tape amuhto whicha conductive 50 nm platinum layeras deposited by

thermal deposition. Imaging, etching and surface analysis was performed on a FEI Nova 200

dual beam SEM / FIB with INCA elemental analysis software. Etching was performed using

a 10 kV gallium ion source using a silicon etching profile for the requiegath estimations.

A 1 mm by 5nm protective platinum resist was deposited next to where tira % 10mm

trench was etched. The sample was then angled to allow lateral etching into the trench wall
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to allow analysis of the bulk glass silicon dioxidee tbrganic deposition layer and the

protective platinum resist.

5.5.4 Secondary lon Mass Spectroscopef bulk surfaces for functionalisation

MiniSIMS analysis was performed on a Millborook SAI bench top machine using a 3 A
current, 6 kV gallium source imaging a 67 sample area, with SED integration of 4. Both
positive and negative mode scans were used. Same stage heights were used between
samples. Functional group density was estimated using a silicon etching profile and known
elemental sensitivities.
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5.6 Results and discussion

5.6.1 Secondary ion massectroscopy

Approximated atomic densities of functionalities deposited were calculated from known
relatively sensitivity factar and observed counts from multiple scans. Carboxylate and
EDTA surfaces on aluminiursubstrates are shown in Figur&5Negative scan ions (Figure
5-8 A) identified were OH O, AlO, and Al whilst positive ions wer&” and N4 saltson

the bare aluminium base (FigureB®B). Deposition of carboxysilane was confirmed by a
number of orgaic fragments detected (Figure8%C). There wereCH;O', C;H-CH;O', CH

ions in negative scarad Al and SI, CH', CH;" ions presenin positivescans Successful
attachment of amino acid taurine (FiguréB) and generation of a sulfonate surface was
observed by SHyroups rather than SOwhich was not observed at @MU as this groupis

not easily ionised. Layer by layer deposition also showed the reduction in aluminium signal

as the organic layer depitcreased
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Figure5-51 Secondary ion mass spectroscopy analysis of functionalised surfaces. (A), positive and (B), negative scans of an aseninium b
layer with generated hydroxyl base layer. An aluminium substrate was than modified with the desired functional silarge(idlud
carboxylate and (D), sulfonate.
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5.6.2 Fourier transform infrared spectroscopy of surfaces

Surfaces were analysed using absorption peaks in the infrared regias gerformed with the
nanoparticles (Bapter 4. Microscopy images of the surfaces are presentétyimes 56 A, 7 A,
8 A, 9 A. FTIR spectra are presented in FiglsésB, 57 B, 5-8 B and 59 B where3 different

regionsper sample were averaged, 30 readings averaged per point

QY

(B)

4000 3000 2000 1500

Figure5-6 1 Bare aluminiumsurface. (A), rntroscope image of aluminium surface, 1 min piranha
treated hydroxyl layer.(B), triplicate FTIR transmission mode scans ofdhrdifferent areas per
sample. The ample was prepared by abrasiowith 200 mm diamondpowder beforea 1 min
piranhawashto create a surface hydroxgbating
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Bare oxide and hydroxyl surfaces were analysed to establish the unmodified surfaces &gd identi
peaks present inlaubsequent samples (Figur&)s New absorption peaks were then attributed to

functionalisation of the surfaces.

Q)

(B)

0.6

4000 3000 2000 1500

Figure 5-7 - Carboxysilane on aluminium substrate. Surfaeereprepared at pH 5.5, 4 h RT
depositionof 5 % (v/v) silane 2 % (v/v) water inethanol (A), microscope image of aluminium
surface, 1 min piranht&reated hydroxyl layer.(B), triplicate FFIR transmission mode scans of
three different areas per sample.
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Large peaks attributed to Asresulted in a broad absorbance at 3100, orhich isknown to be
present inM,0s structures. The 1050100cm* absorbtioncorrespond to AY-O bond stretching
while 850-900 cm* bulk stretchingA broad minor peak at 3768800 cni wasattributed tofive

types of hydroxyl stretchinf220] .
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0.6 | f-\ﬂ _N}L‘

4000 3000 2000 1500

Figure5-81 EDTA silane on aluminium. (A), lmroscope image ailuminium surface imaged. (B),
triplicate FT-IR transmission mode scans of three different areasgmeple. Sample prepared a5
(v/v) EDTA-silane reacted in % (v/v) dHO in ethanol as a 4 h surface condensation reaction to

AIOH surface layer.
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A number of peaks correspaiboth toEDTA silane (Figure ) andcarboxysilangFigure 59).
The EDTA delating groug N(CH COOH} is known to givestrong bandin the range between
1735 and 1550 ci[221] due to C=0 stretching vibratida22]. Peaks 1268, 1336, 1409 ¢mnd
two peaks at 1600 cthand 16501680 cni* all correspond to FTIR spectrd the free acid and
sodium salt formef EDTA adsorbed on the surface ob@4 [221].

Q)

0.6

4000 3000 2000 1500

Figure5-91 Carboxysilane condensed on aluminiufA), microscope imagef aluminium surface

(B), triplicate FTIR transmission mode scans of three different areas per sample. Samples were
prepared as % (v/v) carboxysilane reacted in% (v/v) dH,O in ethanol for 4 h. A EDAGUIfo-

NHS reaction to bond amino acid taurimas performedo form a sulfoniacid coated surface.

239



Broad peak at 3000i 3400 cmt were presumed due to a combination ofhl cnitand SiOH
vibrational bondssilica (3750 critand 3742 cii) or unreacted silano{8200-3600 cntt) [220].

The commercial sulfonate functionalised silane failed to undergo hydrolysis and silanol
condensation. As result two alternative methods were used to create sulfonic acid surfaces. Or
was theoxidationof mercapto groups using sulphuric acid (see Chapgectdon 4.11.3)The othe

was to peptide bond the sulfonate containing amino acid taurine via its free amine group to &
carboxylic coated surface (Figur®9). Comparing the known free molecule taurine FTIR
spectrum peaks froravailable spectr§204] 20 of the 23 expected peakere observedbetween

700 to 1600 cm. However the three peaks between 146®™* and 1700 cnt are noticeably
broader and more intense. In comparison to the bkokinium surfacescars, large peaks
attributed to AJOs, broad absorbance at 3100 teaused by MO; structures have shifted to 3360
cmt. The 10501100cm™ AlI'Y-O bond stretchingverepresent but overlap taurine peaks. 860

cm’ peaks corresponded builk stretchingwith minor a peak at 3708800 cnt* attributed to five

types of aluminiurshydroxyl stretching.

5.6.3 Thickness of deposited silane layersFIB TEM analysis

Imaging organic samples via microscopy is always significantly more challethginghe analysis

of inorganic layers. This ibecausehey consist of low gomic elements than scatter the incident
electron beam less, aradso thetendency to result in sample charging with time during analysis
causing blurring, drift and sample damage. However, perseverance and a modified FIB protoco
allowed visual differenigtion of bulk silica (Figure 80 A) and silane layers (Figure1® B) ona
supporting silica (glass) substraféhis involved a lateral cleaning etch to remove disturbed and
redeposited organics after the initial etch, and a second platinum depogiitmeiexposed trench
which removed charging which can often be mistakenly identified as organic layer dep&&ition.
analysis of the bulk layer was similartteat seen with theanoparticles, in than nitrogen could not
be detected because of low atomiass and littlecbeamscattering EDTA was identified byits
chelationaffects, with significant calcium and magnesium spikes that only occur at the EDTA
interface (Figure 80). Because the etched depth is controlled with FIB, direct comparative
quantification of elements between base glass layer and silanised layer is possiblewithlike
conversional SEM or TEM. A significant silicon peak was obsemethe organic interface
confirming depositionalso supported bg higher oxygen count from the TBGilanol groups

(Figure 510 B). A lateral etclperformed ora smooth, level uniform area identified a 4@
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organic layer (Figure-80 C), not dissimilar tathat onsilica EDTA nanoparticles grown for an

equal time which ranged from 101L00nm in dianeter.

QV
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Figure5-101 FIB etching and cross section analysis of EDTA silane layer deposited onto silicon
dioxide substrate. (Ayurface overview(B), trench etched intthe sample with Pt resist lay€e),
magrification of the R-organicsilica interface and sizing of organic silane layer.
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5.6.4 Functionalised surfaces and bining of radionuclides

The various functionalised surfaces were tested for binding capacity under saturation conditions
Samples were prequilibrated in 1 M HCL containing 0.1 M NaCl solution before typically a 10
kBq stock of eithe!’SP* or *'Cs" was flowed over the surfaccontinually for 1 h. The surfaces
were then washed for 10 min with gBlto remove noispecifically bound ions, then the amount of
radionuclide bound gantified using scintillation counting. For removal of analyte and rebinding
experiments, an ethanol slawas used to remove scintillation fluid, the sample remounted into the
flow rig and then the appropriate washing solution used. The sample was again counted with

scintillation fluid before the whole cycle repeated.

5.6.4.1 Functionalised capillaries and®°Sr?* binding

Figure 511 shows that there is significant variation in binding saturation between samples
producedby the same methoand within the same batchWhile surfaces failo bind*°Sr* at pH1

due to nitrogens, carboxylates glass silanols all beirig protonated formthere is great variation

at pH above 2. While the averagN bound at pH 7 and pH 11 rangidm 322 to 458 CPM,

the variation abee and below this average were significaihe reason for this variation is most
likely due toinhomogeneousilane deposition.The deposition solution,nze aspiratednto the
capillaries bycapillary force was not uniform although the solutiowas static and covered the
entire available surface are&ligher deposition often occurred around ¢ldges of the tube and at

the solution meniscus suggestion the higher surface tension resulted in higher rates of silanc
condensatiorat the tube openingsThese areas could Iphysically cut off from the end of the
capillaries to increaseniformity. The average mg of strontiuransboundis summarised in Table

5-2.  Significant variation between samples is observed particularly in increasingly acidic

environments (pH 2) wheiacreased protonation reduct chelating ability of the surfaces.
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Figure5-117 Functionalised EDTA glass capillaries and saturation binding quantitfésrof

under analyte flovas a function opH. Samples were background corrected and compared to an
unfunctionalised capillary{, scintillation fluid only control, unfunctionalised glass capillary
control. Other bars aidentically prepared EDTA functionalised capillar{l&OTA 1- 5) are
shownto illustrate inter batch variation.

Table 5-2 T Normalisedbackground correctedaturation binding data of EDTA functionalised
capillaries. Bound°Sr* is extrapolated to counts per min or as a mass pef ofimapillary
surface.

90 T
Average CPM | mg *sr* bound mg “Sr bgrL;r;d per mm
pH1 37.3 0.000777 9.90 x10°7
pH 2 1002.0 0.0208 2.65 x10°
pH 7 392.3 0.00817 1.04 x10°
pH 11 397.9 0.00829 1.05 x10°

Mercapto and sulfonate surfaces tested under the same conditions were performedaadpH 1
Minimal binding occurred at pH 1. dWever reproducible behaviour was observed at pH 7 (Figure
5-12). The mercapto surfaces performed poorly compared to the nanoparticles binding less than
ng of the radionuclide. This suggestédt the bindingapabilities of the nanoparticleamefrom

the three dimensional conformations created by the condensation on toasila@posed to planar
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geometries on two dimensional silica. Sulfonate surfaces managed to bind lessghaer £ntire

capillary. The nornalised areas are summarised in Tab& 5

L L B B S B B S L s B pa e p e e A UGS
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100 0.002

mg *°Sr** bound

50 0.001

0.000

Capillary functionality

Figure5-12 - Functionalised mercapto and sulfonate glass capillaries showing saturation binding of
5% under analyte flow gtH 7. Samplestriplicatesversus an unfunctionalisegasscapillaryto
account for nonspecific binding are shown

Table5-3 - Normalised saturation binding data of functionalised capillaigsH 7 Bourd *Sr**
is extrapolated to counts per min or as a mass pérahcapillary surface area.

Capillary mg *°Sr bound mg *’Sr mm? area
Bare glass | 28.42 5.92x10" 7.54 x10”
Mercapto 28.17 5.87 x10™ 7.48 x10”
Sulfonate | 143.67 2.99 x10° 3.81 x10°

5.6.4.2 Functionalised capillaries and™*’Cs" saturation binding

In the case of bindint’Cs" ions, deviation between triplicate samples was narr¢iigure 513)
but the amount bound was between one thnee magnitudes lowe(Table 5-4) (107 to 10° mg
mn?) compared t8°Sr* levels bound (18 mg mnf).
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Figure5-131 Functionalised glass capillaries and saturation binding Wi@s" under analyte flow
pH 7. 1 1, Tare sample triplicates (functionalised capillar@}t 1, the average with SD to
illustratebatch variation.

Table 5-4- Normalised saturation binding data of functionalised capillaries. Bdti@s" is
extrgpolated to counts per min or as a mass pef afroapillary surface area.

Capillary | Average | mg ®'Cs"bound | mg *'Cs" mm?area
CPM
Bare glass 1.0 2.08 x10” 2.65x10°
Sulfonate 9.7 2.01 x10™ 2.56 x10°"
EDTA 3.0 6.25 x10™ 7.96 x10°
Mercapto 6.7 1.38x10™ 1.76 x10”
Amine 2.7 6.66 x10™ 8.49 x10™

5.6.4.3 Capillary recycling and poisoning

Capillary surfaces were flushed after binding with a 10 mM PBS pH 1lwash so that the chelation
groups could reprotonate, and the high concentration of sodium ions within the PBS could
competitively replace the bound radionuclide ions. After an initial WwadEDTA capillaries
showed between 96.4 % and 98.4 % recovery and reduction in scintillation counts (Flgufg.5
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However, after a second cycle the removali&" ions was significantly lower reducing the
reusability of the capillaries. Further viees were used to elucidate if this poisoning effect was
from incomplete competitive binding from the high salt buffer wash or that the length of the
reprotonation wash was not long enough (Figuié&h

A

800 : : : : : : : : : : : 0.017
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Functionalised capillary

Figure 5-14 i Saturation binding and reusabjliof EDTA coated capillaries. Five identical
samples (EDTA 1 5) were used in repeatbihding and debindingxperiments Green bars show
52" pinding. Red bars showthe amount révitay after alow pH acidicwash to reprotonate
chelator sites Percentages show the percesrnovalof S °™after each wasHA), the initial
binding saturation ol’SF*ions; (B), the second saturation amount’8f**ions, of reused samples
under identical conditions.
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Figure5-15- Five identical EDTA capillaries under repeated saturation and wasBiars
correspond tof, initial incubation with®°sr*; . aftera 10 min pH1 10 mM PBS wasf; second
initial incubation with®*SF*, 1, a20 mins pH Iwash (no competing salt); a 10 min 0.1M HCI
wash with 0.1M NaCl an@, a thirdinitial incubation with®°Sr*.

After the initial incubation with®°Sr"; all capillaries recovered to above 95% capaciing a 10

min pH 1 wash which contained 10 mM PBS (Figurd5green and red bars). Howeydhe
subsequenbinding capacity whictwas reduced tdelow 50% of the original maximum (blue
bars) A more conentratedacid reprotonation wasttid not significantly remove bound strontium
ions (20 mins pH lwash, black bars), although third wash ofstronger acidand 10 x the
competing salt concentration (10 min 0.1 M HCI wash with 0.1M NaCl) was enough to remove
most of the bound®SP* ions on the capillaries and return the observed CPM close to zero
(turquoise bars). Howevewhen tested under third *°Sr** incubation, four of thesamplesbound
significantly loweramountshan the secon®SP*binding Thissuggestither damage or reduced
efficacy of the capillaries from the higacid wash. This variation showétat capillaries may be
reused several times but efficiency and binding density appears to drop with multiple uses even i
the analyte isuccesilly removed using high 0.1M NaCl wash.
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5.6.5Fibre size visualisation and size change after silanisation
As well as the capillaries, functionalised nanofibres were produced to act as high surface are
chelating sorbents. Five types of nanofibra#f corsisting of apolyacrylonitrile base polymer,
wereproduced under varying flow rates, relative humidity and temperahdevere tested against
the functionalised capillaries. Although types ameltwo were created under the same conditions
fibre type two showeda significantlylower fibre density was difficult to handleand completely
crumpled under solverimmersion making them unusable. Thegre not subsequentlysed in
binding experiments The remaining four fibre types weceatedwith a basdayer formed from
isocyanate silane which covalently bonds to available amines on the nanofibre polymeric backbone
This leaveshree silanol groupper bound silane molecutxposed on thébre surfacethat were
thenreactedwith varyingamounts oEDTA silane and sized using FEG TEMhe images of fibre
type four are shown (Figure B A) which were typical of the other fibre types. The bare fibres
and modification with isocyanate silane, and EDTA silane are shéwrwell as the bulk physical
property changesilanisationwas able to beobserved directly as the bare fibread a visible
surface roughnesthat is replaced with a smooth glass layer after reaetittinsilane(cf Figure 5
16 A with Figure 516 B - D).

For sizing of fibre types, tlee different regions per sample were chosen armdinimum of five
sizing measurements per region wesiged using analysis software, the average diameters
summarised in Table-5 and Figure 87 A -B. Of the bare fibres, typéour displayedthe
narrowestiameter (204.2% 19.03 nm) andive the widest (968.7& 149.13 nm) It can beseen
thatthe faster the injection flow ratéhe narrower thdibre diameter. Secondly, a higher growth
temperatureesulted in a wider fibre diameter. h& same can be saidr a more humid growth
environment (Figure 87 A and B). The bare fibre diameters varied significantly, with fibre type
five (FT 5) approaching Trm, four times the size of the smallest FT 4. Base layer deposition of the
isocyanatesilane layerincresed FT 3 and FT 4 controllablyboth increasing diameteby
approximately 800 nm. FT dndFT 5showed an apparent decrease in size but widened SD error
bars showing regions of fibres grew significantly while others were not sigmifig altered by the

deposition. ®wth was not homogeneous in these cases.
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