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Abstract

Progress in the application of nanotechnology within medid¢ias been limited irpart due to the
difficulties in understanding and predicting the behaviour of nanoparticles in complex biological
media.How nanopatrticleslispeisein biologicalmedia and the interactions #t occur at the bienano
interface dramatically influence the subsequent biological functio Techniques taneasure and
monitor these behavioursare usually bulk techniquehioweverthese can be limited by thanore
complex nature of biological environments which routinely contamueberof bio-macromolecules
e.g.vitamins, proteins and salté&s suchhigh spatial resolution analysis through electron microscopy
has been investigated as alternativeto more accurately characterise nanoparticles in biological
fluids. However electron microscopy itself can be limited by th#ra-high vacuum reuirements
which mean samples must be dried before analy#iiss necessitateshe development ofin situ
techniquesin orderto characterisenanoparticle suspensianin therepresentative native hydrated

state.

Using cryogenic transmission electron mgropy (cryeTEM) a sample can be analysed in the frozen,
hydrated state. However, typically this is limited to imaging alone. In this thesis, the use of analytical
scanning TEM (STEM) to characterise nanopatrticle dispersions captured in a layer o§ viteeisu
demonstrated using both STEM energy dispersiv@yXspectroscopy and electron energy loss
spectroscopy under cryogenic conditions.noticeable difference in damage the surrounding
vitreous icewas dsened between conventional TERCTEMpand STEM wherdamage occurred at
much higher electron fluences 8ITEM<2000 & A?) compared to CTEM (<1004). Applying these
techniques tocharacterisenanoparticles dispersed in cell culture medihowed that incarect
specimen preparatioror analysiswhere a significant raise in pH level is causas induce an
artefactual, nanoscale, calcium phosphaieh, amorphous coating on nanoparticles dispersed in cell
culture media Recommendations to prevent this are giv which will prevent any specimen

preparation artefacts that could drive alterations in timevivoor in vitrofunction ofnanoparticles.



For nanoparticle dispersion analysigt@nated electron microscopymaging and analysisf plunge
frozen vacuum dri@ nanoparticle suspensiongas shown to be a viable alternatit@ dynamic light
scatteringfor quantificationof nanoparticle agglomerates in biologichépersants Using two simple
freeware codes, CellProfiler and llagtitomated image analysis was achieved and valid&gedoth

monodisperse and agglomerat@@dnoparticlesystens.

Finally cellular uptake studies assessed thielogical effectof two gold nanoparticlescoating with
PEGand either terminated with a positive Nldr neutral OMe groupon blood cellsNo significant
differences in cell uptakegenc and cyte toxicity or immune response was observed for the two
nanoparticle types Protein corona analysis bgodium dodecyldtate - polyacrylamide gel
electrophoresisndicated a comparable hard corona composition for both particledirRinarywork
identified annular bright fiellSTEMas a potential pathway to image the protein coronghis
characterisation indicatedossiblanter-particle variatiorin the presence of a cororaoundparticles

within anindividual suspensian

Overall,the results reportedshow in situ cryo-analytical STEM is a powerful tool to characterise
nanopatrticle dispersions in complex biological nagdliorderto further the understanding of complex
bio-nano interactions andnanoparticle dispersion behaviour that ultimately control biological

function.
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Figure 37: Cry@¢ TEMEELS of a model nanoparticle suspension containing ZeQ, EeQ and Au

Ag coreshell nanoparticles. The CHAADF STEM image corresponds to the area analysed. The
background subtracted cryBEL spectrum was obtained using a 0.25 eV/ch dispersion, 2.5 mm
entrance aperture, 660 eV HL drift tube with a 60 s expodu¢ R p >& RoStf (GAYS
magnification. The total electron fluence was 2000A& The Fel.; white line edge at 708 eV

confirmed the presence of E&; nanoparticles, the C#as edges at 888901 eV confirmed the

presence of CefOnanoparticles and th ZnLs edge at 1020 eV confirmed the presence of ZnO
nanoparticles. No Au or Ag edges were obtained. Reproduced fronetlett{120]...................... 85

Figure 38: EELS usinglynamic mapping of a model nanoparticle suspension containing ZaQ, Fe
CeQ and AuAg coreshell nanopatrticles. Signals for Egg] (blue), Znlg) (green) and CéMys) (red)
were all detected. High speed settings were used in order to obtain ttpeined spatial information
whilst limiting the total electron fluence to 250Q/A2..............cooevvieeeeeeeee e, 87

Figure 39:Qualitative assessment of the damage to the vitreous ice after exposure to increasing
electron fluence in CTEM and STEM. For CTEM, some damage was seen as bubbles forming in the
region of the carbon film after 100/42 (A), whilst more significant damage to the ice was observed

after 400 ¢/A? (B). In comparison HAADF STEM images taken before (fluencé)I@) and after

(D) exposing the sample to a further fluence of 1088%showed some destruction to the ice (inset

in (D) altering the contrast shows more clearly the bubbling observed in the vitreous ice indicated by
the white arrow). Higher total accumulated fluences could be used in HAADF STEM with (E and F)
showing imagebefore and after exposure to 40004&2. After exposure to 8000/42 (H) damage and
movement of nanoparticles was observed. Adapted from 8etil. [120]........ccoevvvvviiiiiinnnnnnnnn... 89

Figure 40: (AA schematic (Egerton, 2019) postulating the relationship between dose rate and damage
rate. The diffusion limited damage in ice corresponds to a power law relationship with exponent <1,
between damage rate and dose rate (red curve in schemafisis suggests that lower flux CTEM
operates at the linear portion of this curve. In comparison STEM operates at a higher flux per pixel i.e.
probe flux (Fp), and hence damage per unit fluence is lower. (B) A schematic (not to scale) showing
the estimatal beam broadening that will occur in STEM through 100 nm of vitreous ice, and the
calculated minimum delocalised damage region (shown in orange) around the probe. (C) An
alternative view of (B) showing multiple pixels with the STEM probe size and estideltelised
damage areas (d) illustrated. Reducing the pixel size would result in the delocalised damage extending
beyond the imaging pixel and oversampling would occur. Reproduced froretlkdt{120].......... 92

Figure 41: Percentage decrease in ice thickness as a function of the total electron fluence for two
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square). A significant difference was seen in the damage rate, with the thinner sample damaging more
quickly (p<0.05). However, expressing these measurements per unit volume of irradiated ice rather

than per unit area suggests similar damage ratesrall. Errors are reported as the standard deviation

from n=3 measurements and the linear fit is pinned through (0,0)..........cccovviriiiiiiiiiiiiennnnn 94

Figure 42: Percentage decrease in iceEkhess as a function of total electron fluence for three
different probe currents; 60 pA (black, square), 100 pA (red, circle) and 280 pA (green, triangle). The
damage rate was relatively similar for each probe current within error. However, a stalystical
significant difference was observed between 60 pA and 280 pA (p<0.05). The errors are given as the
standard deviation of n=3 measurements and the linear fit is pinned t0 (0,0)........ccccccceeee... 95



Figure 43: Percentage decrease in ice thickness as a function of total electron fluence for three
different pixel sizes; 0.1 nm (black, square), 1 nm (red, circle) and 10 nm (blue, triangldpgfding

was used to obtain a linear fitndicating a power law relationship between ice damage and electron
fluence. Greater damage was observed when using smaller pixel sizes. Data is plotted as the mean of
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Figure 44: Cry@ TEM images indicating bubbling in vitreous ice as a function of electron fluence.
Damage occurred preferentially at the site of the carbon film indicated by the black boxes at 500 e
A2, Further damage is seen Wih the holes after exposure to 20004 indicated by the white boxes.
Scale bar iNdicates 1000 NIM......cciiiiiicie e e e e e e e et eaaaaaaaaaaeeaaeessaassaaaaaaaaaannnnnnes 100

Figure 45: Three datasets showing the variation in criysasibn in cryeCTEM. (A) CrybEM image
showing clear crystallisation occurred from a region of amorphous vitreous ice after exposure to 4500
e/A2. (B) Further evidence of ice crystallisation in a region with some degree of original crystallinity;
brighter diffraction spots were observed after exposure to 30003% The diffraction pattern
suggested cubic ice formed with the (111) (red), (220) (blue), (311) (green) and (400) (white) lattice
planes identified. (C) A final dataset showing no evidenceyatallisation of the vitreous ice after
exposure to 3000832, For all datasets a 50/A2.s probe flux was USe..........c.ccvevveeeeeevennnne. 101

Figure 46: STEEDX of a model nanoparticle suspension containing ZnOz,kee@and AuAg core

shell nanopatrticles, in a static liquid cell. (A) A HAADF STEM image of the model nanoparticle
suspension from which the corresponding EDX maps and spectrum were obtained. From the EDX
spectrum (B) mapping of Ce(C), Fe K(D) and Zn:«L(E) Xrays is shown. A combined elemental map
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Figure 47: Evidence of nanoparticle dissolution in the static liquid cell. HAADF STEM images of the
model multitype nanoparticle suspension in liquid taken after exposure to an initial electron fluence

of 30 e/A? (A) and after exposure to a further 300/A% (B). Examples of the dissolution of ZnO
nanoparticles is indicated by the circled regions..........uueeeeiiieiiiiiei, 104

Figure 48: AADF STEM images o8BGePEG nanoparticles dispersed in water and loaded in a static
liquid cell. There was evidence of significant dissolution of the nanoparticles after exposure to
increasing total electron fluence. No movement of the nanoparticles etEerved suggesting the
nanoparticles were adhered to the upper and/or lower silicon nitride window surfaces.......105

Figure 49: TEM images of six nanoparticle systtispersed in CCM prepared by droasting and air
drying. (A) AtPSS, (B) BaEiQC) ZnO, (D) TAQE) Fg; and (F) BaTPLL. Each system showed a
coating formed around the nanoparticle after suspending in cell culture. (G) Table indicating the
variation in zeta potential of the different nanoparticles (all measurements taken in water). EDX
analysis of the coating around i) indicated several elements were present in the coating (Na, P,
Ca, Cl and Mg). Reproduced from IEttal. [90]........cooiiiiiiiiiiiiiiiiee e 111

Figure 50: A comparison between BaFRDL nanoparticles dispersed in CCCM and characterised after
drop cast preparation (A) or under cryo conditions (B). Dryingfasts were seen to occur using
conventional drop cast techniques where a number of elements spatially resolved to the position of
the coating. However when characterising the system in the frozen hydrated state only Ca and P
spatially resolved to the pdson of the coating and the other components of the media were present
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Figure 51: pH (dashed line) and temperature (solid line) measurements of CCM either bath sonicated,
incubated in a water bath at03C or incubated at room temperature in atmospheric,@G®els. For

bath sonication, measurements were taken over a period of 3 h; whilst for incubation’@tida

water bath and at room temperature, measurements were taken over a period of 24 h. Thasac

in pH of the CCM was much quicker when at the elevated temperatures of the water bath and bath

sonicator reaching >8 after 3 h. In comparison the increase in pH at room temperature was much
slower, only reaching ~8 after 24 h incubation. Reproduoceah filett et al.[90]..............cccvveeeee. 114

Figure 52: BaTihanoparticles dispersed in CCM and incubated at room temperature for 3 h. No
calcium phosphate coating was observed vahtonfirmed that pH and temperature were the critical
factors in coating formation. Reproduced from llettal.[90]..........coooviii e 115

Figure 53: Three ZnO nanoparticles of different shape and size dispersed in CCCM and drop cast onto
a TEM grid and dried. The DLS plot in (D) indicates the increase in size where the blue line corresponds
to the particles imaged in (C), the red line to tharticles imaged in (B) and the black line to the
particles imaged in (A). The hydrodynamic radii were 295 + 11 nm, 615 + 36 nm and 1281 + 141 nm
with the range given as the standard deviation of n=3 measurements. The calcium phosphorus rich
coating estabshed on all three nanoparticles confirming that coating formation was independent of
size and shape. Reproduced from Il [90]........uuvrimiiiiiiiiiiiieiieeeeeee s 116

Figure 54: lonic equilibrium data for DMEM at°@5obtained from HYDRWEDUSA software.
Precipitation of Ca by phosphate is predicted to occur at pH 6.5 but this does not consider the organic
species present in the media (vitamins, amino acids and proteins) which can delay precipitd®on.

Figure 55: CryanalyticalSTEM characterisation of BaFH@LL anoparticles in CCCM prepared
without artificial adjustments to pH or temperature. EDX analysis indicates following the
recommended sample preparation prevents the formation of the calcium and phosphorus rich
coating. The combined elemental map in (B) méqesXxray signals of Ba (red), Ti (blue), Na (green)

and CI (yellow) of the HAADF STEM image (A) and the spectra in (C) is from the whole image area.
Reproduced from Hetet al.[90]. .. ..uuriiiiieieeeeeeeeeeeee e 124

Figure 56: DLS plots for AH nanoparticles dispersed in different media over time. The
nanoparticles were dispersed at 100 pug/mL in four different media; §8) tB) CCCM, (C) lysosomal
buffer pH 4.5 and (D) lysosomal buffefl 5.5. Nanoparticle agglomeration was only observed after
72 hin both lysosomal buffers. Legend in (A) applies to all plots............ccccoevviiiiiiiieeeniniee. 126

Figure 57: Dispersion states of:8g(A), FeO,-COOH (B) and ¥&-PEG (C) nanoparticles dispersed
in lysosomal buffers at pH 7, pH 5.5 and pH 4.5. Significant agglomeration and colloidal instability was
observed for F€,-COOH nanoparticles in low pH buffers. The legend iag@)es to all plots..127

Figure 58: DLS plots of AlHb (A) and AtOMe (B) nanoparticles dispersed iBCH(black) and SBF
(red). No change in dispersion state vezen for either nanoparticles when dispersed in the higher

Figure 59: DLS measurement of S{@0 nm) nanopatrticles dispersed in either wafeed), SBF
(green) or CCCM (blue). Significant agglomeration was observed when dispersed in SBF, compared to
no agglomeration when dispersed in water or CCCM...........cooooiiiiiiiiiiiiicccveeeee e 129



Figure 60: Two DLS plots comparing the size distribution seen when measuring blank CCCM or CCCM
with 9 nm ceria nanoparticles dispersed at 5.27 pg/mL. The nanoparticle signal is indistinguishable
from the BSA signal in DIank CCCM........ooooiiiiie e 131

Figure 61: A schematic illustrating the automated imaging process. A 200 mesh TEM support grid with
a continuous carbon support film was used. (A) A TEM support grid indicating thetaegenaged

for SiQ nanoparticles. (B) A TEM support grid showing multiple regions imaged for smaller particles.
(C) An example of a small 14 x 14 image array, the region outlined in orange (top left) indicates one
individual image of 30 pm width. Reprackd from llettet al. [190].........coociviiiiieeiiiiiiieeeeee 133

Figure 62: Automated thresholding of HAABHEM images taken from samples prepared from
nanoparticle suspensions in water and CCCM\ Original HAADF STEM image of iBi@ater, and

(B) after applying simple binary thresholding that indicated successful segmentation of the
agglomerates could be achieved. In comparison the original image®f kR@noparticles suspended

in CCCM (C) and after applying simple thresholding (D) that indicated thresholding could not separate
salts (solid arrows) from nanoparticles (dashed arroWs).............coooveeiiiiicccccneeiiiiiieiieeeeeee 134

Figure 63: The input modules used for both CellProfiler pipelines in the automated image analysis are
given alongside each step in the two CellProfiler pipelines for image illumination correction (pipeline
1) and agglomerate idenitfation and measurement (PIPEliNe 2)..........coooiiiiiiiieiiiiiiiiiieee e 135

Figure 64: The workflow of the first pipeline used in CellProfiler to correct the illumination of each
image. A manual tleshold strategy was applied and pixels below the threshold were set to zero (A),
the illumination function was then calculated (B) before applying this to each original thresholded
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Figure 65: Automated segmentation using ilastik pixel classification. A small subset of test images were

used to train the software. (A) Manual labelling of agglomerates in yellow and the background in blue.
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demonstrated. (C) Once correct segmentation was achieved a probability map for each image was
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Figure 66: CellProfilerpipline two outputs. (A) Primary objects were identified and any agglomerates
touching the outer border of the image were disregarded. (B) Each object was marked by overlaying
outlines on each PrimMaryIIECT. ........cc.uuiiiiie e e e 139

Figure 67: Every identified agglomerate was numbered on each image and size and shape information
was exported as an excel spreadsheet for each numbelgat......................o oo, 140

Figure 68: A DLS plot for monodispersed Bi@ater (100 pg/mL). Z average was 122 + 6 nm and the
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Figure 69: (A) Dark field STEM image of silica nanoparticles dispersed in water with manual
identification of each nanoparticle agglomerate. This was compared to the machine segmentation of

the same STEM image (B). The insets in both STEM images shovargedcnegion (white box)

indicating more clearly a specific nanoparticle agglomerate. The white scale bar indicates a distance
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exported probability imagedm ilastik, (and has been eliminated by an erosion step in the processing)

(C) shows the same area of the original, image (the white scale bars represent a distance of 200 nm).

(E) A comparison between the Feret diameter measured manually and by madiailysia is shown



using a box and whisker plot, presenting the interquartile range (the box), the mediani KS Y SIy o
and the overall range of the data. There was no significant difference between the two datasets
(p>0.05). (F) A summary of the measushdata of the Feret diameters shown in the box and

whisker plot indicating that there was good agreement between the manual and machine learning
approaches. The standard error of the mean is reported for uncertainty values. Reproduced from llett
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Figure 70: Log size distributions of a monodisperse (A) and agglomerated (B) system of SiO
nanoparticles in water. Automated size analysis was carriedmlarge data sets of samples prepared

by plunge freezing vacuum drying (PFVD), controlled sublimation (PFS), plunge freezing followed by
freeze drying (PFFD) and drop casting followed by air drying (DC). DLS data is plotted alongside for
comparison. Alldata was normalised to the most frequent size to remove any bias from larger
datasets. (C) Examples of HAADF STEM images from each data set indicated that larger agglomerates
were observed in the agglomerated SYSIEM.............oooiiiiiiiiicciirr e 145

Figure 71: DLS plots of JBe nanoparticles suspended in CCM with (red) and without (black) the
addition of FBS. Agglomeration was reduced with the addition of 10% FBS. Errors taken as standard
deviation Of N=3 MEASUIEMENTS..........uuiiiiie i e e e e sbreeeeeeseans 147

Figure 72: Dark field STEM images from TEM grids prepared from iron oxide nanopatrticles dispersed

in CCM with 0% (A) and 10% (B) FR@cessful segmentation of nanoparticles from salts (indicated
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of agglomerate size for EM data analysis by machine learning (red) and for DLS anabjgisa(el

shown for both systems; 0% FBS (C) and 10% FBS (D). Table (E) presents the mean values from DLS
and EM data analysis for both samples calculated using both a number and volume distribution. A
larger degree of agglomeration with complex shapes w&sn in the 0% FBS suspension. Good
agreement between EM and DLS analysis was seen for the 10% FBS sample, but there was some
discrepancy in the 0% FBS sample that may be attributed to overweighting of larger agglomerates in
DLS scattering analysis. Thisswreduced when volume averaged diameters were compared.
Reproduced from lletet al. [L90].......ccoiiiiiiiiirreee e e e e e e e e e e e e e e e 148

Figure 73: Automated EM analysis (AA) of (ADFEEG and (B) F&-COOH nanoparticles dispersed

in water and CCCM at a concentration of }@9mL. By automated EM imaging and analysis, no
difference was observed between the dispersion state of the nanoparticles, despite the DLS analysis
suggesting otherwise. DLS canibfuenced by components inherently present in the media which
could have led to the diSCrepanCie@S SEEIM............uiiii it 151

Figure 74: Mean agglomerate sizes fos@GePEG and E©,-COOH nanoparticles dispersed in water
and CCCM at 50g/mL. DLS data (blue) is compared to automated EM analysis (red). Discrepancies
within DLS data for E@,-PEG dispersions in CCCM and {0l wWere removed when automated EM
analysis was used. Standamdor mean was used as the plotted error.........ccccccvvvvveeieen. 152

Figure 75: S/ITEM imaging and analysis of thin sections prepared from cells treated whitsh Au
nanoparticles at 50 pgiL. (A) A TEM image indicating the presence of two nanoparticles within a cell
(black arrows). The inset presents a high magnification image of one of the particles. (B) A HAADF
STEM image of the same cell section providing better contrast of the detiiihwhe cell, the lower
nanopatrticle is encased within a vesicle (inset). The large white circles (white arrow) are lipid droplets
which bind the osmium fixative strongly. (C) A higher magnification HAADF STEM image of the two



nanoparticles from which EDfalysis was carried out. Thera§ intensity map of the Au Msignal
in red (D) and the EDX spectrum (E) both confirmed the particles were indeed gold nanopHsicles.

Figure 76: S/ITEM imaging and analysis of cellular thin sections prepared from cells treated with 50
pg/mL AuOMe nanoparticles. (A) A TEM image indicating the presence -@iMal nanoparticles

within a cell (black arrows). (B) AHAADF STEM imalge sdme cell section providing better contrast

of the detail within the cell. The large white circles (white arrow) are lipid droplets that bind the
osmium fixative strongly. (C) A higher magnification HAADF STEM image of two of the nanopatrticles
analysedby EDX spectroscopy. Theay intensity map of the Au Msignal in red (D) and the EDX
spectrum (E) clearly indicated the particles to be gold.............oooiiiiiiiieen 158

Figure 77: DLBtensity plots of AeENH and AuOMe nanoparticles dispersed in CCCM at 10 pg/mL
and 50 pg/mL. The scattering peak at ~9 nm is due to the horse serum albumin present in the growth
supplement added to the CCM for Cell CUUL ... 159

Figure 78: 3D reconstructions produced using Imaris software from image datasets obtained by slice
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illustrate the range of nanoparticle uptake between cells, with (A) showing a cell containing 183
nanoparticles and (C) a cell containing 22 nanopatrticles. Images (B) and (D) have been automatically
(contrast) thresholded using Imaris sofive to segment the nanoparticles in green from the
components Of the CEIIIN TEA ... 161
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produced in Imaris software from image datasets obtained by slice and view imaging. (B) Contrast
thresholding was carried out using Imaris software to segment the nanoparticles in green from other
cell components in red to count a total 40 nanopatrticles inside the cell...............ccccccvvvvnne 162

Figure 80: Optical light microscope images of TK6 cells exposeaagionl. AuNH: nanoparticles for
24 h. (A) shows either {niucleated cells which indicate healthy cell division, or mranoleated and
multi-nucleated cells which can be markers of cell cytotoxicity. (B) showsieclgiated cell containing
two micro-nuclei, micrenuclei are markers of geNOtOXICItY...........ccuvrrreeeeiiiiiiiiie e 163

Figure 81: Cell survival and micronucleus presence withiudleated cells for TK6 cells exposed to
Au-NH. Some degree of toxicity was observed after treatment with namiglas (LH yaxis). A
significant increase in DNA damage was seen with increasing dosead), ywhere %Bi/Mn is the
percent frequency of micronuclei in-hucleated cells. Errors are given as the standard deviation of
n=3 measurements, with significeg obtained by a pairedtest where, * = p<0.05.................. 164

Figure 82: Cell survival and micronuclei presence withitubieated cells for TK6 cells exposedte
OMe. No significant cytotoxicity was observed at any dose @akisy, whilst an increase in
chromosomal damage was seen with increasing dose (BXisy where %Bi/Mn is the percent
frequency of micronuclei in Wiucleated cells. Errors are given a® tstandard deviation of n=3
measurements, and statistical significance obtained by a paitesttwhere * = p<0.05........... 165

Figure 83: H6 ELISA for TK6 cells trediteith either AUNH or AuOMe nanoparticles. Neither particle
type caused any immunogenic response as no significaitebpression was seen at any patrticle
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Figure 84: SDBAGE of the hard corona (HC) and soft corona arour@Me (A) and AUNH (B)
nanoparticles. For soft corona analysis three washes were analysed; wash 1 (W1), wash 2 (W2) and



wash 3 (W3). The procedure was repeated three times and in each case the results of each gel were
reproducible. A Biwad precision plus protein dual colour reference ladder was used for the protein
mass analysis (left hand channel, units are in KDa)..............ccoveeiiiiiiiiiee e 170

Figure 85: Negatively stained TEM grids gOreanoparticles either; (A) uncoated or (B) coated with
PEG, and dispersed in water. Negative staining of-degp gris with 1% uranyl acetate was carried
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Figure 86: Negatively stained TEM grids of B&Edoparticles dispersed in CCCM. Negative staining
was carred out for 45 s using 1% Agar scientific, madioactive alternative stain.................... 173

Figure 87: ABBTEM imaging of a plunge frozen and vacuum dried suspension:Of-HEG
nanoparticles in water on a silicon nitride support fiim. The PEG coating around ik Fe
nanoparticles was resolved using an annular collection angle of 5 to 30.9.mrad.................. 174

Figure 88: EDX analysis 06@ePEG nanoparticles. (A) HAABFEM image of two nanoparticles

which does not show an obvious coating around the particles as compared to th8 TRBF images
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indicated a carbon rich coating around the nanoparticles. These false colour maps are combined in

(D). The total accumulated electron fluence for the EDX map was 1®xA0..........c.cccveeee. 175

Figure 89: EDX analysis oflkb nanopatrticles in CCCM plunge frozen and vacuum dried onxa SiN

grid. (A) HAADBTEM image of the area scanned for EDX and&lysi9 5 - YI LILAgyAC) 2 F /Y
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signal (B). A combined EDX map (D) indicated this coating did not extend very far beyond the
nanoparticles. The coating could Hae to either the PEG coating, the formation of a protein corona

or a combination of both. The total accumulated electron fluence of the EDX scan was 244?10

Figure 90: TEM images of-Alllb nanoparticles after incubating in PBS + 15 nrBSA (10%). Variable
results were seen with the position and number of 15 nmB8A marker particles around the-Altb

Figure 91: STEEDX dataset of ANH: nanoparticles (30 nm) dispersed in PBS with 10%/AR5A5

nm). (A) HAADF STEM image, the larger particles are théHAnanoparticles with he smaller

particle the AuBSA. WNJ & Y I LJA ¢ SNB 20 éNIARYASR oRROBE B Wy Rdzo 580 h
rays and the Au and Grxy maps combined in (E). The EDX spectrum is shown in (F). The total

accumulated electron fluence for the EDX scan Vs 10 €/A2. ......oooee oo, 178

Figure 92: ABBTEM imaging ({B) and TEM imaging- of Au labelled BSA. The Au nanoparticles
were found to predominantly associate with saftghite arrows) that had formed in the suspension.

A diffuse layer was seen around some Au nanoparticles (C) (dashed line indicating part of the diffuse
layer), though this was not seen around every particle imaged (D). The TEM images showed
contamination @curred on the sample (layer seen to accumulate around the salts) and there was not
always a visible gap between the Au nanoparticle and salt.(F)-.......cccoooviiiiiiiiiiiiiiiie 180

Figure 93TEM images of the protein corona aroundfumctionalized PS nanoparticles. (A) The hard
and soft corona after incubation of tianctionalized PS nanoparticles in human serum anaft@r
centrifugation and removal of the supernatant, but before washing steps. (C) A tomogram slice of an
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Chapter 1
1. INTRODUCTION

A nanoparticle is commonly defined as any patrticle that has length-Idf01nm in at least one

dimension[1]. Thereforeany particle that falls within this definition can be assigned as a nanomaterial
including organic, noorganic and metallic material. In the last 20 ye#rsre has been a rapid
increase in research and application of nanomaterials within a number of industries. One such
application is in medicine where nanotechnology has shown promise in therapeutics and diagnostics.
This field of science is referred tor@nomedicine and is a relatively new area of research having only
been established in the early 199(2]. Today there are numerous publications concerning
nanomedicine and the possible application of nanotechnology to a range of diagnostic and therapeutic
uses includingancers, tissue engineering and medical imaf#ng] However, widespread successful
clinical application has still not been achieved. This is in part due to concerns abopbdbible
toxicity of nanomaterials upon entry into the body. Therefarefundamental understanding of the
behaviour of nanomaterials when they come into contact with biological systems and fluids is essential

to further progress the application of nanotewology in medicine and address concerns about



Chapterl: Introduction

(nano)toxicity. Wo main ways in which the behaviour of nanopartictespended in a fluith vivo
andin vitrocan be influencedbk through changes to the dispersion statdtmough interactions at the

surface or bienano interface that result in thiormation of coatings around nanopatrticles.

1.1 Nanoparticle dispersion

The dispersion state of a nanoparticle refers to how it disperses in susperSonexample
nanoparticles can remain mortispersed which defies a system wherthey exist as singlestable
colloidparticles insuspensionKigurel(A)) Alternatively nanopatrticles catissolve or transform into
agglomerats or aggregatesvhen dispersed in certain media which means they exist as a collection
of loosely or physically bound particlesrespectively Figure 1(B). Finally nanoparticlesor
agglomerates/aggregatesay float or fall out of a suspension entirelyhe latter beingknown as

sedimentation Figurel(C).
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Figure1l: A schematic illustratinghe possible dispersion states of nanoparticles in suspension.
Colloidally stable nanoparticles remain monodispersed (A). Alternativelgnoparticles can dissolve

in suspension and/or transform into agglomerates or aggregates (B). Some nanoparticles can fall
out of suspension entirely and sediment (C). Adapted fr¢a.

To investigate the therapeutic potential or potential toxicity of specific nanoparticles, target cells must
be treated with these nanoparticles through bathvivo(in live models) and/om vitro (in isolated
tissue or cells) studies. larder to do this nanoparticles must be dispersed within appropriate
biological media prior to cell treatment. Consequentlye dispersion state of nanoparticles within
this media can significantly affect biological function. For example, if a systeambegglomerated

then the effective size of particles that might interact with a cell would increase, and this can alter the
overall cell uptake and responf@. In addition, should an intended dose defined by particle number
be used, then thisvill effectively be reduced upon nanoparticle agglomeration. As a result it is vital to

be able to accurately characterise the dispersion state of nanoparticles in biological fluids relevant to

3
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those routinely used iim vitroandin vivomodels. Understanding dispersion will enable comparisons
between the efficacy and/or toxicity of different nanoparticles of different size, morphology and

composition.

1.2 Bio-nano interface

The biey  y2 AYUGSNFI OS RSTAYySad (GKS 02dzyRINE 0SGoSSy
environments it encounters. Interactions that occur at this interface can significantly change the
WoA2f23A0rt ARSyGAdG&Q 27T bibmolgculgszdiladddroiotrd i surfate LINE i ¢
[7]. Since proteins are widely distributed within any biologicalesysthese are the most abundant
biomacromolecules that bind to a nanoparticle surface and this nanopapidiin interaction is

often defined as a protein coror&]. Since the protein corona becomes the outermost surface of a
nanoparticle it is a significant factor in determining cellular interactions. Therefiorgmilarity to

monitoring nanoparticle dispersion state, und&nding the specific interactions that occur at the-bio

nano interface is necessary to predict and assess the efficacy and toxicity of nanoparticles for

therapeutic treatments.

1.3 Nanoparticle characterisation in biological media

Itis clear that in orderd further the application of nanomaterials in medicine and to understand fully
the toxicological implications of nanomaterials, the ability to accurately characterise nanopatrticles

dispersed in complex biological media is fundamental.

Characterising andnderstanding the interactions and dispersion state of particles in simple systems
such as water can be achieved relatively easily through bulk analysis techniques. For gyamaphéc

light scattering (DLS) is routinely used for size distribution anabfsiganoparticle dispersions.
However, biological fluids are complex systems containing multiplenbicromolecules in suspension
including vitamins, amino acids and proteins. DLS can often be confounded by an inability to
distinguish between nanoparticleend these other components in more complex biological media

(Figure 2). In addition, studies of the protein corona have largely been carried out usitig b
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electrophoresis techniques for protein analysis. However, since the protein corona is a dynamic layer
the differences between corona around different particles in suspension is not identified through

these bulk techniques. Therefqréhe development ofalternative characterisation techniques

becomes necessary.
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Figure2: DLS analysis of cell culture medidgth 10% fetal bovine serunsupplement(red) alongside

a suspension of 9 nm Ce@anoparticles incell culture media with D% fetal bovine serunm(5

>g/mL). Thescatteringsignal fromserum proteinsisat ~7 nm and cannot be distinguished from that

of the 9 nm nanoparticles by DLS analysis alone.

One such analytical alternative is transmission elecinicroscopy(TEM). TEM is a leading technique

for nanopatrticlecharacterisatiordue to its high spatial solution enabling size, shape and crystallinity
information to be obtained. In additionanalytical TEM through energy dispersivea}t (EDX)
spectroscopy and electron energy loss spectroscopy (EELS) can provide elemental analysis of
specimens down to thesub nanoparticle level. Such high spatial resolution with the addition of
spatially resolved elemental analysis by scanning TEM (STEM) provides a technique that can probe
interactions at the solidiquid interface and accurately identify the primary paeicsize and/or

agglomerate size of dispersed nanoparticldswever,in order to image a specimen in this way by
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SITEM, it must be subject to very highcuumenvironments and as such samples are ordinarily dried
prior to imaging. For dry samples this doest pose a problem, yet when aiming to investigate the
state of nanomaterials in liquid suspension, drying removes the particles from the native state and the
original form is lost. Indeedhe process of drying a sample in air can lead to artefacts where
nanoparticle dispersion can rearrange on a TEM support grid whilst drying. Resulting images and any
elemental analysis are no longer representative of the hydrated suspension. Such drying artefacts
make accurate characterisation of dispersed nanopartidiéf&cult and, as a consequence, situ
techniques have been developed which allow TEM analysis of specimens in or close to the hydrated

state, despite the vacuum requirements of TEM.

1.4 InsituTEM

Two in situTEM techniques are cryogenic (cryo) TEM andd cell (LC)TEM. LCTR&tmiItsa liquid

to be encasedvithin a specially designed TEM hol@dowingdirect imaging of a sample in solution
There has been huge interest in tieshnique,and it is a rapidly developing field #search within
materids science However, with increased use and knowledge it has become clear that there are
significant interactions that can occur between a sample ancetetronbeam.These bearsample
interactions complicate analysis whemanoparticledissolution, trasformation and/or movement

away from the original dispersion can be indu¢ed

In comparison, iyo-TEMhas been developed and usear imuch longer, traditionally within the life
sciences but its use in materials research is now becoming more preyHRnA sample is prepared

such that it is captured within a layer of \@tus ice without significant movement or rearrangement

of the original nanoparticles in a dispersion. This frozen sample can then be transferred into the TEM
allowing a sample to be imaged in the frozen hydrated stadefar more accurate representatiorf o

a nanoparticle dispersion compared to a dried sample. The additional benefits of using cryo
techniques within material science research is the potential to carry out elemental analysis by EDX

and EELS on these frozen samples. This latter type of ansalysilsin its infancy yet the development
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of thesein situcryo analytical TEM techniques for nanoparticle characterisation in biological media

will enable a more comprehensive understanding of thermoo interface.

Summary

Overall, it has been established that it is the -hemo interactions and dispersion behaviour of
nanoparticles in biological environments that can define their biological function. As such the
following chapter looks at past and present literature relgtio these areas of interest. In addition
important literature focusing on conventional anth situ analytical TEM for nanoparticle
characterisation is reviewed. Finallgreas for further development in this field will be identified
enabling the aims andbjectives of this study to be listed ahead of reporting on experimental methods

and results.
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Chapter 2
2. LITERATURE REVIEW

An evaluation of past and current literature surrounding the dispersion of nanoparticles both in simple
media (e.g. water) and complex biological fluids has been presented, alongside important literature
referencing the widely studied protein corona forn@at around nanoparticles in biological
environments. Publications demonstrating the use of TEM as a powerful technique for nanopatrticle
characterisation when dispersed in these challenging environments are presergether with
limitations of this techrque. Such limitations can often be overcome by the ude sftutechniques

and work referring to LCTEM and cfJ/BM has been identified. Finaligcent publications that utilise
cryo-analytical S/TEM have been reviewed and indicate this technique ¢t®uleery beneficial in
developing accurate techniques for characterising nanoparticles dispersed in more complex biological

environments.
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2.1 Nanotechnology for medical applications

Among the many applications of nanotechnology, there is a lot of researcthiatpotential for use

in medicine for diagnosis, prevention, monitoring and treatment of diseBigrife3). Nanopatrticles

have been shown to have significant potentiathin the field of medicine due to unique properties
comparative to the corresponding bulk material. Tuning the size, shape, surface and core properties

have all been shown to have a fundamental effect on biological function.

| Nanostructures and Devices

b 4 4

, Targeted Thera
Theranostics andgl]rug []elive‘;z
i A = Y . Tissue Engine‘ering
: edical Care points: | Regenerative
Imaging Tool Improved Diagnosis, Medicine
Treatment and
Prevention

A

Safety and Compatibilty

Figure 3: An illustration of the application and currengoals of nanotechnology in medicine.
Research has shown a range of nanostructures and devices have potential in diagnostics,
theranostics and therapeuticsReproduced fron{11].

Nanomaterials can be used to enhance ttast for medical imaging which in turn facilitates early
diagnosis and can be used to monitor pathological processes and therapeutic €ff@gts
Supraparamagnetic iron oxide nanoparticles (SPIONs) are routinely cited eativeffcontrast
enhancing agents in magnetic resonance imaging ([R]) The highmagnetic strength, extended

time of contrast improvement and relatively low cytotoxicity are all factors contributing to the
efficiency within MR]13]. There are now some SPION based products approved for clinical use (e.g.

Feridex®, Combidex®, Resovist®) which are formed of an inorganic iron oxide core, coated with a

9
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hydrophilic polyner to extend circulation time and improve bammpatibility[14]. Gold nanoparticles

have also been investigated significantly for application in medical imaging due to their
biocompatibility and relatigly low toxicity[3, 1519]. They have been used as contrast agents to
detect tumours in micg3], to detect head and neck canaervitrousing standard clinical, computer
tomography scannin@20], and to selectively t@et squamous cell carcinoma using gold nanorods
conjugated with antibodiegl6]. Furthermore, gold nanopatrticles lahit surface plasmon resonance

of light at visible wavelengths which makes them ideal candidates for use as optical biog&igors
The chage in surface plasmon resonance with molecular adsorption or size has been utilised in the

detection of human immunodeficiency vir{8] and DNA gene identificatigdi9].

Beyond diagnostics there is clear evidence of potential for therapeutic efficacy of nanomaterials within
medicine. This is most often through drug delivery where a drug is encapsulated within or attached to
a naroparticle. These nanoparticles are then either specifically designed to target a certain2Zissue

or in the case of some cancer therapy, can selectively target tumours due to the permeability and
retention (EPR) effed22]. The EPR effect describes a process where the enlarged pore size of blood
vessels within a tumour compared to healthy tissues allows nanomaterials to pass easily into the
tumour from the blood stream. This, in combination with admf lymphatic drainage, results in the
selective accumulation of nanoparticles in tumo[#3]. The nanoscale particlesed in drug delivery

are usually small enough that uptake into target cells is relatively [dhsyd in some cases have the
ability to cross the blood brain barrig24]. Polymeric nanopatrticles have seen a significant interest
for drug delivery since easy manipulation of the surface can allow specific, targeted delivery and also
controlled releas@ ¥ (G KS RNUzZA® { dzOK WoA2LRf@YSNEQ ff24
genes to be released within a target tisslégre4) [25]. Inorganic metallic nanapticles have also

been shown to have application in drug delivery, for example, relatively inert and biocompatible gold
and silver plus zinc oxide, barium titanate and iron oxide nanoparticles, however there are some

concerns about the possible toxicity these nanoparticlef26]. Nonetheless dig delivery systems

10
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utilising nanotechnology have been introduced clinically for the treatment of cancers (D2Xil@d

for therapeutic delivery of peptides and other small molecules (Estras{2B®)
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Figure4: A schematic of a nanoparticle with multiple design features for targeted drug delivery.

Reproduced fronf29].

However, despite research into the application of nanomaterials in medicine rapidly increasing over
the last 20 years, where just 3 papers were cited on Web of Science in 2000 containing the word
nanomedicine compared to 1,906 in 2019, progress in clinical application continues to lag behind, with
only 50 nanodrugs being used commercially to da@. Nanomedicinal studies require nanoparticles

to be dispersed in biological fluid prior to use but exactly how nanoparticles interact with this

biological fluid is still not properly understood aitds this uncertainty that has prevented, in part,

the wholesale clinical application of promising nanomedicines. Interactions occurring at the solid

liquid interface between nanoparticles and biological media can defineirtheivo and in vitro

11
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behaviou of nanoparticles which ultimately determines and allows predictions to be made about

potential efficacy and/or toxicity.

2.2 Bio-nano interactions

The interactions that occur at the solid (particlgjuid (media) interface are often colloquially termed
bio-nano interactions[31]. Such bienano interactions ca define the colloidal stability of
nanoparticles within biological media and/or the formation of any coatings around the nanoparticles
that alter biological identity. The difficulties in understanding and predicting these interactions stems
from the compeéxity of biological environments. In simple systems where nanopatrticles are dispersed
in water, theoretical models can be used to accurately predict for example, colloidal stability.
However, this is not the case for biological systems, where higher stneiegth and the additional
presence of large bimacromolecules such as proteins can contribute to and complicate the

behaviour of nanoparticles dispersed in biological media.

2.2.1 Nanoparticle dispersion

For nanopatrticle cell uptake studies eithier vivoor in vitro, nanoparticles must be dispersed in
biological media. How nanoparticles disperse in this media, as rdispersed, agglomerated or
aggregated species or even dissolved or chemically transformed species, can dramatically alter the
resulting biologcal function. It is the nanoparticleanoparticle interactions that define dispersion of

a system and this is often described using DerjagaimdauVerweyOverbeek (DLVO) theory. Both
short range van der Waal attractive and coulombic repulsive forced brtween particles, the
strengths of which define how colloidally stable they are as a dispersion, where colloidal stability is
defined as a monodispersion and occurs when repulsive forces dominate. In a simple system such as
water which has low ionicgngth, colloidal stability of nanoparticles can be predicted relatively easily

by the surface potential of the particles; where a surface zeta potential of >+30 m30om¥ usually
defines a colloidally stable system. However, these predictions doatdfdtr nanoparticles dispersed

in biological media. Here the greater ionic strength of the media can reduce the electrostatic double

12
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layer of ions around a particle which in turn can reduce the barrier to aggregation and agglomeration
and hence alter thedispersion in biological media compared to wat&2] (Figure 5). This
phenomenon is referred to as the screening effect and is accepted to occur in all high ionic strength

media[33].
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Figure5: A sshematic showing the impact of ionic strength on effective electrostatic forbesween
suspended particlesas a function of distance and ionic strength. At low ionic strength (blue)
repulsivecoulombic forces dominate. Increasing the ionic strength reduces the repulsive potential
barrier (green line). Further increasing the ionic strength in line withat predicted for a
physiological buffer system leads to a significant decrease in repulsiteraction potential, and the
repulsive energy barrier preventingarticle agglomeration is lostReproducedrom [32].

Nel et al.[31] stated the dynamic inhomogeneity of biological media can prevent models like DLVO
theory from providing meaningful predictions of nanoparticle colloidal behaviour. For much
nanoparticle researcin nanomedicine and nanotoxicology nanopatrticles are routinely dispersed in

cell culture media (CCM). This is an agueous biological media containing a range of salts, vitamins and

13
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amino acids and when used for cell culture is usually supplemented witbvahgfactor containing
proteins, for example fetal bovine serum (FBS), henceforth CCM supplemented with FBS is referred to

as complete cell culture media (CCCM).

Significant work has been carried out looking at the dispersion of different nanoparticd®sM and
CCCM34-37]. Jiet al.[34] measured the dispersion of Ti@anopatrticles in a range of biological media
using high throughput DLS and identified that, whilst in water the nanoparticles remained colloidally
stable with a zeta potential of 30.2 mV, when dispersed in CCM a much poorer dispersion state was
observedFigure6). Furthermorethey identified that not only does the dispersion change dependent
upon the biological media, in CCM the agglomerate size increased with increasing nanoparticle
concentration whereas in water thagglomerate size remained fairly stable across a concentration
NI y3IS FNRBY w >3kY[ G2 wmnn >3kY[ ® {dzOK @I NRI GA2Yy:
doseresponse studies encompass a range of concentration treatments. In such instancesrtmgea
effective nanopatrticle or agglomerate size presented to a cell would not then be the same for each
dose which could lead to misinterpretation of results showing variations in, for example, cell uptake

across concentrations.
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Figure6: TiQ nanoparticle agglomerate size as measured high throughput DLS in a range of
different CCM. Agglomerate size increased in CCM and with increasing m#&doparticle
concentration. The different CCMs used were; Bronchialitigdial Growth Medium (BEGM),
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Synthetic Defined medium (SD), Yeast Extract Peptone Dextrose medium (YPD). Reproduced from
[34].

Further work published by Strojan et 5] showed, in agreement with &t al, that there can be
extreme variation in the dispersion state of nanoparticles in different biological media. They dispersed
Polyacrylic acid (PAA) coated cobalt ferrite nanoparticles and silica nanopatrticles in a range of media
including DI water, PBS, Na@d CCM and, whilst for PA&Abalt ferrite nanoparticles there was no
obvious difference in dispersion between the media, significant agglomeration of the silica
nanoparticles was observed in all media. This suggests that not only the suspension miedisp b

the nanoparticle properties dictate dispersion. Furthermore, agglomeration of the silica nanopatrticles

was reduced (except in water) when 10% FBS was added. FBS is a protein containing supplement, thus
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suggesting that a colloidally stabilising irgetion between the proteins and silica nanoparticles

occurred, something that is further discussed in section 2.2.2.

Understanding the dispersion of nanoparticles in biological media is paramount to understand and
optimise hanomedicinal studies. Halameldanzaoukt al. [38] identified a demonstrable difference

in cell uptake dependent upon the agglomeration state of silica nanoparticles. They observed that in
the case of 80nm silica nanoparticles there was greater cell uptake of agglomerated particles
(hydrodynamic diameter ~130 nm) compared to single particles. This was most likely driven by an
effective increased dose when agglomeration occurred. Further evidence thanaggition affects
cellular uptake was shown by Albaneskal. [6] where they indicated a 25% decrease in cellular
uptake of aggregated gold nanoparticles compared to monodispersed gold nanoparticles. In addition
since it is widely accepted th@ihe size of nanoparticles can greatly influence the efficacy and/or
toxicity of nanoparticleg39] then should nanoparticles become agglomerated duitmgvoor in vitro
investigation it would follow thatheir efficacy and toxicity will no longer represent that of the single
particle. This could be further complicated since Oberdostexl. [40] have shown that surface area

can greatly effect nanotoxicity as well. These studies indicate the importance of preliminary work to
fully understand the dispersion of nanopatrticles in the biological media in which they will be dispersed

for further biologicalin vitro or in vivostudies in order to prevent misrepresentation of results.

Current research is looking at the potential of nanoparticle surface modification to enhance and
control dispersion in biological fluids. In simple systemg. (&ater) electrostatic stabilisation can
improve colloidal stability. However, in the case of biological media where the electrostatic double
layer is compressed by the higher ionic strength environments, electrostatic stabilisation rarely
improves colladal stability [41, 42] In comparison steric stabilisation, where agglomeration of
particles is reduced by the introduction of a physical barrier can have some impact bilogical
environments. This is traditionally performed by coating a nanoparticle surface with a polymer, in

addition to which the hydrophilic nature of a polymer chain end can further improve colloidal stability
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through the introduction of shortange reulsive hydration force§37]. One of the most common
polymers used to improve colloidal stability in biological systems is polyethglgoel (PEG), largely
due toits high hydrophilic nature which has been shown to permit notable-teng stability in high

ionic strength medig43-45]. Other polymers can also be used for colloidal stabilisajdd 47]
however PEG benefits from the ability to easily adapt the termination functional group which can in
turn aid in design for effective medicinal use in for example drug del[¥&ly However, incomplete
coverage of the nanoparticle or the occurrence of bridging between particles during the coating
process can in some instances induce nanoparticle agglomeratiosffestiive coating techniques

must be used49].

(A) Electrostatic stabilisation (B) Steric stabilisation

Figure7: A schematic illustrating electrostatic (A) and steric (B3persionstabilisation. In biological

media the distance the electrical double layer extendsvay from the particle surface is reduced
preventing effective electrostatic stabilisation, whilst steric stabilisation by polymer addition for
example can enhance colloidal stability. Adapted frd&0].

Not only is an understanding of the dispersion of nanoparticles in extracellular environments
necessary, but complex intracellular environments can also be expected to lead to changes in
dispersion. The vast proportion of nanoparticles aken up into most cells via endocytosis, a broad
term describing the process of a cell encapsulating a nanopatrticle within a membrane adapted vesicle
inside the cel(Figure8). These vesicles, either endosomes or lysosomes, are at a pH much lower than

physiological pH of the cell cytoplasm. As a nanoparticle passes down thdysnedomal pathway it
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moves from environments of pH 7 (extracellular) to pH 5.5 (early endosomeg}-bfd (lysosomes).

To date such investigation of dispersion in buffers to mimic these vesicle environments is limited, yet
in cell section imaging nanoparticles can appear as clusters within intracellular vesicles which suggests
possible agglomeration.dwever, whether this occurred prior to cell uptake or is due to cells actively
packing nanoparticles together during the formation of lysosomes by amalgamating endosomes,
cannot easily be concluded. More extensive research has looked at how the low ptherents can
promote nanoparticle dissolution in some cagek]. Such dissolution, where it occurs, is largely linked
with nanoparticle toxicity due to dissolved ions causing the production of reackygen species
(ROS) which are detrimental to a number of cell functions. This is another indication of the need to

characterise nanopatrticles in a range of appropriate biological environments.
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Figure8: A simplified schematic othe main process of endocytosis, the method through which
nanoparticles can be taken up into a cell. Adapted frg&2].

Ultimately, there is a clear indication that pirainary dispersion studies of nanoparticles of interest

in appropriate biological media prior to or alongside anyivoor in vitro studies are necessary.
However, the aim must be to enable modelling and accurate predictions of all nanoparticle behaviour

in dynamic inhomogeneous biological environments to further progress the clinical application of

nanoparticles for medical advancemeifi3s].
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2.2.2 The protein corona

Beyad just the dispersion of nanoparticles in biological media, understanding the physical
interactions and changes that occur at the surface of a suspended nanopatrticle is also important. The
high surface potential of many nanoparticles favours interactioth Wiomacromoleculeg53, 54]

which kads to the adsorption of proteins immediately upon dispersion in protein containing media.
This leads to the formation of a protein corona, a protein layer encapsulating a suspended
nanoparticle Figure9). The protein corona consists of two layers known as the hard corona and the
soft corona. The hard corona refers to tightly bound proteins of high affinity to a nanopatrticle surface
and the soft coron&onsists of more loosely bound low affinity prote[B5]. It has been described as

a dynamic layer where proteins in the soft corona bam and unbind depending on their respective
affinity for a nanoparticle surfac&igure9) [8]. Such surface modification upon contact with biological
media can dramatically alter the biological identity of nanoparticles and hence change biological
function. Yet predicting ta dynamic composition of the protein corona is difficult when as many as

3,700 proteins have been identified in blood plasma alf&ta.

/7 Soft corona

Hard corona

& o - \‘.‘.kon Adsorption/

" ke  Desorption

Figure9: A schematic of the protein corona that forms around narengicles exposed to protein
containing biological media. Reproduced frofw].
It is widely accepted that the siace curvature of nanoparticles affects protein binding such that it

differs to binding on a corresponding bulk material that is relatively[8@}, therefore the size of a
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nanopatrticle influences the composition of the protein corona that fofs&3$. Additionally the surface
properties and shap of nanoparticles strongly influence protein absorption. Lundosisal. [55]
determined that size and surface charge of nanoparticles dt@n the composition of the protein
corona. They identified a degree of difference in the proteins present in corona around polystyrene
(PS) nanoparticles with primary particle sizes of 50 or 100 nm byolMacrylamide gel
electrophoresis (PAGE) and mapgctrometry. In addition significant variation in the composition of
the protein corona was identified between PS nanoparticles with a positive, neutral or negative
surface potential indicating that nanoparticle surface properties play an important i€nitatal role

in determining protein corona formation rather than the inherent core properties of the
nanopatrticles. Indeed, it has been shown that the hydrophobic or hydrophilic nature of a nanopatrticle
surface can determine the extent of conformationghange (usually irreversible) that proteins
undergo on surface contact, where Monopeti al. [59] showed conformationathanges in insulin
were greater upon absorption to hydrophobic surfaces. Gaidvarezet al. [60] showed that
nanoparticle shape can also affect the protein corona, and moreover carried out analysivign
models which indicated some degree of differencéneitro studies. Thereforgthey suggested that

in vivoconditions should baised more routinely to try and broaden the current understanding of

potential medicinal use of nanoparticles.

The presence and composition of a protein corona can greatly influence biological behaviour. For
example, Lesniakt al. [61] demonstrated that significant differences in nanoparticle cell uptake
correlated to differences in protein corona composition. Yh&howed this through the use of
fluorescently labelled PS nanoparticles and found that cell uptake of 40 FBORSH! nanoparticles

was higher when incubation prior to cell treatment was serum free (i.e. without the presence of
proteins) than compared to deuptake of nanoparticles incubated in protein containing serum (i.e.
with an established protein corona). Further to this Cheh@l. [62] demonstrated tha cell uptake

was reduced for 50 nm gold nanoparticles with a protein corona compared to nanoparticles without.
However, this reduction in cell uptake was not observed for smaller 5 nm and 20 nm nanopatrticles
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with a protein corona. This suggested thatstriot only the presence or otherwise of the protein

corona that can dictate cell uptake but also potentially its size/shape and/or composition.

Due to the significant biological impact of the protein corona recent research has looked at employing
nanopaticles designed to specifically reduce protein interactions. PEGylation of nanoparticles can

deter protein adsorption and lead to extended circulation of particles in the @8y However care

must be taken where in some cases proteins can competitively exchange with stabilising surfactants
and/or enhance agglomeratiof87]. Furthermore, Ohet al. claimed that such methods do not

overcome the necessity to add further ligands to enhance delivery specificity which themselves
promote protein corona formatioi64]. Instead they suggested that popating nanoparticles with
supramolecular proteins can deter the formation of an unknown protein corona, and allows targeting

toward specific tissues, etc. Such pre coatidgivk LINP G SAYy Aad a2YSGAYS&a NBTFS
and has shown promise in optimising nanopatrticle design to regulate cellular interg@Silpimprove

drug delivery[66] and increase cirdation time[67].

Overall the protein corona is a wastablished intesiction that occurs at the sohliquid interface
between nanomaterials and protein containing biological media and hence understanding and
predicting these interactions should lead to improvements in the design and application of
nanoparticles in medicin€Consequently, identifying potential techniques to accurately characterise

these interactions is necessary.

2.3 Characterising the bimano interface

Considering the evidence that interactions at the-bano interface can drive changes that alter the
biologial function of nanopatrticles, carrying out accurate and thorough characterisation of these
interactions is important. The majority of the literature cited so far refers to work carried out using
bulk techniques either for dispersion analysis or proteirooaranalysi§s8]. In the case of dispersion
analysis, DLS is the most common (bulk) technique used. It is a simple light scattering technique that

provides statistically relevant data, yet, it can be complicated by the epes of biological
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macromolecules in biological environments (&@apter 5) where data collected becomes harder to
interpret as the technique cannot distinguish between nanoparticles and other inherent components
present in the media. Similatrlgodium dodecyl sulfate (SBBAGE is the technique predominantly
used for protein corona analysis and is a bulk technique that identifies proteins present within a
solution according to molecular weight. When coupled with mass spectrometryP8088& canive a
precise indication of which proteins are binding with a high or low affinity to certain nanoparticle
surfaces. However, the assumption is that the proteins identified are present around every particle in
suspension in the same quantity. Whether tigsactually the case or not cannot be categorically

determined by this technique alone.

Such complications when using bulk techniques to investigate thexdno interface lead to the
requirement for alternative characterisation methods to be used alalgsihese traditional
techniques. Differential centrifugal sedimentation (DCS) is one such alternative and can be used for
size distribution analysis. The technique fractionates particles according to their mass where the
sedimentation time of particles imeasured under the influence of a centrifugal force. Assuming
spherical particles of a known density, the hydrodynamic diameter can be calculated from the
sedimentation time using the Stoké&snstein equation(see Chapter 3 section 3.9DCS typically
deteOia LI NIAOfSa Bun YY YR OFy 06S dz&aASTdzZ F2N RS
[69]. A second alternative is nanoparticle tracking lgsiz (NTA), a hybrid technique that combines

the use of a laser beam and an optical microscaj@d. A nanoparticle suspension is illuminated by a
laser, and patrticles in the path of the laser beam scatter light. This scattered light is then detected
using acamera attached to the optical microscope which collects short videos of the particles moving
due to Brownian motion. Using tracking software individual particles are analysed to determine the
hydrodynamic sizeagain using the Stokdsinstein equation. Teh benefit of NTA is that each
measurement is carried out on a partiddg-particle basis greatly improving size distribution
resolution and allowing accurate identification of any inparticle variation and the separation of
potentially confounding compaents within biological media from the nanopatrticle signal. In addition,
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nanoparticle concentration can also be approximated using this technique. However, typically only
particles of 36600 nm can be resolved, smaller particles (<30 nm) can only be ddtithey possess

a high refractive index (e.g. Gold or silv@9]. NTA is still a relatively new technique, but has been
validated as a viable alteative to DLY71]. An example of its use for nanoparticle analysis is in
investigating the concentration and size of nanoparticles retained in the lungs of workers routinely

exposed to soapstone or quartz dyzgg].

Despite both @Sand NTA havingmproved size resolution in comparison to bulk measurement

approaches, they are largely limited to >20 nm nanoparticles. Consequently, using high spatial
resolution electron microscopy (EM) to carry out highly accurate analysis of nanoparticles in complex
biological media is beneficial. TEM can provide detailed information regarding the shape and primary
particle size (to resolutions significantly lower than 20 nm) of individual nanoparticles and has the
additional benefit of spectroscopic analysis capaéfi where spectroscopic analysis through EDX

spectroscopy and EELS can provide elemental information regarding the nanoparticles and the bio

nano interface.

2.3.1 TEM for nanoparticle dispersion analysis

EM can be useful when obtaining size distributionsarfaparticles. Intetaboratory work has been
carried out with the aim of producing standardised approaches fof#@kand comparison between

DLS and TEM size distribution characterisation has shown TEM to be more accurate, especially when
multi-sized particles are present in a sampld]. This would suggest that nanoparticle dispersion
analysis by TEM rather than DLS will have advantages for more cohiplegical suspensions which
typically contain a number of differing sized components. However, significant statistical relevance of
size analysis using TEM can be difficult to obtain without collecting and analysing a vast number of
images which is vergime inefficient. Consequently, automated image analysis is often utilised to
obtained size distributions more readily. This can be done relatively easily by simple thresholding

software such as ImageJ, however in cases where nanoparticles are overlappiniere
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segmentation from nomanopatrticle species within the suspension is difficult more advance methods
are required. These are now being implemented, with Oktay and G#Sp®porting a deep learning
approach that allowed the detection, sizes and number of particles in an image to be @dantif
However, applying these manual, seautomated and fully automated TEM size distribution
techniques has yet to be used routinely to investigate the dispersion of nanoparticles within biological
fluids. It is likely that such approaches will provideren@ccurate information of nanoparticle

dispersion in biological media than corresponding bulk DLS measurements in some cases at least.

2.3.2 AnalyticatTEM

For investigation of interactions occurring at the Hpiano interface analyticalEM can be very
powerful. Both EDX spectroscopy and EELS take advantage of inelastic scattering of electrons as they
interact with the sample. As the incident beam comes intmtact with the specimen electren
electron interactions occur such that core electrons are displaced from atoms within the sample. In
the case of EDX analysis a resultirrgy<of characteristic energy is released and can be detected when
outer shell eletrons relax to fill these vacant holes. For EELS it is the energy loss of the incident
electron that provides the energy for the ionisation of sample atoms that can be measured. In both
cases the quantised nature of electron energy shells within elemeatsito characteristic energies

of released Xays and electron energy losses which are detected and used to confirm the presence of
specific elements in a sample. Further, the use of STEM, where a focused electron beam is rastered
across the sample, alleelemental mapping to be carried out which provides information regarding

the positions of elements within a sample potentially down to the atomic scale.

EDX analysis has been used to identify silver nanoparticles in @itro human gastrointestinal
digestion model[76], and to ascertain the uptake of Li@anoparticles in amn vivorat skin model
[77]. In addition, Xuet al. [78] 48 dzZ33Sa G SR (KS THNDREWARFER FTI NE dHWR

nanoparticles separate to the protein corona by EDX elemental mappiggré 10) and further

characterisation of interactions occurring at the {miano interface were identified by Ribeisg al.
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[79], where a coating rich in calcium and phosphorus was demonstrated to form around the TiO

nanopatrticles dispersed in CCCM.

a

Figurel0: HAADFSTEM and STEMDX analysis a2uO nanoparticles suspendedin/ / a® L+ Wyl y 2
bio-O2 YL SEQ O2 Cé&]Na, PR Clavads said to form around the nanoparticles during
incubationin CCCMa)DarkF A St R ¢9a AYF3AST 6060 95- h Y YILE 0

6Suv 95 LBl oo W5 Y Yh YI L)X 630 95- t Yh YIFLE O

the CuO biecomplex. Reproduced frorfir8].

2.3.3 EM limitations

Characterisation by EM does have limitations; as already mentioned in reference to nanoparticle
dispersion analysis by EM, ensuring thatrdhremains statistical relevance to the data is difficult and
can be extremely time consuming. In addition TEM analysis is carried out in a high vacuum
environment, such that specimens are dried before imagitgs meanshe samples are no longer

suspen@d in biological media which can remove and/or change anynéi®m interactions.
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Furthermore, the most common method of nanoparticle sample preparation is to place a drop of
adzalllSyarzy 2y F ¢9a 3ANAR | yR f S| Orfpardatiniisiknoiviz R NE
to cause drying artefacts due to surfacewetting[80] Y R (i K SNAWEROBIESFECSicly,

as a droplet dries on a solid platform capillary action within the droplet can cause the artefactual
movement of particlesoward the three phase interface i.e. the outer region of the dropk&g(re

11). This induced movement of particles often results in the formation of larger nandpartic
agglomerates/aggregates than are really present in suspensigurg11(C))[82, 83] Considering

these drawbacks of TEM techniques, the developmernh gitu TEM methods has been established

which permit the native state characterisation of nanoparticles in solution.
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(A)

Liquid droplet drying

nanoparticles

TEM support grid

ol

Figure1l: (A) A schematic showing how nanoparticles can move on a TEM support grid during

RNRB L SG RNEAY3I ANAYyEND FREFEHEHBADFETRS images2afdis®Bion

of silica nanoparticles (100 nm sphereis) water drop castonto a TEM grid andiried in air. DLS
analysis of thesuspensionshowed the nanoparticles weremonodispersed. Drying artefacts
occurred during TEM sample preparation such that large agglomerates formed (C) and evidence of
the coffeering effect was seen (A, C). (D) Indicatas area of the grid where drying artefacts
probably did not occur and presents evidence of a monodispersed suspension. The white scale bar

AYRAOIGSa I RAalGlIyOS 2F p >Yo
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2.3.4 InsituTEM

Qyo-TEM and LCTEM are two advandedsitu TEM techniques that can remowkying artefacts
associated with conventional dregast TEM and allow characterisation of nanoparticles in the
hydrated state. Of the two, LCTEM allows direct observation of a liquid sample without any pre
specimen preparation processgl]. The technique has application in both liféesce and materials
science research and has been used to, for example, image biologicg8Ski®nitor crystallisation

[86] and examine nanoparticle grow{B7]. However, extensive interactions can occur between the
electron beam and the liquid samp]@8]. These interactions can dramatically alter the chemistry of
the liquid sample, producing highly reactive radiolytic products that can alter pH and interact with
molecules in the sample. Such beam inducednges can be utilised for the analysis of dynamic
procesqd89] but are detrimental to the investigation of nanopatrticle dispersion, where Wtitd. [9]
showed th& nanoparticle clusteri liquidcan break apart after just seconds of beam irradiation due
to alterations in nanoparticle surface charge caused by radiolysis products. Furtherudogical
environments are sensitive to changes in pH which can indueeigtation of some salts out of
solution[90], and induce the dissolution of some nanoparticles and/or changes in oxidation states
[91]. Such incidences remove a particle suspension from the native state and characterisation is no

longer representative.

CryoTEM provides an alternative approach forsitu native state characterisation of nanoparticle
suspensions. By rapidly plunge freezing a blotted drop of suspension in liquid ethane a suspension can
be captured in a layer of vitreous ice without any redistribution of the nanomaterials within the
sugension[92]. Vitreous ice is amorphous and therefore electron transparent and maintaining the
sample below165°C during imaging allows the specimen to be imaged in this frozen hydrated state.
CryeTEM became prominent in the early 1980s where it was fised to image virusd93, 94]and

is now extensively used in structural biology for single particle reconstruction of viruses and protein
complexes. It has since been used to image a wide range of nanomaterials, both lipid9ig sed

polymeric nanoparticlef6, 97]along with some metal hanoparticlg&8] and is now becoming more
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prominent within materials sciencgl0]® ! &LISOALf SRAGAZ2Y 2y W/ NB23S8
al iSNALFfta {OASYyOSQ ¢l a LlzoftAaKSR Ay GKS aw{ . d
widening application of cry«cM in research outside the life sciences. Specifically the publications
referenced the use of cryBM for specimen preparation, soft materials characterisation,
nanomaterials characterisation, and examining the shdjdid interfae [99-101]. Previous work by

Hondow et al. [102] looked at the agglomerate size of polymmyated CdTe/ZnS quantum dots

measured by DLS, TEM of dried samples and TEM of plurgen feamples in both water and

biological media. Plunge frozen samples were more representative of the dispersion state measured

in water by DLS, with a narrower size distribution compared to -dami prepared samples.
Furthermore, only TEM of plunge frazsamples could provide quantitative analysis of the particle
dispersion in biological media due to the confounding signals present in DLS plots from bovine serum
albumin (BSA) present in the biological dispersant media. However, the effect of blotting the

plunge freezing process can reduce 3D informafitdB]. Pattersonet al. [104] demonstrated the

application of cryeTEM in studying macromolecular assembly processes in solution through
nanoparticle nucleation and growth. Spécally they observed that the formation of calcium
phosphate occurs through a number of phases with the ultimate crystal formation controlled by

kinetic barriers and structural rearrangements. Mirabedioal. [105] used cryeTEM to study the

mechanism of formation of magnetite & nanoparticle aggregates that have shown use in cancer

therapy. By preparing crysamples at different time points in the reaction they identified that

magretite crystallisation occurred through a multistep process.

2.3.5 Limitations of cryeEM

As with all techniques there are certain limitations of cfiy@M. Three main issues were identified by
Burrowset al.[106] in their review of cryéTEM of agueous suspensions of nanoscale objects. These
were; firstly, during sample preparation it is unlikely that perfect vitreous ice will be formed over the
entire grid. If a samples not sufficiently rapidly frozen this can result in the formation of crystalline
hexagonal iceHigurel2). This hexagonal ice has high diffraction contrast and can therefore obscure
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features of interest. In addition if a sample is not maintained at a temperattdf@3*C during imaging
then this @n lead to the formation of cubic ice. This crystallisation can also lead to movement of

nanoparticles and solutes such that the native state of the suspension is no longer captured.

(2)

Figurel2: (1) Images and corresponding diiction patterns of three forms of ice taken at the same
magnification; (A) Hexagonal ice; (B) Cubic ice and (C) vitreousReeroducedfrom [107]. (2)
Images of highly diffracting hexagohace; (A) Hexagonal ice (white arrow) alongside goethite
crystallites (black arrows) and (B) hexagonal ice (white arrow) with spheroid frost (black arrow).
Reproduced fron{106].

Secondly the condensing of water vapour from the atmosphere during sample preparation can lead
to the formation of frost on the sampl&igurel2(2B)andFigurel4(A)), this tends to be small in shape

and could easily be mistaken for a nafieature of interest.
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Finally, beam induced artefacts can still occur dudngp-TEM, despite it having been shown to
reduce rates of beam damage of beam sensitive matefidl8, 109] This is primarily through the
process of water radiolysis. Le CHelrO]defined this process as having three main stages; the physical
stage, the physicehemical stage and the chemical stage and the reactions occurring at each of these
stages are summarised Figurel3. Upon beam irradiation immediate formation of ionisecb@9

and excited ,O*) water molecules occurs (after ~1 fs). Numerous reactions then occur to form the
highly reactive primary products during the physiwemical stage (after ~#9¢ 10%%s). These then
undergo further reactions on a slower timescale 14 10° s) to form addional damage products
during the chemical stage. These damage prodoatediffuse in solution and react with each other
and surrounding molecules in solution. It is generally considered that it is this latter stage that is
slowed or suppressed ifrozen samples. There is currently also ongoing discussion surrounding
whether cryeSTEM might have benefits over conventional €REM in preventing or delaying some
beam damage and Russo and Egeftdiil] postulatedSTEM could find use in biological fields where

samples tend to be more beam sensitive.
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Figurel3: Anillustration of the main reactions that occur during the three stages of water radiolysis.
Upon beam irradiation immediate forration of ionised and excited water molecules occurs
(physical stage), these species then undergo a series of reactions (phghemical stage) to
produce highly reactive damage species which can then go on to react with each other and any
molecules captued in vitreous ice/water (chemical stagelReproduced froni110].

Evidence of beam induced damage to vitreous ice in-Gigbl is usually through the formation of
bubbles due to the alatile nature of some of the damage products (e.g). iH vacuum conditions
(Figurel4 (B)). Furthermore, crystallisation can occur under the electeam producing hexagonal

or cubic ice and once nucleated this can continue to grow under electron beam irradiation. Both these
phenomena will induce a rearrangement of nanoparticles within the vitreous ice away from the native

state.

Nevertheless, it isnbught the lower temperatures in cryBM can reduce the reaction rates of these

radiolytic processes and the slower diffusion rates of damage products in ice compared to aqueous
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liquid can limit the damage to a vitreous sample. Ultimately beam induced geimacryeEM could

be reduced in comparison to LCTEM.

Figurel4: Two cryeTEM images identifying some common technique artefacts. (A) shows cubic ice
(black arrow) and spheroid frost (white arrow). (B) shows bubbling of the ettus ice which occurs
preferentially first at the contact point between the vitreous ice and the carbon film (white arrow).
Despite these limitations crydEM remains a powerful tool in imaging biological soft matter systems

on the nanometre and angstrontale. Although bearmsample interactions do occur these are not as
complicated and are currently better understood than those occurring in LCTEM. The technique is
becoming increasingly used in the field of materials science where there are opportunia@plio
spectroscopic techniques (EDX and EELS) to frozen samples. This would allow the investigation of the
bio-nano interface of nanoparticles in the frozen hydrated state. However, the larger electron fluences
(see Chapter 8 3.4.3 for definitions of eletron flux and fluencedhat are often required to obtain

EELS and/or EDX data of appropriate signal to noise mean preservation of the vitreous ice can be
difficult. Nevertheless recent research has demonstrated that-amyalytical S/TEM techniques are

possible.
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2.3.6 Cryoanalytical S/ITEM

The earliest reference to cryanalytical S/TEM was by Oleshéoal.in 1998[112, 113]where they

used cryeEELS and cryeDX to characterise composite (AgBr,l) tabular microcrystals of photographic
emulsions. This was very early work and the suggestias that in cryo environments a scan time of

3 h was required to obtain meaningful data. No reference is given to electron fluertmEseybut it

would be predicted that significant damage to the sample would occur after 3 h electron beam
irradiation. More recently, Testeet al. [114] used cryeSTEMEDX to look at the formation of
amorphous calcium carbonate encapsulated within a liposome. Electron deess were observed

in cryoTEM within the liposomes and upon applying eS/BEMEDX these were confirmed to be
calcium rich, whilst evidence of calcium outside of the vesicles was not seen. It was predicted that
further study would achieve accurate charagsation of any phase transformations in the nucleation

and growth of calcium carbonate.

Quantitative information regarding electron dose or fluence was not included in papers untiewWolf
al.Q i 15] work on detecting phosphorus in vitrified bacteria. Here they used SEEKIto identify
regions within vitrified bacteria that were rich in phosphorus, suggesting these regions were
polyphosphate bodies which are common dense granules present in cell cytoplasm involved in storage
or regulation. To do this they used an electron flux of 16%e1@2.s at 200 kV yet the specific total
electron fluence was not provided and there was clear evidence of damage to the vitrified cell after
carrying out EDX spectroscopy. Nonetheless, the authors noted this but suggested the induced

damage was not detrimeat to their results.

Work has also been published which utilised eBELS. Kiet al.[116] studied the interface beveen

L2f eRAYSGKet &aAf2EFYS o6t5a{0 YR | O2LRf&YSNI 64
spatial resolution using a 12/&?2 electron fluence to carry out STERELS, identifying that the

copolymer is trapped in the PDMS over tens of nm. Thigabed that the interface was far more

diffuse than was observed and predicted by thigh angle annular dark fieldHAADIcryo-STEM
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image alone Figure 15). Further waok by Yakovlewet al. [117] looked at trying to optimise
experimental conditions to improve resolution. The main limiting factor of loss EELS is that any
beam interactions that lead to changes in the chemical properties of a sample, will likely be detected
in the low loss EEL spectra before any obvious indication of mass loss. They concluded that
improvements in reference damage spreccan allow electron fluences of 36/A2 at 200 kV to be

used even when damage may start to occur at 18%

M water M Copolymer M PDMS

jeounts Water wt%

0 10 20 30 40
Energy loss (eV)

PDMS wt% §ll Copolymer wt%

Figurel5: CrycEELS (low loss) spectra from pure amorphous ice (blue), pure polydimethyl siloxane
(PDMS) (greenand methyl acrylatemethyl methacrylatevinyl acetate (copolymer) (red). Spatial
elemental mapping is also shown for the corresponding spectra signdicating the copolymeiis
trapped within the PDMS over 10s of nnReproduced fronj116].

Recent work by Leijtest al. [118] demonstrated advances in using low dose eBfEM to look at
water and oxygen uptake in beam sensitive materials using electron fluences ofAd5te200 kV.

More advanced techniques have been used by Zachehah[119]to prepare ultrathin cryo samples
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using cryefocused ion beanscanning electron microscopy (FIBM) lift out, a process through which

an electron transparent lamellae is first produced using ¢(dBSEM, and is then transferred into the
TEM whilst maintaining cryo temperatures. Such thin samples can enhance contrast and in addition
using a direct electron dector cryoSTEMEELS was carried out on these lamellae which allowed high
spatial resolution mapping of a few nanomedron the positions of low molecular weight carbon,

oxygen and fluorineRigurel6).

Cryo-FIB

Dendrite
(type I)

Dendrite
(type I)

Li electrode

1
—

s

Figurel6: (A) An electron transparent cry®& 1B lift out lamellaeof a liquid electrolyte illustrating the
solid-liquid interfaces found in lithiummetal batteries (B) HAADF cryS8TEM imagig reveals

information regarding the size of the solidlectrolyte interphase (SEI). (C) CrgdEMEELS

w

StSYSydlt YFLLAY3I AyRAOF(GSa GKS {9L flr&a8NJFyYyR
300 nm (B, C). Adapted frofd19].

Ultimately there remains relatively few publications regarding high resolution spectral imaging of cryo
samples and fewer still garding its applications to nhanomedicinal or nanotoxicological studies.
However, every indication is that it has the capacity to be a powerful technique for characterising

materials on the nano scale in the hydrated state. Therefore, a significant ains &fiD is to develop

these methods and the first results are now publisheflL20].
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2.4 Project Aim

It is clear that progress in nanomedicine and understanding the toxicological impact of
nanotechnology is dependent upon a better understanding of the behaviour of nanomaterials when
dispersed in biological media. Therefore the ainthis project was to develom situanalytical S/ TEM

techniques to appropriately characterise hanopatrticle suspensions in complex biological liquids.

2.5 Objectives

A To develop cry¢"EM in order to successfully carry out EDX and EELS on frozen hydrated
agueots samples without significant damage to the matrix ice.

A To identify and characterise the bi@mno interface of suspended nanoparticlesitogitucryo-
analytical EM.

A To develop EM techniques which allow the investigation of the dispersion of a number of
nanoparticle types in common biological media and compare this to measurements from
conventional bulk DLS.

A To assess the impact of changes to the-fdmo interface of surface modified gold
nanoparticles on cellular uptake, genotoxicity and cytotoxicitiofaihg exposure to cells

vitro.

Summary

This chapter has introduced the main literature relating to this PhD project. Identifying the necessity

of understanding the behaviour of nanoparticles in biological fluids, either defined as the effect on
RAALISNBAZYS 2NI o6& AYGSNIOGAzya GKIEG Oy 200dzNJ I
understanding these interactions and dispersion could be advanced by implementing EM techniques.
However this can be limited by the vacuum requirenterof EM which require a sample to be dried.
Consequentlyin situtechniques that allow imaging and analysis of hydrated samples are necessary

and these are now increasingly being applied within materials science.
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The following chapters report on: the regials and methods used for the study (Chapter 3); the
experimental results relating to: the development of cigoalytical STEM techniques (Chapter 4), the
application of these techniques alongside automated EM imaging and analysis for the charagterisati
of nanopatrticles in biological media (Chapter 5) and the cellular uptake and effect of surface modified
gold nanoparticles and the influence of the protein corona (Chapter 6); and finally the overall

conclusions of this PhD alongside suggestions ofduttork (Chapter 7).
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Chapter 3
3. MATERIALAND METHODS

This chapter provides a detailed report concerning the materials and methodology used for the

research undertaken ithis project. Thorough procedures are provided for nanoparticle synthesis and
suspension preparation, alongside a discussion of a rangbarhcterisation technigues providing
both a background to the technique and information regarding how it was applied to the work carried

out in this project.

3.1 Nanoparticle synthesis

Barium titanate (BaT#pnanoparticles were synthesised @hydrothermal method[121, 122] A 1:1

molar ratio of barium to titanium was used with 19.75 g barium hydroxide octahydrat&? (Lo
MKBR6309V Sigma Aldrich), 5 g titanium (IV) oxide (Lot# MKB58073V Sigma Aldrich, nanopowder 21
nm particle size) and 6.6 g potassium hydroxide (Lot# BCBN9179V Sigma Aldrich) added to a Teflon
cup with 40 mL déonised (DI) water. The Teflon cup was tlesicased in a hydrothermal reactor and
placed in a furnace and maintained at 260for 72 h during which time barium titanate nanoparticles

formed. Once coothe nanoparticles were washed in dilute acetic acid (3 x) and Dilevater (1 x)
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by centrifugingat 6000 rpm for 5 mins before removing the supernatant andlispersing in the
appropriate wash solution. Once washed the nanoparticles were completely dried overnight in an

oven.Particles of 140 = 28m in diameterwere obtained with a square projectesthapein 2D

Zincoxide (ZnO) nanoparticles were also synthesisedavigdrothermal method[123] and three
different shaped particlesvere synthesisedods (Zn@A), platelets (Zn@) andellipses(ZnQC). For

all nanoparticles, 3.75 g zinc acetate dehydrate (Lot# MKBJ7078V Sigma Aldrich) was dissolved in 50
mL DI water and 50 mL 0.2 M sodium hydroxidaOH)Fisher Scidific Lot# 1335727) was added
dropwise to this. In order to synthesise the three different shapes the pH of the solution after the
addition of the NaOH was adjusted using NaOH pellets (Ragdelben, Lot# 60100) as follows: ZnO

A reachedpH 9.43 (desire®), ZnGB reachedpH 11.08 (desired 11) and Z1tt@reachedpH 12.9
(desired 13). The solution was placed in a hydrothermal reactor and kept & 120 12 h. After
hydrothermal synthesis the nanoparticles were washed in water (3 x) and ethanol (1 X) mith 3
centrifugation at 4500 rpm between washes. The nanoparticles were finatlispersed in ethanol

and dried completely overniglim an oven at 68C. The Feret diametewhich is the distance between
two parallel tangential lines on an object, was ma&asl for each shapeZnGA 1500 + 100hm, ZnG

B700 + 30nm and Zn@C300 + 10nm.

The synthesised nanoparticles were characterised usiay Miffraction (XRD) and FouriBansform
infrared (FTir) spectroscopy. The two instruments used were a Bruked\2®ced XRD and a Thermo

iS10 FTir. Characterisation confirmed correct synthesis of the desired nanopaRigle®17).
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Figurel?: Characterisation of synthesed barium titanate byXRDindicated successful synthesis of

cubic barium titanate had been carried out

3.2 Nanoparticle suspensions

The focus of this project was to characterise nanoparticles wheredisd in complex biological
suspensions. Throughout the course of the project a range of different nanoparticle systems were
used. These werehe synthesised BaTi@nd ZnQletailed in section 3.1, gold nanorods coated with
polystyrene sulfate (AESS)kindly donated by Lucien Roaemd synthesised and coatedia the
protocols in[124, 125] andcommercially sourced-e0s (primary particle size 40 nm; Fluka Chemika,
Lot 40095/1 22/00), & either uncoated (primary particle size 30 nm; 5 mg/mL p®;HLot#
MKCC8126) or coated with PEG (Primary particle size 30 nm; 1 mg/n@;ihdté MKBZ0374V) or
carboxylic acigCOOH) (primary particle size 30 nm, Sigma Aldrich; 5 mg/mDijrLbt# MKCD1194),

SiQ (nanospheres 100 nm primary particle size; AngstromSphere Fiber Optic centre), Au coated with
PEG(molecular weight (MW) 5000) and either amifwnctionalised (primanparticle size 30 nm;
Sigma Aldrich; 2.46 mg/mL; Lot# MKBX4831V) or méthylinated (primary particle size 30 nm;

Sigma Aldrich; 2.46 mg/mL; Lot# MKBZ8832V),, Qa@nary particle size 10 nm; Joint Research
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Centre, NM211), ZnO (primary particle size-20 nm; Nanotek, ZH1 121 W), atwre-shellgold-silver

(primary particle size 20 nm; Sigma Aldrich; Lot# MKB19138V).

The rationale behind choosing these different nanoparticle types stemmed largely from their links to
possible applications within nanomieihe. BaTi@nanoparticleshave been identified as potential
biomarkes [126] and both FeOs/Fe;O, and Au nanoparticles have been studied extensively for
applications in medical imaging, 14] In addition, ZnO and Ce®@anoparticles have been studied

not only in terms of potential use in medicine but also with regards to their potential toxXi2].

This primarily stems from the electrochemiqabperties of these nanoparticles causing them to
undergo dissolution within certain biological environmgfit28, 129] This dissolution is a common
mechanism of nanotoxicity whereavy metal ions can cause the formation of ROS within cells driving
cytotoxicity (cell deathj130]. Consequently, understanding the behaviour of all these nanoparticles
within different biological media is importarih order to advance th safety and efficacy of these

nanoparticlesvithin medicine.

For initial method development simple model nanoparticle dispersions were used whereby
nanoparticle systems were dispersedDhwater. More complex systems of hanopartgldispersed
in biologcal media (such a8CM were then used to apply these developed methods in order to carry

out important characterisation of nanopartidéen complex matrices.

3.2.1 Model nanoparticle suspensions

A model system of four nanoparticles dispersed in water was prepared with the following
commercially sourcedonsituents:pn >3k Yf ANRBY O6LLLUO 2EARSZ wmnn
2EARS | YR rsilver coeshallhanapatticlés in Dwater. This system was used for the
majority of the work reported irChapter 4 A second model system of silica nanopatrticles dispersed

in DI water at 100 pg/mL was uséar development and validation of an automated imaging and

analysis protocol detailed inh@pter 5.2.
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3.2.2 Nanopatrticle dispersions in biological media

To understand the behaviour of nanoparticles in biological fluids a number of different nanoparticle
systems were dispersed in a range of different biological melim commonCCMwere used,
Dulbe®© 2 Q& a 2 R mmédla &RIENFharin&Fisher ScientificLife Technologiesnd Roswell
ParkMemoriallnstitute (RPMI) 1640rhermo Fisher Scientiftd_ife Technologies)hese werausually

supplemented with 10%BSSigma Aldrichgnd 5% penicillistreptomycin(Sigma Aldrich)T@ablel).

Tablel: The main constituents in DMEM and RPMI supplemented with 10%[BBS

Classification Components details DMEM + 10% FBS RPMI + 10% FBS
Amino acids Total (mM) 10.66 6.44
Vitamins Total (mM) 0.15 0.24
Cations Sodium Na (mM) 155.31 124.27
Potassium K (mM) 5.33 5.33
Calcium C4 (mM) 1.80 0.42
Magnesium Mg  (mM) 0.81 0.41
Iron F&* (mM) 0.25 n/a
Anions Chloride CI (mM) 117.47 100.16
Bicarbonate HCO (mM) 44.05 23.81
Sulfate S® (mM) 0.81 0.41
Nitrate NG (mM) 0.74 0.85
Phosphate P& (mM) 0.92 5.63
Proteins Total (g/L) 3.004.50 3.004.50
Serum albumin (mM) 0.05 0.05
h-Globulins (g/L) 0.30 0.30
i -Globulins (g/L) 0.27 0.27
1-Globulins (g/L) 0.07 0.07
IgG (mM) 3.56 x 1% 3.56 x 16"

In addition, two lysosomal buffers were used for nanoparticle dispersion analysis prepared as
described by Soenegt al.[51] by making a 21 sodiun citrate solution in phosphatbuffered saline
(PBS) aah diluting inCCMin a 1:1 ratio. The pH was then adjusted to 5.5 and 4.5 using 1 M HCI to

mimic the pH found itate endosomeand lysosomes respectivgli31].

Simulated body fluigSBFyvas also used asnanoparticlesuspension media and prepared following
the protocol outlinedoy Kokubeet al.[132]. For the preparation of 100 n&BEF70 mL ultrgpure DI
waterwas placed in a water bath and heated to 36.5%C.5Reagents-& (Table2) were then dissolved

in the order presented ensuring thgior reagent was fully dissolved before adding the next. Once all
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the reagents were dissolved the solution was made up to 90 mL witkafer. Whilst maintaining a
temperature of 3538°C, tris-hydroxymehyl aminomethane (Tris) was added slowly to increase the

pH of the solution to 7.3+0.05, at which point the temperature was maintained at 36 5x@bd

further Tris added to bring the pH to 7.45+0.01. The pH was then lowered to 7.42+0.01 using 1 M HCI.
The remaining tris was added alternately with 1 M HCI ensuring the pH remained between.Z42

at all times. Once all the tris was dissolved the temperature was adjusted to 36°G+8nd the pH
adjusted to 7.4 using W HCI. The solution was then pourido a 100 mL volumetric flask and made

up to the mark. Once cooled to ZD thevolume of thesolution was topped up to the mark if it had

reduced whilst cooling.

Table2: Reagents used in preparation &BF Reagents added in therder shown in table.

Order Reagent Amount

1 Sodium chloride 0.8035¢

2 Sodium hydrogen carbonate 0.0355 g

3 Potassium chloride 0.0225 g

4 di-potassium hydroger 0.0231 g
phosphate trinydrate

5 Magnesium chloride 0.0311 g
hexahydrate

6 1 M Hydrochloric acid 3.9mL

7 Calcium chloride 0.0292 g

8 Sodium sulfate 0.0072 g

9 Trishydroxymethyl 0.6118 g
aminomethane

10 1 M Hydrochloric acid 005 mL

3.3 Electron microscopy

The electron microscope was invented in 1931 by Ernst Ri8Bhalongside Max Knoll and provides

the ideal capabilities to carry out high spatial resolution imaging and clearsation of nanoparticles.
Thereare two fundamental types of electron microscope; the TEM which can prquigiected
internal structure information and the scanning electron microscope (SEM) which can provide surface

morphological informationin contrast to optical microscopy, electron microscopy utilises a beam of

KAIK SySNHe& StSOiNRyao {AyOS SySNHe& 0690 Aa LINELI
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electrons is much smaller than the wavelength of lower energy light. It is this smallengtrekthat

enables very high resolving power within the electron microscope.

Assuming a perfect lens systethe minimum resolving distance of a TEM can be defined using the
Rayleigh criterion. A single point source is imaged serias of rings known asiry discgather than

a single point due to diffraction occurring at the outermost edges of a letige discs from two point
sources overlap then they cannot be distinguished and are not resolvab&Rayleigh criterion
defines theminimum resolution limit of a microscope as the point at which the first diffraction
minimum of one point source overlaps with the maximum intensity diffraction disc of a se€myuie

18) [134].

Resolved Rayleigh critericn Un-resclyved

[
© O ©

Figure18: A sshematic illustrating the Airydisc phenomenon of diffractiodimited resolution for

incoherent illumination. The Rayleigh criterion states that the minimum resolution is the point at

which the minimum first diffraction of me disc overlaps with the maximum of another. Adapted

from [134].

However, the Rayleigh criterion applies only to incoherent illumination, yet high resolution TEM

utilises coherent illumination. Here the resolution limit can be more appropriately definguebdbbe

formula (Eq. 3.1), where disresolaty’ | YR b! GKS ydzYSNAROI t | LIS NI dzNB
GKSNB y A& (KS NBTNI Ol A gé&gleoftiedehs. UsiyigRhisappiodimatiok S O 2 €

for resolution clearly indicates that shorter wavelength electrons (~ 00001 nm) compeed to
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light (green light; 400 nm) will have a far greater resolving powldevertheless the high resolving
power of EM is at the expense of using a very high energy beam which can cause significant damage

to specimens.

H —. (3.1)

3.3.1 Electron beam

The electron microscope requires an electron source to create a beam of electrons. There are three
common sourcegungsten or lanthanum hexaboride (LaBlamensor a field emission gun (FEG). A
heated tungsten or LaRlectron gun are both thermionic @nworkby passing a current throughe

filament by applying a high voltage which causes electrons to be releksethdern TEMs theaB

gunis the only thermionic gun used sinceéfjuires a much lower energy to instigate the release of
electrons. Comaratively a FEG operates by having two anodes positioned below a negative FEG tip.
The first anode has a voltage applied that is sufficient to extract electrons from the FEG tip and the
second anode accelerates these electrons down the colii®8]. There are two types of FEG, either

cold FEGs or Schottky FEGs. Cold FEGs opegatiient temperatures and therefore require ultra

high vacuum to maintain a pristine tip. In comparison Schottky FEGs are thermally assisted FEGs which
allow electron emission in poorer vacuum conditions and treatment of the tip with Z@improve

the emission characteristics. Both cold and Schottky BlE€&@dvantageous over other electron guns

since theyare brighter anchave smaller energy distributions which improves resolut©@hthe two,

cold FEGs have a smaller energy spreaglaaftrons but the requirement for ultraigh vacuum can

be expensive and require skilled users whereas Schottky FEGs have a larger energy spread but typically
the beam is more stable over tim&he microscopes used for the work presented in this thesigwer

all fitted with SchottkyFEGs.

3.3.2 Electron scattering

Fundamental to the operation of the electron microscope is the interaction between the electron

beam and theatomsof the sample being imaged. The interactions between the electron beam and
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the electran cloud and/or nuclei of the sample atoms results in electron scattering which is the
prerequisite for any imaging, diffraction or spectroscopic analysis that can be carried out using EM
(Figurel9). There are two types of scattering; elastic or inelastic and these refer to scattering that is
either accompanied by no loss of energy (elastic) or accompanied by some measurable amount of
energy loss (inelasti§)}35]. Scattering can further be defined by being either coherent or incoherent.
Coheently scattered electrons remain in phase whilst incoherently scattered electrons have no phase
relationship. Elastic scatteririg transmission is dominated bBgw angle forward scattering evesit
caused byCoulombic interactions between the electron beaamd the atoms in the ample. Itis
important in providing image contragteferred to as diffraction contrastand also in diffraction
analysis. Typicallif a specimen is very thin then low angle elastic scattering is coharghthis can

lead to phaseontrast in the image where diffracted and undiffracted electrons interfere in the image
plane Inelastic scattering refers to electratectron interactions and is usually incohereiihe
electron beam interacts with the electron cloud around the atomiwlei of the sample causing
excitation of electrons to higher energy levels and possible ionisation of atfimessubsequent
relaxation of electrons in higher energy shells to fill vagmatind stateholesresultsin X-ray emission.

This inelastic scatterg can be utilised for spectroscopic analysis (see section 3.3.5). Alternatively,
Auger electrons can be emitted in place afXs, these tend to have very low energies so are generally
emitted from the surface of a specimen and are typically favourdg onthe lighter elements with

small binding energies.
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Incident electron
beam

Backscattered and
secondary electrons

(Important in SEM)
X-ray photons

Auger electrons v\
\ 4

Incoherent elastic
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(nuclear)
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Inelastic scattering

Coherent elastic
(electron-electron)

scattering
(electron cloud)

v
Un-scattered beam

Figurel9: A £hematic showing the different types of electron scattering that can occur in TEM (and
SEM) imagingReproducedrom [135].

3.3.3 Lens aberrations

I LISNFSOG tSya ¢2dZ R 6S FtofS G2 | OKAS@®S GKS NBa:
EM operating at 100 kV and a collection angle of 0.1 radians would be 0.02 nm, wé#fiergtomic

scale[134]. Howeverin reality lerses are imperfect and resolution is limited by lens aberrations. The

main aberrations in TEM are astigmatic lenses and chromatic and spherical lens aberrations.
Astigmatism is a common lens aberration which occurs due to theundorm nature of the
elecromagnetic field within the lens. The focal points of an electron beam passing through
perpendicular points in a lens differ. However, most TEMs are equipped with stigmators which can

easily correct astigmatism of a lens. Spherical aberrations relateetontiperfect nature of a lens

whereby electron waves are bent to a higher degree at the outer edgegsire20). This variation

means the focal point becomes spread outblurred and is described as the disc of least confusion;

that is, the smallest circle that all the electron beams pass throbgu(e20). The degree of spherical
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aberration is defined byeqg. 3.2where Gis the spherical aberration coefficiemthich is usuallan

inherent value for ajivenmicroscopewhich defineghe resolution limitandh A& GKS G2t f SO .
angle Spherical aberrationcan be correcied but this requires additional lenses controlled
computationally to be added to the microscope. These referred to asaberration corrected
microscopesand benefit from an improvedesolving pwer [134, 136] Chromatic aberrations relate

to the lenses not coping with theariation in energy of the electrons emitted from the electron gun.
Lowerenergy electrons tend to be betty a magnetic fieldo a higher degree. This variati@gain

results in a disc rather than a focused point of converging electron paths and limits resg@higjare

20). The extent othromatic aberrations i.e. the diameter of the disc of least confusighdan be

- =

definedbyEq. 3.3 KSNB h Aa l(rkfge@2taf 606ABF ¥STFYSNHE&Z n9 A
of the beam and G is the chromatic aberration coefficient. Some TEMs are fitted with
monochromators which act by using an energy selective slit and reduce the spread of electron

energies travelling down the column and thereby regltive effect of this lens aberration.

A (3.2)
"M, "’ij/':yv’* (3.3)
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Spherical aberration

Disc of least confusion

Chromatic aberration

Figure20: A shematic showing two common lens aberrations in TEM, spherical and chromatic
aberrations. Spherical aberration@op) cause electron waves to be bent more at the periphery of
the lens. Chromatic aberrationgbottom) relate to the variation in bending of @ctrons due to

differences in energy whereby lower energy electrons are bent to a larger extent.

3.3.4 Transmission electron microscopy

As the name suggests, in TEM the electron beam passes through the sample. Conventional TEM
(CTEMuses a parallel beam ofegitrons which passes down the column through a series of condenser
lenses and throughcondenser apertureNigure21). The condenser lenses are electromagnetic lenses
composed of a series of copper coils, and by controlling the current flowing through the copper coils
the focusing effect of the lens on the electron beam can be altgk&d]. Once focused the beam then
passes through the sample and interactions take place resulting in either elastic or inelastidragatte

as described previously. Imaging can be carried out using bright field (BF) or dark field (DFBfRodes.

imaging employs an objective aperture that collects the direct unscattered electronscatigring
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objects appear dark on a bright background. Comparatively DF imaging involves an inversion of
contrast (objects appear bright on a dark background) and can be carried out in two ways, either by
employing an objective aperture displaced around a diffraahkmttron beam or by tilting the angle

of the incident beam so that diffracted beams are collected in the objective apditG&.

Condenser lens 1

Condenser lens 2

Condenser aperture

I I Scan coils

Pre objective lens
—— Sample

Post objective lens

Objective aperture

Intermediate lens

Projector lens

] Viewing platform

Figure21: A <hematic of a TEM using a twin objective system operating in the BF mode with a
parallel beam of illumination.

There are three main contrastechanismsn TEM imaging:
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a. Massthickness contrast

Thiscontrast mechanisnoccurs due to scattering between the electron beam and atoms within the
sample.The extent of this scattering is dependent on the mass of the atevhere heavier atoms
scatter electrons more strongly than lighter atonmie addition thicker or denser regions scatter
electrons more strongly or cause multiple scattering to occlectebnsscatteredto higher angles are
blocked by the aperture and thuseavier atoms and thicker regions appear darieigure22(A))
[137].

b. Diffraction contrast

For samples with crystallinitglectron diffraction becomes a highly valuable techniqueaeHigs more
appropriate to describe the incident electron beam and transmitted electrons as waves rather than
particles. Crystalline samples are highly orddred latticeand contain columnand planeof atoms
referred to as lattice planes. A specimafithe same mass and thickness can exhibit contrast variations
due to the orientation of the crystalline materiedlative to the electron beam as thiesults in some
regions scattering electrons more strongly than others and appearing daFiguré 22(B)). The

orientation at which diffraction is greatest iS&dF A Y SR 06 & (i KeBwhereNd=3h@ ordleyall f S

L

(0]

NEFESOUA2yS < T ¢ @§bcBy (B XK4). ConsequBntly, thelBKagy adgnyi i A O S

small andon the mrad scaldor picometre electronwavelengtts [138]. Diffraction contrast can be
valuable in analysing faults or grain boundaries in crystalline mag§tiar].
i H1ial  (3.4)

c.Phase contrast

Phase contrast is sometimes referred to as high resolution (HR@raMitilises theinterference
between more than one diffracted wave and the transmitted beam. It allows direct imaging of the
lattice planes within a sample and can therefore provide information about atomic pos[ti37$
Phase contrast imaging is carried ouhagh magnifications and uatly without an objective aperture,
allowing all diffracted waves to be collected and a subsequent interference pattern to be obtained

(Figure22(C)). The extent of under or over focus plays a vital role in phase imaging al@msideen
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thickness andpherical aberrations inherent to the microscope. The Scherzer foqusF(Eq.3.5)
defines theoptimum defocus condition necessary to allow &nRRA G A2y f ~kH LIKI &$
objective lens and equates to the point at which the microscope is operating at the highest

performance[139].

ey

Figure22: Examples of the three imaging contrast techniques in TEM. (A) A mixture of ZnO; Fe

and CeQ@ nanoparticles illustratingmass thickness contrast such that the ceria nanoparticle
agglomerates indicated by the black arrows appear darker in comparison to zinc oxide and iron
oxide. (B) Diffraction contrast indicated by the variation in contrast between Bali@noparticles

due to different orientations of the crystals on the support film. (C) Lattice imagela®, orientated

along the [111] anatase plan@aken by Dr ABrown).

For the work carried out during this project two TEMs were used; an FEI Tecnai F20 operating at 200
kV, fitted with a Gatan Oriushargecoupled device (CD camera and an Oxford instruments 80 mim

X¢ max EDX detector, and an FEI TitBimemis G2quippedwith a monochromatooperating at 300
kVandfitted with 4 EDX silicon drift detectors, a Gatan ©fiewCMOS camerand a Gatan quantum

ER 965 imaging filter.
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3.3.5 Scanning transmission electron microscopy

The parallel beam in TEM can be changed to a focpisgae which can be scanned across the sample

by use of scanning coils within the microscopg(re21), this technique is known é&8TEMA STEM
detector is positioned &low the sample and can detect transmitted electrons producirsg@ally
collectedimage(Figure23). There are three imaging modes within STBMannular dark fieldADF)

and HAADF These detectors detect electrons scattered to differing angles, the HAADF detector
gathers electrons at angles >50 mrads off axisvaas used for the majority of the STEM work carried

out in this project. It offers the ability to carry bhigh resolution Z contrast imaging due to the high
collection angles whicltare dominated by Rutherford scattering and minimiBeagg scattered
electrons. The ADF and BF detectors collect electrons scattered to smaller angles with the ADF
detectorcolleck y3 4 Fy Fy3tS NIy3aS 2F wmnfrifpn YNI RA
detectors can be usefldbr phase contrast imaging and with appropriate ¢dte the detection of

lighter elements, due to the lower scattering angles. Of further importancthés ability to carry out

high spatial resolution elemental analysis through baiXspectroscopy and EEILE35]

Focused

HAADF
detector

detector

BF
detector

Figure23: A hematic ofa STEM detector for HAADF and ADF imaging. Adapted {i5].
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3.3.6 AnalyticatfSTEM

Both EDX spectroscopy and EELS utilise inelastica scatteringln EDX spectroscoplye photons

or Xraysreleased as a result of inelastic scatterarg detected by EDX detectors positmabove

the sample and each possible transition is identified according to the naming structure set out by
Chales Barkla and illustrated Figure24[135]. The associated energy differenmiseach transition is
unique to an atom and therefore the energy of the releasadyé are characteristic of each chemical
element. Consequently, EDX spectrogcqpovides spatially resolved elemental information from a

specimen Figure25).

Incident
electron

Excited
electron ¥~

M Lc(l LtIZ

W photon
release
Yy v
Ka Koz Kﬁ

Transmitted
electron

Figure24: A hematic showing theslectron-electron interactions that occur between the electron
beam and the electron shell around atoms of the samjieEM imaging Thesdnelastic interactions
cause innesshell electron excitation this in turn results insubsequent outer-shell electron

relaxation andthe release of detectable<-rays

55



Chapter3: Materials and methods

500 ’ |
400
ZnK
% | '
~ 300+ ‘ I
= 1 ‘\
2
§ ‘
£ 2004 ‘
1 ‘ CuK,
100—““" ceL, FoA f |
‘; il ﬂCeL | | znk,
1 ' FeK \
0 \ \'*W\"'IW“‘W\‘»WMI«M’ W \M. “ k\J
0 2 4 6
Energy / keV

Figure25: A HAADF STEM image and an EDX spectrum taken from the image area of a specimen
prepared from a suspension of ZnO,Be, and Ce@nanoparticles dispersed in water.

The second analytical technique is EELS, wdnepectrometer andetedor sit below the sample and
measurethe energy loss of the incident electrons. The transmitted electron beam passes through a
magnetic prism which bels the electron beam through 90This causes the electrons to disperse
according totheir transmitted energy with the higher energy electrons i.e. those that have not
undergone inelastic scattering, bent to a smaller extent. dispersedbeam then passs through a
number of multipole optical elements and is focusedoma CCD detectoF{gure26). It is not possible

to collect an entire energy spread spectrum at oniostead the acquisition conditions are optimised
such that specific energy ranges pertinent to the sample being investigated are collected. These
conditions are achieved by adjusting for example #pectrometerentrance aperturethe CCD
channel dispersion anspectrometerdrift tube voltage. A dual EELS system was used in this project
which enablestwo spectra of differing energy rangés be collected at onceonsecutivelyln a thin

(< 100 nm) samplene majority of electrons do not uralgo any inelastic scattering and hence the
zero loss peak (ZLP) i.e. those electrons that have no associated energy loss is by far the strongest
peak(Figure27). Theplasmon pealat very low energy loss of ~BD eVcorresponds to interactions

of the beam with the outermosvalenceelectron shells of the atoms and can provide information
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regarding the band structure and specimen thickri@d®9]. For elemental analysis it is the interactions
with the inner electron shells known as the core electrons that can give rise telaggeedgest
energieswhich arecharacteristicfor different elements. In addition through a technique known as
electron loss near edge structure (ELNESkH®micaloxidation state of atoms can be determined by
probing the empty atomic orbitals positioneist above he Fermi level [141]. EELS is often
advantageous over EDX if lower atomic weight elements are prémmause the crossedions for

detecting these events are larger in EF142-144]

| | Entrance
apertures

Prism
~a

Electrically Multipole optics
isolated drift ccb

tube

Figure 26: A hematic of an EELS detector system, indicating the prism through which the

transmitted beam is bent, multipole optics and the CCD.
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Figure 27: Two EELS spedrobtained from a sample prepared from a BaTiOnanoparticle

dispersion showing an example of a zero loss peak, plasmon peak and core loss edge)(Thset).

3.3.7 Automated STEM imaging

In order to generate a ptocol through which large, statistically relevant numbers of images could be
collected using EM an automated STEM imaging protocol was set up. For this an FEI Helios GA CX
dualbeamSEMequipped with adarkfieldSTEM detector was used. An automated imagicript was

written using FE iFast Developer software which allowed automated imaging of @TmeM grids.

The script was written with an auto focus step to ensure image quality and in order to maximise the
area available to image, 200 mesh TEM gt a continuous carbon support filnere used. Once

written the automated imaging script could be set to run over multiple days allowing image datasets

of >1000 images per sample to be collected.

3.3.8 Negative staining

Negative staining is a common techniqueed to enhance contrast when imaging lighter element
specimenstypically carborbased materials such as proteins and polynj&as, 146] The technique
works by applying a heavy metal stamthe grid, which will adhere to areas where no sample is

present causing greater contrast between the low molecular weight specimen and grid background
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[147]. In this work a 2% uranyl acetate stain was used. The sample was drop cast onto a plasma cleaned
TEM gridand dried before a drop of the uranyl acetate staias placed onto the grid. Through
optimisation staining for 45 seconds was shown to provide the cleanest results. After this time the
stain was wicked away with filter paper and the grid left to dry fully before imagiggre28 shows

an example of two negatively stained grids prepared by dragting either a suspension of:Bg
nanoparticles coated with PEG or uncoated@zenanoparticles prior to negative staininghe low
contrast polymer coating is clearly visibfegure28(A)) after the uranyl acetate stain has been applied

whilst no contrast variation was observed for thecoated sampleRigure28(B)).

Figure28: Two samples negatively stained, (A)s:Pe nanoparticlescoated with PEGnd (B) FeOs
nanoparticlesuncoated. Negative staining provides contrast for the polymer coating around the

nanoparticles in (A) which is otherwise not visible in untreated grids.

3.4 In situelectron microscopy

Electrons are strongly scattered by gases and as such caenetrate through air. This means in
order for electrons to pass through an electron microscope the system must be witdzhigh
vacuum. These vacuum requirements mean samples must be dried before loading into the microscope
[134]. However, the need to dry soft matter or liquid samples before imagimbanalysis means the
samplesare ro longerin the hydrated state, andesultscan be heavily influenced by drying artefacts

[81]. Congquently, a large field of TEM is dedicatedrisitutechniques which allow imaging in the
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native state. Here nanoparticle suspensions were analysed usinig sitoitechniques; cryel EM and

LOEM.

3.4.1 CryogenieTEM

CryeTEM is a powerful tool for the ingggation of dispersions and soft matter. Briefly, hydrated
samples are rapidly plunge frozen in a cryogen in order to capture the sample in a layer of electron
transparent vitreous ice. This process of rapid vitrification ensures the liquid sample tusechjot its

native state, i.e. without the occurrence of any drying artefacts such as thespersion omaterials

in the suspending medium. In order to form vitreous ice the temperature must drop bdl3®C at

a rate faster than 19°C/s[94]. For this to be achieved an appropriatgogen must be used. Although
liquid nitrogen is readily available and has a temperature of 77K (well below that required to form
vitreous ice) it is a poor cryogen due to its very low heat capacity, resulting in poor vitrification as the
sample at room emperature substantially increases the temperature of the surrounding liquid
nitrogen and slows the freezing process. In comparison liquid ethane has a much higher heat capacity
and therefore acts as a better cryogen and was used for the cryogenic woiddoaut in this project.

An FEI Mark IV Vitrobot© was used for the preparation of the plunge frozen grids. The vitrobot
chamber is both temperature and humidity controlled to ensure reduced evaporation of the sample
once loaded onta TEMgrid. A temperatire of 12C and a humidity of 100% were set for all sample
preparations. A 3.5 pl drop of sample was loaded onto either a Quantifoil or lacey carbon coated grid
(EM resolutions). Once loaded the sample was blotted using a blot force setting of 6 to form a
layer of sample on the grid before being rapidly plunge frozen in liquid ethane. Once frozen the grid
was transferred to a Gata®@l4 cryoTEMholder and maintained at <165°C (monitored using a
temperature probe) to ensure devitrification of the idé&d not take place and the sample could be

transferred into the TEM anidhaged in the frozen hydrated staf#48, 149]

To minimise damage to the vitreous ice during elfEM imaging, a flux of < 10 &@Awas used unless

otherwise stated. Considerable cramalyticalSTEM was carried out using cfgPX and cry&EBS.
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This is a novehpplication of spectroscopgnd a thorough reports presented in Chapter which
detailsthe conditions required to ensure successful hanoparticle dispersion characterisation can be
carried out without significant damage to the vitreaas. In brief, for all cryanalytical STEMnalysis

a probe current between 4200 pA was used andrminal probe diameter of 1.4 A. No stfiixel
scanning was employed. For cf&LS analysis either ELNES or spectral imaging (SI) was used. The
acquisiton conditions for the two techniques needed to be varied such that for ELNES, highasignal
backgroundHiRes) conditions were employedth a 2.5 mmspectrometer entranceperture and

no binning and in order to maintain the vitrified ice structure tleam was continually scanned across

the entire image area and signal collected from the whole area scanned.,FogtSkpeed; high
signalsettings (HISNR) were used such that a 5 mm spectrometer entrance aperture was employed

alongside 130 times vertithinning.

An alternative approach for native state analysis has lmmonstratedby Hondowet al.[102], and
was used for some of the worlaied out in this project. This procedure utilised the same plunge
freezing preparation protocol as described above but incorporated a warmingusté@r vacuum
after plunge freezing using a vacuum desiccator. The warming process does not akkeptaed
position of nanoparticles im blotted and frozerdispersion and therefore allows dry samples that
remain representative of the nanopatrticle dispersion to be imagidout the need for more complex

in situTEM methods.

3.4.2 Liquid cefTEM

An alternative 6 cryo TEM for native state EM is the use of liquid cell hol{&s8]. TypicallyLCTEM
refers to the use obtate-of-the-art liquid cell holders, where a liquid is sandwiched betweawo
silicon membrane windows and sealed from the vacuemthe TEMallowing direct imaging of the
liquid within the microscope. Here we have used an alternattegic liquid cell commerciallgold as

a K-kit provided by Bienatek. These are single usells with a micro channel between two silicon

nitride membranes that form a central window faTEM Figure29). Two different micrechannel
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gap sizes of 200 nm and@Dnm were useéachwith 30 nm silicon nitride windos The sample was
loaded into the Kkit via capillary action for 1 min and then the channel ends sealed tigmgpoxy
glues Figure30). The Kkit was then mounted ort a specially designed copper grid with a hole in the
middle Figure30). The glue was set under vacuum for 1 hour and then left overnight at ambient
pressure to dry cmpletely before the assembledit could be loaded into a standard TEM holder
and direct imaging in the liquid state could be carried out. In addition an alternative prepatation
the Kkit known as thin layer or dry mode exists whereby the micro charmnélled formerly of
suspended media but thehannel endsare not sealed. This means the liquid dries under vacuum
leaving a thin layer adhered to the windows. This drying procedure maintains theoposftthe
nanoparticles in suspension thereby predag the native state of the suspension, but meamy
remainingliquid undergoes far less interaction with the electron beam which can redugas bubble
formation and other electron beam damage to the sample. In addition the much thinner liquid layer

allows greater resolution imagind51].

EDX spectroscopy could be carried out on flgeidl samples loaded in the-lit. Conditions were
optimised to obtain sufficient counts such that when using the 4 EDX silicon drift detector system (FEI
¢CAGFY0 GKS ail 2% inarbed to fedutelsBaBowitigeeffetsdionly the 3¢ EDX

detector was used. Signal was further improved by focusing on the lower section of the silicon nitride

window ifanappropriate sample was present.
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Silicon nitride
membranes

Micro-channel

/ (200 or 2000 nm)

Epoxy glue
seal

TEM observation
window

Figure29: A hematic of astatic liquid cell K-Kit) showing the silicon nitride membrane window,

micro-channel and glued ends.

Unpack Mount Touch carrier Seal ends Mount on a
K-kit in holder on drop with glue TEM hole grid

Figure30: The process of preparing, loading and sealing thkitstatic liquid cell. The liquid sample
was loaded via capillary action for one minuteefore sealing the ends of the channel with epoxy

glue and mounting the window onto a custom designed copper TEM driepproducedrom [151].

3.4.3 Electron fux andfluence calculations

Beam interactions occur between the electron beam and the sample during TEM imaging and analysis
and these tend to be more prominefuar in situTEM. All work reprted in this project is provided with
appropriate reference to the flux and/or fluence used for acquisition. These values have been

calculated from the following equations.
ForCTEM analysis,

"Hi "HHHI TITHIRB'H  "EFA  (3.6)
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"HI"BHT THD T8j B 81 "Hi "1 "HT "HBH)
WhereN: is the sum of electrons in the electron image, taken from Gatan MicroscopysSfiieare

(v.3.0.1) Ais the total image area in?&ndt is the image acquisition time in seconds. Using the Gatan

OneView CCD also allowed pset total fluence images to be collected.

For STEM analysis two electron fluxes were used, the localised electron probe flux which is received
at each pixel during soining, defined as,FEq. 3.8and the more regularly reported averaged flux F

(Eqg. 3.9Whichis the flux averaged over each pixel in the fraimeeit takes into account the period of

time the pixel is not illuminated. In the following equatidristhe probe current in C/€=1.602 x 10

19C and is the elementary chargéthe electron A, is the area of the 1.4 diameterscanning probe

and A is the total frame area.
& "Hj B 8l g "B (3.8)
&yn"Hj B 8l § "HAy (3.9

For fluence calculations in STHY. 3.10vas used, whergis the dwell time andl the pixel size. This
refers to the fluence per pixel and is equivalent to the fluence per frame. In order to calculate total

electron fluence for a mulirame scarEquatian 3.10was multiplied by the total number of frames.
"Hi "HHHI TI THTHHEH €JTFH (3.10)

3.5 Bulk analysis

Bulk analysis was used to provide further characterisation of nanoparticle suspensions and as a

comparison to EM analysis, sjifezally in validating novel automated imaging and analysis techniques.

3.5.1 Dynamic light scattering

A Malvern zetasizer nanoseries ZS was used to carryDa@for hydrodynamicparticle size
measurements. Within a dispersiosiispendedparticles undergo Bromian motion the velocity of

which is dependent upon the particle sizBne larger the particle the slower the Brownian motion.
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This direct correlation is related mathematically to the hydrodynamic diameter through the Stokes
Einstein equationEq. 3.1) where d, is the hydrodynamic diametergls the Boltzmann constant, T

Ad loaz2fdziS GSYLS the suszdiiBing madiad D isdhe &absasiohal diffusion
coefficient.In DLS analysis, a laserst®nethrough a liquid sample, and a detectpositioned at a

specified angle to the laser measures the scattered light intensity; for this work’aagke was used

(Figure31). The detected light is then processed through a correlator which measures the light at time

G FYR GKSYy (bt G Gbu1 G SG0 ¢ K&ryEBpartclesdténd @ yhovel KS Y I
Y2NB aftz2gte |yR (KSe erReay @difreqirdiiias asteidvizg Emalierk S f | &
particles. This means there is a difference in the correlationugdime plot of different sized particles

where larger particles will show @rrelationplot that drops off more slowly. Using the correlation

function thisinformation can be transformed in order to obtain tiparticle diffusion coefficient and
consequently using the Stok&snstein equation a particle size distribution ptain be obtainedThe

Raleigh approximation states that the intensity of scattereltlig proportional to §where d is the

particle diameter, hence larger particles dominatBLS intensity distsution plot. Using Mie theory,

volume and number size distributions can also be calcultted an intensity plowhich can dispel

to some extat the bias toward larger particles. Where comparisons between EM and DLBadata

been carried ouhere,number and/or volume size distributions were preferentialged[152, 153]

WS (@34
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Figure31: A £hematic ofa Zetasizer used to carry oltLSneasurements to obtain sizdistributions

of particles in suspension.

3.5.2 Zeta potential

The surface of nanoparticles can often be charged and as a result when dispersed in solution, ions in
the solution of opposite charge to the nanoparticle surface are attracted to the nanopariile v
electrostatic forces and form a strongly bound layer around the nanopartictesyn as the @rn

layer. More weakly bound ions thenrin a diffuse layer around thee3n layer and the two layers
combined are known as the electrical double layer. Tha petential is the electrostatic potential at

the boundary of this double layemd the surrounding mediand an understanding of this property

for nanoparticles is useful foassessingolloidal stabilitysince higher magnitude potentials can

provide sigificant electrostatic repulsion of neighbouring partic(Egure32).
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Figure32: A schematic illustrating the double layer theory of chadjeanoparticles in suspension.

The $ern layer forms of strongly bound ions around the nanoparticle and then a diffuse layer forms
made up of more weakly associated ionBheZeta potential is the electrostatic potential at the edge

of the diffuse layer.

Zeta potential measurements were taken using the Malvern Zetasizer nanoseries ZS. A dispersion was
loaded into a DTS1070 folded capillary zeta cell and placed in the instrument. The instrument works
by applying an electric field to the sample which causies charged particles to move. The
electrophoretic mobility is the ratio between the nanoparticle velocity and the applied electric field.
This is measured by monitoring the frequency shifts in the laser light caused by the moving
nanoparticles under an ettric field using a Doppler interferometer. The zeta potentigalcgn be
calculated using the Henry equati¢iaq. 3.12relating electrophoretic mobilit{jie) with the dielectric
constant (), absolute zerét KS I NJ @A & 02 aA (& y2RF GIKKSS | YSS/RVIBdZYT dayaQiizA 2

PN

e

(s}
(s}

includesi K& NI} RAdza 2F GKS LI NOMSH1S5]6h 0 FyR GKS 5

"H

(3.12)
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All zeta potential measurements were carried out in water. Efforts were made to take measurements
in biological fluids using monomodal output modes with lower voltages to try and counter the high
conductivity of these media. However, inconsistent data for a nunatb@anoparticle systems led to

the belief this was not possible to do accurately with the instrumentation available.

3.6 Goldnanoparticlecelluptake studies

¢KS FAYlFE NBadzZ G§a OKILIWISNI F20dzaSa 2y 62NJ OF NN&A
within the In Vitro Toxicological Group under the guidance of Dr Steve Evans. Two gold nanopatrticle
systems were usedoth werecoated with PE@VW 5000) terminated with either an amine or methyl

functional groupand are henceforth referred to as Ak and A-OMe. Both nanoparticles had a

primary particle size of 30 nm and a stock concentration in water of 2.46 mg/mL. An extensive array

of studies were carried out to investigate; protein corona formation, cell uptake, cytotoxicity,

genotoxicity and inlmmatory effects.

3.6.1 Protein corona analysis

The stock AiNH: and AuOMe suspensions were bath sonicated for 10 min before diluting to 100
pg/mL in DMEMupplementedwith 10% horse serurfHS)re-warmed to 37C. The two suspensions

were then maintained at 3T for 1 h whilst on an orbital shaker (SSL1 Stuart) set atphi allow

a protein corona to form. Both the soft and hard corona were obtained via a procedure of washing
steps using PBS. The samples were centrifuged at 18,000 g for 40 min after heh&lpernatant
containing any unabsorbed proteins was carefully removed and discarded. The nanopatrticles were
then redispersed in 0.5 mL of PBS before centrifuging at 18,000 g for 20 min. The supernatant was
then removed and retained for soft corona arsi Three washes in PBS were carried out in total to
progressively remove all of the soft corona. The nanoparticles were thdispersed a final time in

40 pul of PBS, and this was assigned as the hard corona.

For protein corona analysBDSPAGHRvas usel. This procedure was devised by Ulrich K Laefi&thi]

and is used for protein separation and analysis. Electrophoresissrefdhe movement of charged
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particles in response to an electric field. In SBEGE a polyacrylamide gel is used as the matrix for
separation andin principle protein separation through the gel will depend on charge, size and shape.
However, by using SDS, both charge and shape factors can be removed resulting in the movement of
the proteins through the gel beirlgrgelydependent on size. This is because SRSusfactant which
denatures proteins causing them to become linear. SDS then binds to these linear proteins giving them
an overall negative charge which results in all proteins travelling in the same direction down the gel
when an electric field is applil. Since SDS binds to proteins in a constant ratio such that 1.4 g SDS
binds to 1 g proteirf157] the separation of the proteins is due only to differences in size; smaller
proteins travel further down the gel compared to larger proteins. Quiitaanalysis can be carried

out by running a known standard of proteins (thecailled ladder) alongside unknown samples and
comparing the position of the resolved bands in the developed gel. More quantitative analysis can be
carried out by extracting the@rotein bands andundertakingmass spectrometry analysis of these

bands[158].

To carry out SDBAGE a 4% stanl gel and 10% resolving gel were prepared using the components
listed inTable3. A loading buffer mix was prepared with 270 pl of 3x loading buffer (cell signaltimg t
#77225) and 30 pl dithiothreitol (DTT) (30x DTT, 1.25 M, cell signalling tech) and 20 pl of this was
added to 40 pl of each sample (i.e. wash 1, wash 2, wash 3 and hard corona) for the two nanoparticle
suspensions. To denature the proteins all samplese heated for 5 min at 9C before loading 20 pl

of each sample onto the prepared gels alongside 1 pl of thedig@recision plus protein dual colour
161-0374 ladder. The gel was then submerged in running buffer and left tatr@20 V until the

protein band had travelled down the gel. Once stopped the gels were then washed and developed

using a Pierce Silver stain kit (Thermoscientific #24612) following the procedure seflaibied.
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Table3: Protocol for preparing stacking and resolving gels for S E analysis of protein corona

4% Stacking gel 10% Resolving gel

30% Acrylamide 1.3 mL 10 mL
ddH20 6 mL 12 mL
1.5 M Tris (pH 8.8) - 7.5 mL
1 M Tris (pH 6.8) 2.5 mL -

10 % SDS 100 pL 300 pL
10% APS 50 uL 150 pL
TEMED 10 pL 30 uL

Table4: Protocol for fixing and developing protein corona gels for protein analysis.

Procedure Solution
Wash gel 2 x Bin Ultrapure water
Fix gel 2 x 15 min 30% ethanol: 10% acetic acid

Wash gel 2 x 5 min 10% ethanol

Wash gel 2 x 5 min Ultrapure water

Sensitize gel x 1 min 50 pl sensitizer 25 mL water

Wash gel 2 x 1 min Ultrapure water

Stain gel 1 x 30 min 0.5 mL enhancer + 25 mL silver stain

Wash gel2x 20 s Ultrapure water

© © N o 0 bk~ 0 NP

Develop gel 2-3 min 0.5 mL enhancer + 25 mL developer
(until bands appear)

10.  Stop developing 1 x 1 5% acetic acid

min

3.6.2 Cell uptake studies
The TK6 cell line (human lymphoblast) was used for n=3 repeats of cell uptake studies. From these a
number of techniques were used; the cytokinelsisck micronucleus assay (CBMN) to assess cyto and
genotoxicitycell section imaging throughEMand FIBSEM to asses cell uptakeand enzyme linked

immunosorbent assay (ELISA) to assess inflammatory response.
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3.6.2.1 Cell culture

Cells were cultured in Gibco RPMI 1640 supplemewidt L-glutamine (1%) an&#iS(10%9. A100,000
cells/mL stock of TK6 cells @CCMwas preparedand 5 mL addedto T25 (25 cm) flasks per
nanoparticle treatment plus one additional flask per treatment for cytotoxicity calculations. These
were then incubated for 24 h at 3€ and 5% CQOAfter 24h a cell count was taken for each cytotoxicity
flask beforetreating all flaskswith either AuNH and AuOMe nanoparticles at concentrations of 0
pg/mL, 1 pg/mL, 2.5 pg/mL, 5 pg/mL, 10 pg/mL, 25 pg/mL and 50 Lig/@CCMPositive controls of
mytomycinC (MMC) (0.01 uvgndLPS were used for the CBMNAELISA studies respectiveBnce

treated eachflaskwasincubatd for a further24 hat 37°C and 5% GO

After 24 h the contents of each flaskere transferred separately to a clean vial and pelleted vi
centrifugation for 5 min at 2500 rpm. The supernatant was removed and the cells were wasbed

in PBS before being-dispersed in 5 mL fresBCCMfor the cytotoxicity flasks and fresh medizat

had been treated with cytochalas® (75 mL media + 238 cytoB) for the genotoxicity flasksThe
samples were themlaced backn the incubator for another 24 h after whighe cytotoxicity flasks
were cell counted. The remainingnotoxicityflaskswere removed, pelleted and washed in 5 mL PBS
twice beforere-suspending in hypotonic solution (KCI 0.56%) and centrifuging immediately at 800 rpm
for 10 min. The cells were then-seispended and incubated for 10 mins in fix 1 (methanol:acetic acid:
0.9% NaCl (5:16)) before centrifuging at 800 rpm for 10 minesdspending in fix 2 (methanol:acetic
acid (5:1)) and incubating for 10 min. The cells were washed a further 3 times in fix 2 and left overnight
at 4°C. The final stage was preparation of slides. The cells wenespended in 1 mL of fix 2 and 100

pl pipetted onto a clean slide before leaving vertically to dry. Slides were then stained wiih &0
Vectashield mounting medium witin Qdiaenidino-2-phenylindole DAP) before applying a coverslip

and incubating in the dark for 10 min. The cells wérent scored using an automated method on a

MicroNucFL10BN sjmodif classifier.
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In this procedurefor cytotoxicity analysis the relative population doubling (RPD) calculation was used

(Eqg. 3.13 and 3.14). A smaller RPD indicated a greater cytotoxic response

R, CEULTOCHTHHT L T CEECTRT T HTHHHHAH

nEA CECLT OCHTHTHT 10T CEE TR § T THT "I—ﬂHl'HTHPH‘I (3.13)
N o 7 *L. il "'||7“| "H'H"IMTH"‘IV-E Wi HH

TU 17T HACETHE | ——H ”i"lTH;T; I HH (3.14)

For genotoxicity analysise use of cyteB inhibits cell division but allows nuclear division to take place,
resulting in the formation of binucleatedcells[159]. This permits the production of markers of
genotoxicity suchamicrenuclei (vh), nucleoplasmic bridges (NPB) and nuclear buds (NBEiD®Ee

33, taken from[159], shows typicalight microscopyimages of cells in different states thaan be
counted for CBMN assay scorif@r this work, an automateprocedure was used which just counted

the prevalence oMn in binucleated cells to provide genotoxicity data,

a b c
&S
3 W
<.

l.d

CBMN

cytome

assay

Figure33: Taken fron[159] this figure shows the different types of cells to be counted whemgéng

out the CBMN assay. (a) mornaucleated cell, (b) bnhucleated cell, (c) multhucleated cell, (d) early
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necrotic cell, (e) late apoptotic cell, (f) wiucleated cell containing a M, (g) Binucleated cell

containing a NPB and (h)4piucleated cell ontaining NBUDs.

3.6.2.2 Enzyme linked immunosorbent assay

To investigate the inflammatory response of the TK6 cells to gold nanopatrticles, a Human Interleukin
6 (IL6) DuoSet ELISA kit was used. This assay is designed to quantify the amo@npiasknt in
probed samples. tb can be expressed in a range of cells and is known to be important in driving acute
inflammation. Therefore it can act as a marker for cellular injury and/or infe¢fiéf]. After 24 h
incubation with gold nanoparticles the cells were pelleted as preshouescribed and 1 mL of
supernatant was retained for ELISA analysis. There are a number of different types ¢1&L,1562]

but the most robust is the sandwich assay and as such apgwdise sandwich assay was used in this
work. A 96 well plate is prepared such that each well isquated with a capture ribody that is
target-specific, in this case to-f. Standards, controls and samples are then added to each well and
any target present will bind to the capture antibody. A washing procedure is used to remove any
unbound components before a detector dmbidy, again specific to the target antigen, is added on top
(i.e. forming the sandwich). A secondary antibody conjugated with an enzyme is then introduced
which binds to the detector antibody. Once bound the conjugated enzyme can act as a target for a
subgrate solution which reacts with the enzyramtibody-target complex to produce measurable
signal. The intensity of the signal is proportional to the amount of target compound (héjarilthe
original sample. Therefore this technigque provides a singgimiquantitative pathway to observe

levels of antigens that are markers for a range of specific cellular pathways and processes.

DdzA RIFyOS Ay OFNNEBEAY3 2dzi GKAA LINROSRAINB 4+ & LINE !
In Vitro Toxicology Groumd the plate was prepared following the kit protocol. To prepare standards

for the calibration plot, a maximum standard of 600 pg/hi6 was prepared and a seven point

standard curve was used by carrying outfmt@ serial dilution. A final standard of ater was used

as the blank. To prepare the plate for sample loading, 50 pg/mL of capture antibody was added to
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each well before sealing and leaving overnight. The plate was aspirated and then washed with wash
buffer three times. Following this 50 pk reagent diluent was used to block the plate for 1 h at room
temperature. The plate was then washed again following the same aspiration and wash procedure
before 50 pl of standards, samples and controls were added to the wells, and the plate left &r 2 h
room temperature. A third wash step was then used before adding the detection antibody in reagent
diluent and incubatindor a further 2 h After a further wash step 50 pl of enzyme linked streptavidin
was added to each well and the plate incubated gMr@m direct sunlight for 20 min. A final wash
step was carried out before adding 50 pl of substrate solution and the plate incubated for a further 20
min. Finally a stop solution ofN sulphuric acid was added after sufficient colour had developed.
optical density of each well was determined immediately using a microplate reader set to 450 nm, and
the level of IE6 in each sample could then be calculated using standard calibration curves. The specific
details of the solutions usedere:reagent Diluat - 1% BSA in PBS, wash buff@105% Tween in PBS

(250 uL Tween 20 in 5060L PBSxtored at 4C anda substrate solution 1:1 mixture of HO, and

tetramethylbenzidine.

3.6.2.3 Preparation of cell sections for examination by electron microscopy

In order to cary out TEM imaging of cells treated with the gold nanopatrticles a proceduresf
embedding and sectioning was carried out. The initial process fixes and stains siefmi ultra

thin resinsections are cut and mounted onto a TEM grid prior to imggAfter the cells had been
treated with nanoparticles and left to incubate for 24 h they were pelleted and washed-wamed
PBS. The pellet was thensaspended in 100 mM phosphate buffered/2.5% EM grade glutaraldehyde
for 15 min at 37C to fix thecells. This suspension was then transferred to a 1.5 mL Eppentierf
before removing the fixative and 1®uspending in fresh 2.5% glutaraldehyde fix°&@ dvernight. The
cells were then washed and suspended in fresh maintenance solution and staited%vibsmium
tetraoxideto fix the lipids in the cell and stain lipicch membranes before beirlgft on a rocker in a

cold room for 1.5 h. Cells were then pelleted for the final time before followingdet®ydration
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protocol set out inTable5 where 0.5 mL of each solution was added and removed without disturbing

the pellet.

Table5: Staining process for resin embedding cell sections

Solution Time

10% ethanol 10 min
70% ethanol 30 min
100% ethanol 20 min
100% ethanol 20 min
Propylene oxide 10 min
Propylene oxide 10 min

50:50 resin:propylene oxide 90 min

The cells were then placed in 100% resin and left overnight in the fridge. Fresh resin was then applied
and the samples left ianoven at 60C tosetcompletely (24 h). Sectioning was carried out by Dr Steve
Evans using a Leica M80 EM UC7 ultramicrotdrhis. allows very thin sections of cells to be cut using

a diamond knife. The ultrthin slices(typically <100 nm thicldre collected in a liquid filled channel

before mounting onto a TEM gridi34].

3.6.2.4 Electron microscopy of cell sections

Imaging of thecell sectionsvas carried out using the FEI Titdmemis after coating the grid with an
ultra-thin amorphous carbon coating. HAADF STEM was used to identify the high contrast

nanoparticles within the low contrast cell sections.

In addition to TEM imaging, 3D analysis of the resin block was achievethfythes FEI Helios FIB

{9a G2 OFNNE 2dzi | LINROSaa 1y2s6y la aSNARIft asSoi
ion beam to remove a thin slice (15 nm) from the resin block and then the revealed face is imaged

with the electron beam and therpcess is repeated until a desired volume has been imaged. A total

of 603 images were collected for the slice and view datasets reported in this research. For the ion

milling process a 30 kV ion beam was used corresponding to a 9.3 nA current. The ecavasl

75



Chapter3: Materials and methods

40.8 x 27.6 x 25 um (X, y, depth). For imaging, back scattered electrons were detected using a 5 kV
electron beam and a 0.8 nA current. The pixel dwell time was 10 us and image size 6144 x 4096 pixels.
Image resolution was x =13 nm, y = 17 nmanrdl5 nm. Once collected the images were processed
using the software Imaris 9.5.0. This provided 3D reconstructions of the image slices and quantitative
analysis of the total number of nanoparticles within individual whole cells. To carry out thisianalys
thresholding was used by applying a surface to the 3D reconstruction. A manual absolute intensity
threshold was used with surface smoothing to 20 nm. Once the threshold was applied specific values

and statistics could be obtained for each particle.

3.7 Data analysis

For data analysis OriginPro (v. 20163]) software was used unless stated otherwise. All statistical
analysis was carried out using this software. For statistical analysis the stdmshitas used, either

pairedor un-paired and results were considered significant (*) when p<0.05.

For thermodynamic modellings¢e Chapter 5 sectiors.1.3 and 5.1.4 HYDRMEDUSA and HSC
Chemistry (v 5.1) softwares were used. This was carried out by Dr Sergio Saaghda (Depanient

of Chemical and Environmental Engineering, Technical University of Cartagena).

Jmmary

This chapter has provided details of a range of nanoparticle systems used for the work carried out in
this project. Specifically an overview of TEM and STEM tlaeid importance in carrying out
characterisation of nanoparticle dispersiois detailed In addition details of the llk analysis
techniques that havdveen used in conjunction with EM to ensure statistical relevance and provide
surface charge informatiohas been givenAll ecific S/ITEM conditions are providedhenever

necessary in the following results chapters.
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Chapter 4

4. DEVELOPMENT OF CRYOGENIC ANALYTICAL STENM
TECHNIQUES

Thischapter details the development and optimisation of cigalytical STEM to carry out full and

accurate characterisation of a model nanoparticle suspension captured in the frozen hydrated state.
Conditions for successful elemental analysis using both-8iMEDX and cry8TEMEELS are
described in detail. In addition, benefits of STEM &/EEMare identified suggesting the damage rate

of vitreous ice per unit of electron fluence is reduced in STEM. Certain parameters have then been
investigated in STEMotascertain the optimal collection conditions for spectroscopy. Finally,
comparisons between cryogenic and static liquid cell techniques are described, illustrating the

potential benefits of using cryo conditions to reduce or delay basample interaction.

The work detailed in section 4.1 and 4.2 has been published iretlattMicron 2019[120].
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4.1 Nanoparticle dispersion characterisation

A model nanoparticle system containing ZnO,(ze Ce@ and AuAg coreshell nanoparticles
dispersed in water was used to develop and confirm the applicability of carrying out novel cryo

analytical S/TEM to accurately identify and characterise frozen, hydrated nanoparticle dispersions.

4.1.1 Phase contrast CrydEM

Initial characterisatiomf the model suspension captured in the frozen, hydrated stede carried out
usingCTEM foimaging and lattice imagingnder cryo conditionsThiswas performed under low dose
conditionsusing anelectron fluxof < 20 & A%sto prevent significant damage to the vitreous .ice
Lattice information can be used to identify phases within a sarfii@d]. In order to obtain Itice
information the fast Fourier Transform (FF®j a specific area in an imageas obtained which
LINE JARSR (GKS LI2gSNI aLISOGNHzY 2N WRATFTFNI OlAzyQ
specific areaKigure34). From thighe presence of CefQwithin the frozen suspensiowas confirmed

by the diffraction spots/rings that corresponded tegpacings 08.1A, 2.7Aand 1.9Awhich index to

the (111),(002) and (022) lattice planes of Ga®@spectively(Figure34(A,B)) However, it was not
possibé to definitively identify the other components within thodeldispersion due tdhe overlap

of common dspacings of ZnO and#g crystds. This is indicatd inFigure34(C,D) where diffraction

spot corresponding to d-spadng of 2.5 Ablue ring inFigure34) could indicate the presence of either

the (101) lattice plane iZnO orthe (311) lattice plane iFeQOs. For better resolution lattice imaging
high magnifications were required, and in order to limit the elentflux to prevent devitrification of

the ice in cryeTEM, the electron beam was spread. However, this resulted in noisy imaging which
limited the contrast of the diffraction spots in the FFFglre34(D)). Consequently, for this reason
and the overlap of épacings for lattice planes, it was not possible to identify each separate
component of the model nanopatrticle suspension using phase contrast CTEM alone and ¢éhanefor
alternative analytical approach was needed. What follows are the full details of the development and

application of cryeanalyticalSTEM techniques to fully characterise the model suspension.
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Figure34: CryeCTEM images of a model nanoparticle dispersion in watentaining ZnO, R,
CeQ and AuAg coreshell nanoparticlescaptured in vitreous ice. FFTs (B) and (D) were obtained
from the boxed regions in (A) and (@spectively and showthe diffraction spotsidentified. The
spots in FFT (Borrespond to the(111) (red), (002) (blue) and (@2 (yellow)lattice planes of ceria
and the (201) (green)attice plane in FeOs. The FFTh (D) could be assigned to F€s (e.g. (201)
green and (211) red) or @ier FeOs; or ZnO (e.g. &5 (311) or ZnO (101) (blue) and J&8 (410) or

ZnO (102) (yellow) Reproducedrom llett et al. [120].

4.1.2 CryoSTEMEDX

Using cryeanalyticalSTEM provides a pathway for accurate spatial resolution of elements within a

sample allowing the characterisation of a nanoparticle dispersion within the frozeinated state.
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However, in order to achieve this, any analysis needs to be carried out without significant damage to
the vitreous ice, since melting or devitrification will result in the artificial movement of nanoparticles

within the sample.

EDX mappingnd analysis was carried out on the model nanopatrticle suspension. The EDX map and
spectrum shown ifrigure35(A-F) was achieved using a pixel size of 3 nm, a pixel dwell time of 23 us
and a 100 pA probe current. These conditions resulted in a probeRjuaf(40 x 10 e/A%s andan
average fluxper pixel ) of 3 €/A2.s, and a total accumulated electron fluence of 130@#after 82
frames. No significant damage to the vitreous ice was seen during the scanragdignals for Fe

(K), Zn (K and Ce ¢} were collected confirming the presenad the ZnO, F&; and Ce®
nanoparticles in the model dispersion. In order to successfully identify and map tAg Aareshell
nanoparticles within the specimen it was necessary to increase the magnification and hence reduce
the pixel size. The second XBpectrum and map Figure35(G) was taken using a pixel size of 0.93

nm resulting in a significant increase to the total accumulated electron fluence of theipdar9100

e/A2 However, the vitreous ice still remained intact for the duration of the scan and no movement or
disintegration of the nanoparticles was observekhider these conditions both the gold core and silver
shell of the nanopatrticles could be identified and mapped. Therefore, all four nanoparticles within the
model suspension were successfully identified and accurately mapped in their frozen or native

suspension state using cry8 TEMEDX.

The use of Cry@ TEMEDX is still quite novel and the work shown here uses a model system of dense
nanoparticles that are themselves beam stable. Yet, for the technique to become widely used,
information regarding the applicability to more beam sensitigeples is required. Wo#t al.[115]

shawved that cryeSTEMEDX can have potential uses within biological samples when looking at
WWIK2aLIK2NHz2a RSGSOGA2Yy Ay OGAUNRTASR o0 G&/8NA I Qo

which is significantly higher than the electron flux used herdedul they do note significant damage

to the sample after EDX analysis whereas here when using a smgllEDKX analysis was achieved
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without detectable beam damage to the vitreous ice in the sample. Nonetheless it is worth noting
again that in this cuant work a system of electron dense stable nanoparticles was used, rather than
organic materials such as bacterial cells which are more electron beam sefigtjeMore recently
Leitjenet al.[118] used a range of cryanalytical techniques including chBIEMEDX to investigate

the oxygen content of photovoltaics. More in line with what has been shownthesedemonstrated

that cryoSTEMEDX of meaningful signal to noise could be achieved using total accumulated fluences
of just 405 A2 However, they limit the pixel size to 17.12 nm which for a large proportion of ultra

fine nanoparticle research woultbt be a viable resolution.
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Figure35: CryeSTEMEDX analysis afmodel nanoparticle system collectedsing al00 pAprobe currentfor 472 s (1300'%A?) and showingthe presence

of CeQ, FeQs;, ZnOand AuAg coreshell nanoparticles. (A) HAADF STEM imad@wing the area used for EDX analysis. Elementeykmapping of(B)

CS Yh T anddus 0vsyis Svoln alongside th&DX spectrunE)from the whole imageareain (A). ®mbined EDX mapsof Beh 6 NE RO X %y Yh
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4.1.3 CryoSTEMEELS

Having successfully shown that all constituents of the model nanoparticle system could be identified

and characterised by cry®TEMEDX further rathod development was carried out to optimise and

perform cryeEELS on the same model suspension. EELS can have advantages over EDX for the analysis

of lower atomic number elements and also identifying elements which have overlapping EDX signals

and henceare not distinct. Initial work looked to optimise the camera length for use in SHEM, an

important parameter as the camera length dictates the collection angle and so, in turn, the signal to
background of the spectra. Ideally a collection angle largrigh to allow a significant proportion of

electrons to be recorded without collecting a substantial proportion of background signal is required

to ensure a good signal to background ratio. It is typically stated that the optimum collection angle at

a paricular iongation orcoreSR3IS A& NRdzZAKf& o GAYS& GKBtheOKI NI Off
element of interes{138]. This can be estimated usifg|. 4.1 where Eqqeis the energy loss value of

the elemental edg and Ek is the incident beam energy, in this case 300 keV. Accordingly, the
characteristic scattering angles for the Fe, Ce and Zn edges3ae4.5 and 4.8 mrad which suggest

a camera length of 91 or 115 mm would be appropriate as these corresparalléztion angles of

5.6 and 4.5 mrad respectively when using a 2.5 mm spectrometer entrance aperture. However,
counterintuitively four shorter camera lengths were experimentally identified as optimal; 29.5, 37,

46 and 58 mmRigure36). This could be duetoth8 T F SO A FS O 2) bdin§ doriv@wion | y 3t S
2F GKS O2y@SNESYyOS 6h0 yR O2ffSOUAZ2/GBF)), $0 | yIE S,
atthe 2 ¢ S NJ A dR®lledtion Grmles the STEM convergence angle (8.2 mrad) dominates resulting

in many coreedge energy loss electrons falling outside the collected beam.

A g
» :};‘“” (4.1)
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Figure36: EEL spectra showing ttabsolute intensity of thecarbonK-edge (from the TEM support

film) collected atfour different camera lengthsvithout background subtraction after a 6 s (A) and

10 s (B) exposurelhe signal to background ratio (Si:B) was caltethfor each camera length from

the C K edge by dividing the peak maxima (signal) by the peak minima (background) and the values
are shown in (C). These did not vary significantly between the four camera lengths but did improve
with increased exposure time

For conventional drogast and aidried samples STERELS is carried out usi8jwhere an EEL
spectrum is taken at each pixel of a scanned area. However, for this method of analysis pixel dwell
times can be up to 10s of seconds. As such, for a tyi@quisition using a dwell time of 30 seconds,

a pixel size of 1 nm and a probe current of 100 pA the total electron fluence would be on the order of
10° e/A?which is considerable and would lead to significant damage if not destruction of vitrequs ice
and any beam sensitive materials. Therefore standard acquisition conditions need to be adapted in
order to successfully carry out cRBTEMEELS without melting the vitreous ice and two different

modes of acquisition were adopted.
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Firstly, to carry ouELNES analysis the electron beam was continually scanned across an image area
using a dwell time of 5 ps and a single EEL spectrum was collected to obtain a clear edge signal,
averaged over the wholienagearea. No vertical binning of the detector was used a small 2.5 mm
aperture was used to maximise energy resolution. An example of a spectrum obtained using this
acquisition is provided iRigure37, where a total eletron fluence of 2000 6A?was required to collect

the averaged spectrum from the HAADF STEM image shown alongside. From this analysis, signals
corresponding to the Fé.;edges; CeMysedges and the Zhs edge were identified and these
confirmed the pesence of F&£s;, ZnO and Ceanopatrticles in the model suspension. In this
example Figure37) the energy resolution was not high enough to carry out true ELNES wiere
signal to noise (S/N) was insufficient to separate th& Bad Fé' components of the Fés peak.
However, Freemaast al.[166] have shown that crELNES can be achieved, albeit with the use of a

monochromator and higher electron beam current.

4000 ~

Fel,
3000
2000
Fe L
2 CeM,,
ZnlL,
1000
0 _M v T " T v T ¥ T
700 800 900 1000 1100
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Figure37: CryoSTEMEELS & model nanoparticle suspensiocontaining ZnO, FE€;, CeQand Au

Ag coreshell nanoparticles The CryeHAADF STEM image corresponds to the area analysed. The
background subtracted cry&EL spectrum was obtained using a 0.25 eV/ch dispersion, 2.5 mm
entrance aperture, 660 eV HL drift tube with a 60 s edpdzZNB | yR p >& RgSft f

magnification. The total electron fluence was 2000/&?. The Fel.s white line edge at 708 eV
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confirmed the presence of KE®; nanoparticles, the CéMs edges at 883901 eV confirmed the
presence of CePnanoparticles andl the Znls edge at 1020 eV confirmed the presence of ZnO
nanoparticles. No Au or Ag edges were obtainé&teproducedrom llett et al. [120].

Secondly, in order to achieve and map spatial resolution of elemsittsn a scanned area of a
dispersion the acquisition conditions were altered and subsequently optimised such that STEM SI
could be carried out on cryo samplésdqure38). Hispeed acquisition parameters were used to widen

the spectrometer aperture from 2.5 mm to 5 mm and 130x vertical binning of the detector was
employed to enhance the signal. It is noticeable that esdge fine structure (ELNES) is lost when
using these Hispeed conditions, evidenced by comparing the EEL spedhigline37 and Figure38.
However, sufficient signal was still collected to identify the three @mtges for Fe, Ce and Zn allowing
dynamic mapping of these elements, producing the coloured SI mdgigure 38 where blue
correpsonds to the Fe in the £& nanopatrticles, red to Ce in the Caanoparticles and green to Zn

in the ZnO nanoparticles. To achieve the dat&igure38, a total electron fluence of just 2500/&?

was required, and no significant damage to the vitreous ice was observed. Similar to the data obtained
from cryocSTEMEDX cerimanoparticles appeared to be present as larger agglomerates rather than
isolated particles, whilst F®; and ZnO were highly concentrated and present throughout the

suspension.
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Figure 38: EELSSI using dynamic mapping & model nanoparticle suspension containing ZnO,
FeOs; CeQ and AuAg coreshell nanoparticles. ignals for Felk3) (blue), Zn i) (green) and Ce
(M) (red)were all detected High speed settings were used in orderdbtain the required spatial
information whilst limiting the total electron fluence to 2500 @A

Previouslywork that has employed cryBELS predominantly looked only at the low loss refjia6,
117, 167] Probing this low loss region usually requires small electron fluences to obtain adequate
signal since more electrons travelling through the sample undergo low electron energgridss

the signal tends to be many orders of magnitude higher than tire oss signals. The advances made
here in carrying out successful high energy loss-EifghS indicate the possibility of elemental chemical
shift measurement and mapping in ice and indeed since this work was publish&a0ijpa more
recent report on cryeEELS even refers to the investigation of critical dose by looking ageham

intensity of core loss edgg$18].

4.2 TEM v STEM under cryogenic conditions

Whilst carrying out cry@ndyticatS/TEM onthe model nanoparticle dispersioih was noted that
damage to the vitreous icappeared more obvious at lower electron fluences wheimgCTEMrather

than STEMWhere damage was observed it was visualised as bubbling in the ice andesaspbly
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due to H formation during the radiolysis of water. As such, work was carried out to see whether there
was a significant difference in the damage rates observed when using CTEM compared to STEM, and

if certain acquisition conditions influence tlobserved damage rates.

Using the On&/iew camera, images of specific total electron fluences could be captured in CTEM.
Starting at low electron fluences and increasing, it was seen that exposure to total electron fluences
beyond 400 #A2 could cause mowaent of nanoparticles within an imaged area of the suspension.
This agrees with previous work that reports bubbling in vitreous ice can occur after exposure to total
electron fluences of 100742 and beyond 40600 e/A? significant damage to the ice idserved

[168]. This movement ohanoparticles also means the state of the dispersion has altered. Further
images using higher total electron fluences could not be captured due to excessive movement of
nanoparticles impeding the drift correction technology of the &fiew camera. In congvison under

STEM conditions a range of images were taken corresponding to total electron fluences ranging from
100 e/A? up to 8000 €A2 As a qualitative measure of ice damage, the extent of bubbling in the ice
was monitored. @ly slight bubblingf the vitreous ice was seeafter exposure to dotal electron
fluence ofup to 1000 e/ A2 STEMscans/imagesaken using total electron fluences between 1500
and4000 & A2 could be achieved withnly minordamage to the iceéeing observed that did not cause
significant melting oany movement of theencapsulatechanoparticlegFigure39). Beyond 4000 e

/A% more obvious bublihg of the ice was seen, although movement of the nanoparticles was only
observed at 800082 It is likely that by using HAADF STEM, Z contrast imaging will mask some of
the damage to the vitreous ice as the high atomic weight of the hanoparticlesaseseheir contrast
suppressing the visibility of the matrix ideigure39(D)). Ultimately, qualitatively, STEM appeared to

have measurable benefits e? CTEM in delaying vitreous ice damage.

88



Chapter4: Development of cryogenic analytical STEM techniques

() )

Figure39: Qualitative assessment of the damage to the vitreous ice after exposure to increasing
electron fluence in CTEM and STEM. For CTEM, some damage was seen as bubbles foth&ng in
region of the carbon film after 100842 (A), whilst more significant damage to the ice was observed
after 400 /A2 (B). In comparison HAADF STEM images taken before (fluence’ 809 €) and after

(D) exposing the sample to a further fluence ofd@e/A? showed some destruction to the ice (inset
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in (D) altering the contrast shows more clearly the bubbling observed in the vitreous ice indicated
by the white arrow). Higher total accumulated fluences could be used in HAADF STEM with (E and
F) showingmages before and after exposure to 400042 After exposure to 8000842 (H) damage

and movement of nanoparticles was observefldaptedfrom llett et al. [120].

Vitreous ice damage is caused by the radiolysis of water which occurs upon exposure to the electron
beam. During the radiolysis of water, radiolysis products congisti hydrated electrons geand O,

H*and H®radicals are produced. Once formed these damage products can undergo further reactions
and produce secondary damage products such&%, HO" and HO”[169]. These species are highly
reactive and can diffuse in solution to then react with each other or the surrounding hydrated sample.
Since it is these secondary damage products that react with the vitreous ice and/or frozen sample to
alter t, the radiolysis of water is said to be a diffusionited procesg110]. This becomes important

when trying to explain why damage may be more significant in CTEM compared tol8 hiE\baper

Wwlk RAFGA2Y REYF3AS (G2 2NBFYAO | yR70)deseibER diffisiod & LIS O A
limited processes as having a sublinear relationship between dose rate and damage rate such that
damage rate plateaus at higher dose ratEigy(ire40(A)). For low dose cry8TEM an electron flux of

< 10 ¢A%s was used. This would correspond to operating at a lower dose rate, equivalent to the steep
linear portion of the curve, as labelledrigure40(A).In comparison, the probe flux used in STEM was

on the order of 10 e/A2%s (for a probe diameter of 1.4 A and a 60 pA probe current) which is
significantly higherand even when taking into account the beam broadening that occurs through a
thicker ice samje (100 nm) the JH(10° e/A2s) is still orders of magnitude higher than in CTEM and
would correspond to operating at the region at which the damage rate has likely platekigead

40(A)). Therefore the damage per unit fluence (i.e. the gradient of the curve) would be lower in STEM

than CTEM and this agrees with the observatiorfiSigure39.

In addition, it is possible that certain healing processes could occur in STEM when pixels are no longer

irradiated by the electron beam. Odiffusion of reactive damage products would be lower in STEM
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than CTEM, where illumination is only of an isolated pixel rather than the whole sample area. This
limited diffusion could lead to rapid recombination of reactive damage products (8andHOHto

H.O) once a pixel is no longer illuminatgd’1]. Furthermore, delocalised damage does occur some
distance remote from the ®EM probe positionFigure40 (B,C)). Egerton has determined that the
distance of delocalised damage can be estimated if the primary electron excigtengy for the
sample is knowfl72]. For water radiolysis this is 7.4 &7 3] which corresponds to an estimate of

the maximum delocalised damage distance when using a 300 kV accelerating voltage of between 2
and 6 nm. Therefore, for ice or watany pixel size smaller than (at a minimum) 2 nm would result in
oversampling where pixels undergo damage when neighbouring pixels are illuminated. It is suggested
that in order to minimise noswlirect damage of vitreous ice and therefore any redistribntiof
nanoparticles in a sample, a pixel size of > 2 nm should be used where possible. This would ensure the
distance of delocalised damage would be equal to or smaller than the pixel size and therefore would
prevent sampling of already damaged pixels (sampling) in a manner analogous to leapfrog
scanning174]. It is likely that in some instances where higher resolution imaging is hecessary, sub

pixel scanning and subsequent image modelling would be required.
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Figure40: (A) A schematic (Egerton, 2019) postulating the relationship between dose rate and
damage rate. The diffusion limited damage in ice corresponds to a power law relationship with
exponent<l, between damage rate and desate (red curve in schematic). This suggests that lower
flux CTEM operates at the linear portion of this curve. In comparison STEM operates at a higher flux
per pixel i.e. probe flux (Fp), and hence damage per unit fluence is lower. (B) A schematito(not
scale) showing the estimated beam broadening that will occur in STEM through 100 nm of vitreous
ice, and the calculated minimum delocalised damage region (shown in orange) around the probe.
(C) An alternative view of (B) showing multiple pixels with tf&TEM probe size and estimated
delocalised damage areas (d) illustrated. Reducing the pixel size would result in the delocalised
damage extending beyond the imaging pixel and oversampling would odReproducedrom llett

et al. [120].
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4.3 Optimising STEM conditions

After establishing that there was potential promise in using STEM to delay vitreous ice damage when
compared to CTEM, a quantitative approach to measure ice damage was developed. Changes in ice
thickness were monitored using EELS Sl to estimate absolatendss of irradiated areas using the

ratio of the elastic (ZLP) and inelastic (remaining energy losses) parts of the energy loss spectrum.
Collection and convergence seamgles of 8.2 and 21.0 mrads respectively were used and a mean
atomic number of 3.3or water. Data was collected in order to verify the predictions figigure40

and identify whether original ice thickness, probe current and pixel isituence damage to the
vitreous ice. In essence a reduction in the ice thickness drivédih s formation and releaseas

used as a marker for damage.

4.3.1 Ice thickness sample variation

Throughout the course of multiple cryo experiments it was noted thate was a degree of variation

in the original ice thickness of the samples. This was most likely due to variations during sample
preparation such as differences in the humidity on each separate day, along with variation in the speed
and quality of tranfer, potential differences in the blotting process and sampling position on the grid.
Ice of different initial thickness does indeed thin at different rategre41). There is a notable
decrease in damage rate for a sample of original thickness, 540 nm compared to a sample with original
thickness of 220 nm. The gradient of the line is significantly lower for the 540 nm sample compared
to the 220 nm sample, droppingdim 0.004 to 0.002 @e") respectively(Figure41). However, this
difference probably stems from the measurements being taken as damage per unit area rather than
per unit volume. If alternatively damage per unit volume was measured wheex&mple, a 5000 e

/| R fluence equated to ~0.96/6 for the 220 nm thick sample but only ~0.3948 for the 540 nm

thick sample (calculated assuming a Adiameter cylinder is exposed by the focused probe), then it
becomes obvious that exposing the gales to the same electron fluence per unit area equates to

exposing the thinner sample to an electron fluence per unit volume that is ~2.5 times greater than
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that of the thicker sample. This then approximately agrees with the observed 2 times increhse in t

damage rate seen for the 220 nm samigUredl).
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Figure4l: Percentage decrease in ice thickness as a function of the total electron fluence for two

GBI NBAY3 2NARAIAAYLFE AOS (GKAOlySaasSaT | pnn yY WiKA
(black, square). A significant difference was seen in the damagie,rwith the thinner sample

damaging more quickly (p<0.05However, expressing these measurements per unit volume of
irradiated ice rather than per unit area suggests similar damage rates ovdeatbrs are reported as

the standard deviation from n=3 masurementsand the linear fit is pinned through (0,0)

4.3.2 Influence of probe current on damage rate

Work was carried out to analyse whether the probe current and therefgigall any effect on the
damage rate of the vitreous ice under STEM conditions. Byriegsie pixel size and dwell time were

kept constant (1 nm, 20 ps) three different probe currents of 60 pA, 100 pA and 280 pA were compared
(Figure4?2). To obtain thelata presented, ice thickness measurements were taken from n=3 areas and

the error presented as the standard deviation of the three repdaigure40(A)suggests that altering
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the probe current would have little effect on the observed damage since the three probe currents
relate to F; values of 3 x 10e/A%s, 4 x 10e/A%s and 1 x 10e/A2.s for 60 pA, 100 pA and 280 pA
respectively andherefore, it is likely that for each probe current the microscope is operating at the
region where damage rate v dose rate plateaus. This was confirmed through ice thickness
measurements which indicated that the decrease in ice thickness was similan ertior for each

probe current at each total electron fluenc€igure42). However, running a statistical analysis to
compare the three data sets illustrates there wasnaall significant (p<0.05) difference between the
datasets for 60 pA and 280 pA, and therefore it was suggested that for ams T work where

possible the probe current should be kept below 100 pA.
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Figure42: Percentage daease in ice thickness as a function of total electron fluence for three
different probe currents; 60 pA (black, square), 100 pA (red, circle) and 280 pA (green, triangle). The
damage rate was relatively similar for each probe current within error. Howevarstatistically
significant difference was observed between 60 pA ar@DA (p<0.05). The errors are given as the

standard deviation of n=3 measurements and the linear fit is pinned to (0,0).
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4.3.3 Influence of pixel size on damage rate

Finally an investigain into how the pixel size can influence vitreous ice damage was carried out.
Three pixel sizes of 0.1 nm, 1 nm and 10 nm were used and for each experiment the probe current
was kept at 60 pA and the dwell time at 20 ps. Again, fragare40it would be predicted that there

would be an increase in damage with decreasing pixel size due to the implications of delocalised
damage, and the occurrence of oversampling at the smaller pixel sizes (< 2 nm). This was confirmed
through the measurementsaken which demonstrated an increase in ice damage after exposure to
the same total electron fluence when smaller pixel sizes were WSgdre43). Note that for the leger

pixel size of 10 nm only small total electron fluence data could be collected due to the number of scans
required to achieve certain total electron fleunces with the-get dwell time and probe current. For
example to achieve a 5000/&2 total accunulated fluence, 6677 frames would be required which
would equate to 9 h collection time for a 512 x 512 pixel image which was not feasible. Therefore, a
log-log plot was used to determine that there appeared to be a power law relationship between
electron fluence and ice damage, indicated by the linear fit to thepl@ted data. A power law
relationship between damage and fluence has previously been reported bgtPan[175] and its
occurrence was attributed to the power law dependence of surfadegidn. Here surface diffusion

of the secondary radiolytic products may well dominate in thin ice. Fitting the data allowed predictions
to be made regarding ice damage at higher total electron fluences when using a 10 nm pixel size

(Figure43 ¢ blue line).
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Figure43: Percentage decrease in ice thickness as a function of total electron fluence for three
different pixel sizes; 0.1 nm (black, square), 1 nm (red, circle) and 10 nm (bliamgle). A loglog

plot was used to obtain a linear fit, indicating a power lawlationship between ice damage and
electron fluence. Greatedamagewas observedwhen usingsmaller pixel sizesData is plotted as

the mean of n=3 experiments.

44 CTEM conditions

An investigation into whether quantitative measurements of ice damage couldalsonducted for
CTEM was carried out. Results were inconsistent and not reproducible. Initial attempts to replicate ice
thickness measurements using the ratio of the elastic to inelastic parts of the EEL spectrum did not
show any significant thinning dhe ice despite exposure to electron fluences beyond what had
previously been shown to cause significant bubbling in theFigri(e44). In instances where bubbling

was observed it tended to occur preferentially in the regions overlapping the carbon support film on
the TEM grid. This has been noted previously by @hexh [176] who suggested that the structural

discontinuity that occurs at the interface between ice and the carbon support film could act as
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nucleation points for the formation of gas bubbles. In addition the conductive nature of the carbon
coating could promote the conduction of damage products awagremeasily, preventing
recombination back to ¥D. Figure44 shows that in some areas where bubbling was observed,
damage to vitreous ice over the carbon film occurred at a total fluence of betweegs00 e/A?, and
bubbling within a hole occurred at 2000&2. The bubbling indicated by the white boxHigure44
resulted in the movement of nanoparticles within the vitreous ice, disrupting the original position of
the nanoparticles in suspension, something thaiswot observed for the same total electron fluence
using STEM (e.gigure39). The discrepancies in ice damage between samples or even different areas
within the same sample could be explained by the mechanism through which bubbling occurs.
Bubbling of ice is a marker of damage and occurs due to the production of gasamutsodly occurs
when there is some sample present within the ice that is avalabteact with the radiolytic damage
products to produce this molecularHn the case of pure vitreous ice the onset of bubbling would be
expected to be delayed to higher doses if not eliminated due to the rapid recombinatiofiafdH
OH’radicals back to #D[177-179] Therefore areas of vitreous ice on the support grid with little to
no sample captured would not be anticipated tbosv significant damage even under large total

electron fluence$179].

In addition to bubbling it was also noted that in some cases crystallisation wittheus ice occurred

upon beam exposure. Again, this crystallisation led to the artificial movement of nanoparticles
captured in the ice, changing the original dispersion in suspension. Nonetheless, this observation, in
similarity to ice bubbling, was natonsistently reproducible for specified total electromdhces
between samples or areas within the same sample. It was observed that crystallisation preferentially
occurred in areas where there were already elements of crystalline ice present, prolghly these
crystalline regions acting as heterogeneous nucleation sites for further crystallisetguré45(B)).
Samples with better quality amorphous ice (i.e. é&wcrystals and frost) did not tend to show
crystallisation upon exposure to the same total accumulated electron fluen€egiré 45(C)).
Crystallisation should only aacif the localised temperature rises above the vitrification temperature
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(-135°C). Previous work by Karuppasaatyal. [180] demonstrated the crystallisation of vitreous ice

incryo¢ 9aX YR 0@ dzZaAAy3d WidzYLISR Y2RSt OFtOdzZ I GA2Ya&C
under the electron beam and concluded that crystallisation would only occur when higher electron

fluxes were used (>50/A2.s) and/or when there was poor thermal contact between the grid and the

cryo holder{181].

From these investigations it was not possible to obtain a single critical dose for vitcecdmmage in
CTEM. However, the work highlighted that common differences in ice quality, ice thickness and
amount of sample in the area being imaged, can have significant effects on the observed damage to
the vitreous ice. These differences are driveimarily through differences that occur during sample
preparation such as changes in humidity, the quality of liquid ethane and the speed of transfer to the
cryo holder etc. However, the indication was, that when damage did occur in CTEM it caused
significant movement of nanoparticles away from the original suspension positions and occurred after
the sample was exposed to electron fluences that were 4x lower than was necessary to observe the

same nanoparticle movement in STEM.
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1000 e/A?

4000 e /A2 5000 e /A2

Figure44: CryoCTEM imagesndicating bubbling in vitreous ice as a function of electron fluence
Damage occurred preferentially at the site of the carbon film indicated by the blaokesat 500 e
/ A2, Further damage is seen wiih the holes after exposure to 2000 ¢A? indicated by the white

boxes Scale bar indicates 1000 nm.
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(A)

(B) 3000 e-/A2
10 1/nm

(@) 3000 e/A?
10 1/nm 10 1/nm
e———

Figure45: Three datasets showing the variation in crystallisation in c¥f@d EM. (A) CrydEM image
showing clearcrystallisation occurred from a region of amorphous vitreous ice after exposure to
4500 e/A2. (B) Further evidence of ice crystallisation in a region with some degree of original
crystallinity; brighter diffraction spots were observed after exposure to@De/A2 The diffraction

pattern suggested cubic ice formed with the (111) (red), (220) (blue), (311) (green) and (400) (white)
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lattice planes identified. (C) A final dataset showing no evidence of crystallisation of the vitreous ice

after exposure to 300 e/A2 For all datasets a 50/2.s probe flux was used.

4.5 Liquid cellTEM

Recently, there has been a rapid increase in research using and developing liquid cell technologies for
in situ TEM [182]. This technique has obvious benefits for highly accurate characterisation of
suspensions as no pample preparation processes are involved and samples can be imaged directly
when dispersed in solution. However, as the technigaedmes more prevalent, an understanding of

the complex chemistry that can occur in a sample during electron beam irradiation is ned&8&ry

Here using a static liquid cell, commercially sold aski, kcharacterisation of the same model
nanopaticle system that was used for chamalyticalSTEM has been carried out to determine
whether: a) the same degree of accuracy of elemental analysis could be carried out on suspensions in
solution compared to suspensions captured in a layer of vitreous higewhether the same
nanoparticle dispersion state was observed in the static liquid cell and c) whether there was a

significant difference in beam interactions within the liquid cell compared to frozen vitreous samples.

Initial optimisation of STEMDX s carried out using aldt prepared for dry mode analysis, i.e. the
suspending media was removed leaving some nanopatrticles still adhered to the windows dithe K
This reduced beam interaction complications (in the presence of liquid) and permitiigther probe
current to be used allowing optimal collection parameters to be ascertained (see Chapter 3, section
3.4.2). Once optimised STEHRDX analysis was carried out on the model suspension in the liquid state
(i.e. in wet mode). Successful EDX spexttopy identified each element within the suspension and
the positions of the elements were mapped as before for cryo analysis in order to investigate the
dispersion of each nanoparticle typeray elemental maps of Fen)KCe () and Zn (1) are shown in
Figure46 and qualitative assessment of a number of areas within the sample showed no obvious
difference in the dispersion of the different nanoparticlelsen captured in the frozen hydrated state

compared to direct analysis in solution. Due to size of the nanopatrticle clusters a large channel gap
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size of 2000 um was used to maximise the amount of sample in the liquid cell and this meant EELS was

not possiltte.

Intensity / a.u

Figure46. STEMEDX ofa model nanoparticle suspensionontaining ZnO, FE€;, CeQ and AuAg
core-shell nanoparticlesijn a static liquid cell. (AA HAADF STEM image of the model nanopatrticle
suspensionfrom which the corresponding EDX maps and spectrum were obtainédom the EDX
spectrum (B) mapping of Ce [C), Fe K(D) and Zn L (E)X-rays is shown A combinedelemental
map isprovidedin (F).

During EDX analysis there was evidence of some dissolution of nanopaiticies beam irradiation,
most obviously the ZnO nanoparticl&ésgure47). It is known that upon exposure to the electron beam
the pH of water contained within a liquid cell can be reduced due to the formatiop@fibhs during
the radiolysis of watef169]. Since the solubility of ZnO increases in more acidic environnies4$

the dissolution of ZnO nanoparticles after exposure to the electron beam may occur and this was
apparently the cas here Figure4?). Further investigation of beam damage driving nanoparticle

dissolution was carried out on a dispersion of iron oxide nanopartice©{PEG) in water. The
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sample was exposed to increasing total electron fluence with images taken after each illumination
(Figure48). There was clear evidence that significant dissolution occurred after just&Owéth a
measurable decrease in nanoparticle diameter, and after 208 @ll original nanoparticles within

the window had dissolvedlthough here this artefact is detrimental to the analysis of nanopatrticle
suspensions, there could well be potential applications of this effect in mimicking low pH
environments that are typically found within some intercelldampartments (e.g. in endosomes and
lysosomes), and are known to stimulate the dissolution of some nanopatrticles, causing (nano)toxicity.
Therefore, beam induced radiolysis could be useful foritrgtustudy of inflammatory responses of

biological cellso some nanoparticles. However, a thorough understanding of dose effects beyond just

lowering of the pH would of course be required in order to do this.

Figure47: Evidence of nanoparticle dissolution in the static liquid cé#AADF STEM images of the
model multi-type nanoparticle suspension in liquid takeafter exposure to an initial electron
fluence of 30 ¢A2 (A) and afterexposure toa further 300 /A2 (B). Examples of the i$solution of

ZnO nanoparticles is indated by the circled regions.
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Figured8: HAADF STEM images o§BePEG nanoparticledispersed in water andbaded in a static liquid cellThere was evidence ofgnificant dissolution
of the nanoparticlesafter exposure to increasing total electron fluence. No movement of the nanoparticles was observed suggesting the nanoparticles

were adhered to the upper and/or lowesilicon nitridewindow surfaces.
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For each example system, the same samy@e characterised using cryo conditions when captured in

a layer of vitreous ice (data not shown for8gPEG suspension). In the case of both sample systems
the nanoparticles remained stable under the electron beam in cryo conditions. There are a mmfmber
possible reasons for this; the significantly lower temperatures of vitreous ice compared to liquid water
will dramatically reduce reaction rates involved in the radiolysis of water and the subsequent reactions
of secondary damage produdts35, 186] Consequentlythe rate of radiation damage will be slower

for frozen samples in cry®EM compared to liquid samples inTEBA. Additionally, the diffusion rate

in vitreous ice held at137°C (i.e. below the glass transition temperature) will be significantly slower
than in solution[187]. Since the radiolysis of water is diffusion limited then these slower diffusion
rates of the damage products will cause a reduction in the observed dameigienEe of this has
been shown previously by a number of papers referring to the damage products in cryo conditions as

0SAY3 WFNRI SYQ YR GKSNBF2NB LINBJSy[i68 8] T dzNJ K S NJ

The overall suggestion here is that in sonm&ances cryogenia situtechniques may be more suitable
than liquid celltechniques for the characterisation of nanoparticle suspensions (notably where
nanoparticles of interest are sensitive to changes in pH). No obvious difference in the signaéto nois
of the characterisation data was seen in the two techniques yet beam induced effects were

significantly reduced for the frozen hydrated sample.

Summary

This chapter has detailed the precise conditions for successfUSFWEDX and EELS analysis to
characterise a model nanoparticle suspension that contained four different nanoparticle types. Each
component was successfully identified and mapped within a suspensloreover a significant
difference in the destruction of vitreous ice illuminated by #lectron beam was shown between

CTEM and STEM, where it was observed that STEM was advantageous in reducing the damage per
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unit electron fluence of the vitreous ice. An investigation into factors affecting ice damage in STEM
identified that thicker ice damges more slowly per unit area, probe current has limited impact on
damage rates as expected for inverse damage and the existence of delocalised damage means pixel
size can greatly affect damage rates. Comparative studies in CTEM showed a degree af Mawiati
indicated bubbling and crystallisation can occur at lower fluences the®TEM causing artificial
movement of nanoparticles away from the original position. Finally, the characterisation of the model
suspension using a static liquid cell was earrout which indicated certain limitations of LCTEM
whereby the beam induced reduction in pH can drive dissolution of iron and zinc oxide nanopatrticles,
which does not occur when using crigdl. Ultimately, the development and optimisation of analytical
cryo-STEM techniques should allow these techniques to be powerful tools for nanoparticle dispersion
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Chapter 5

5. CHARACTERISATION OF NANOPARTICLES IN COMPLE
BIOLOGICAL NMEA VIAIN SITUAND AUTOMATEDTEM
TECHNIQUES

Having successfully developed and fully optimised -aryalyticalSTEM to carry out accurate
nanoparticle characterisation of a model nanoparticle suspension, the next step was to apply this
technique to more relevant systenis begin to understad the interactons at the bienano interface

Inthis chapter cryeanalyticalSTEM is used to probe the sdliguid interface of a number of different

nanoparticle systems dispersed@CM

The second section of this chapter details a novel method Ideee to carry out automated STEM
imaging and analysis to investigate the dispersion state of nanoparticles in a number of biological
media. The automated data analysis protocol was validated using a simple system of silica

nanoparticles in water, and folving validation was used on several nanoparticle systems to

108



Chapters: Characterisation of nanoparticles in complex biological mediamdduand automated STEM
techniques

investigate the agglomerate size and consequently dispersion behaviour of these nanoparticles in

biological media.

Work in this chapter has been published in the following peer reviewed journals

-Section 5.1.2 in llett al. Journal of Physics:Conference Series J089]

-Sections 5.1.1 and 5.331.5 in llettet al. Scientific Reports 202090]

-Sections 5.2:5.2.7 in llettet al. Journal of Microscopy 201290]

5.1 Nanoparticles dispersed in cell culture media

For anyin vitro study, nanoparticles are routinely dispersed@CMfor delivery to cells. Therefer it

is of significant value to understand how nanopatrticles interact withntla@ycomponents present in
CCMin order to predict and evaluate any potential therapeutic benefit and/or toxicological inipact
vivo. CCMtypically comprises of vitamins, angiracids and salts, alongside commonly added protein
supplements to aid in cell growtind therefore the complex nature of the media can alter the way in
which nanoparticles may behavi.is well documentedthat when nanoparticles come into contact
with biological fluidscontaining proteins a protein corona fornfs3]. A protein coronds a coating
formed of two layers; thénard coronawhich containgroteins witha high affinity associatioto the
nanoparticle surface and thgoft coronawhich containgoroteins with a dwer affinity association.
Moreover, biological fluidgend to have &high ion content andherefore electrostatic interactions
betweenthese ionsand thenanoparticle surfacean occuq31, 37} To begin to probe these solid
liquid interactions a number of different nanoparticle systems were dispers&Cid either DMEM

or RPMI with or without the addition of 10% FBS, and full characterisation of the behaviour of the

nanoparticles pon dispersion was performed.

5.1.1 Interactions at the bienano interface

Six different nanoparticles wersach individuallyispersed in DMEM with 10% FBS at 100 pg/mL via

bath ultrasonication These were, gold coated WiBSSAUPSS), barium titante (BaTE)QOzinc oxide

109



Chapters: Characterisation of nanoparticles in complex biological mediamdduand automated STEM
techniques

(Zn0O), titanium dioxide (THD iron (lll) oxide (R©s) and barium titanate coated with poldysine
(BaTi@-PLL)Once dispersedEM gridsvere preparedia drop casting and air dryirlge suspension.
Uponimaging the TEM gridswas obvious that aoatinghad established around each different type
of nanoparticlgFigure49(A-F)) EDX analysis was cadrieut on the coating and it appeared to contain
a number ofonicconstituents present in th€ECMNa, Cl, Ca, P, Migure49(H)) The zeta potentials
(measured in waterpf each nanoparticlevere different suggesing the coating formationwas
independentof surface charge of the nanopartigleigure49(G)) However since drying artefacts are
known to occur when using dregasting TEM grid preparatiofi89, 191] in situ native state
characterisation was carried out usititg cryo-analyticalfSTEM techniques established in the previous

chapte to confirm the presence and composition of the coating
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Figure49: TEM images of six nanoparticle systems disperse@@Mprepared by dropcasting and

air drying. (A) AdPSS, (B) BaTidC) ZnO, (D) THJE) Fglsand (F) BaTiePLL. Each system showed

a coating formed around the nanoparticle after suspending in cell culture. (G) Table indicating the
variation in zeta potential of the different nanoparticlesall measurements taken in water). EDX
analysisof the caating around TiQ (H) indicated several elements were present in the coating (Na,

P, Ca, Cl and MgRreproducedrom llett et al. [90].
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5.1.2 Drop cast v cryo analytical STEM

It was found that there were significant differences in the composition of the coating whensadaly

in situusing cryo conditions rather than dried samples. A suspension of BRIiManoparticles in
CCCM was either prepared for TEM via drop casting and air drying or by plunge freezing and cryo
transfer. When comparing the EDX maps from analy8ddtM of these two samples a significant
difference in the elemental composition of thepating was observed for the two preparation
techniques Figure50). For the drap cast sampleRigure50(A)) the EDX mapadicateda number of
elementspresent inCCMspatially resolved to the positioof the coating (Ca, P, Cl, Na, K, Mg). In
contrastunder cryo conditiongshe EDX maps showed that only Ca ansbBtidly resolved to the
position of the coating and the othe@lementsof Na, Cl, Mg and ¥¢mained disperseih the ice This
suggested that during air drying, artefacts occurred such that additional components GG
accumulated around the nanopiales, whilst when suspended in solution it wadually acalcium
phosphorousrich corona that formed around the nanoparticles. A previous reporKbet al. [78]
detailedthe formation of @ A YA £ | NJ O2 | G Ay 3 { Kahobio-doieiaronds €S NNS R
and ZnOnanoparticles dispersed irfCCM They postulated that'KC&*, Na, P-and Clions formed a
complex around the nanoparticleslowever,they looked only at air dried samples and therefore
consideringhe workshown here, it is likely that the results werbsa influenced by drying artefacts

andin situEM techniques would be necessary to confirm their findings.
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Figure50: A comparison between BaT#PLL nanoparticles dispersed @CCMand characterised

after drop cast preparation (A) or under cryo conditions (B). Drying artefacts were seen to occur

using conventional drop cast techniques where a number of elements spatially resolved to the

position of the coating. However when characteing the system in thdrozenhydrated state only

Ca ad P spatially resolved to the position of the coating and the other components of the media

were presentonlyinsolution.9 5 - Y I LJA gSNB 200FAYySR FTNRBY airaylfa
Yh pa866= t Yh O03INBSYOs [/t Yh O6GdzNJjdz2 A aldapiedb | Yh

from llett et al. [90].

5.1.3 Sample preparation artefacts

Having confirmed that the coating was Ca and P tioh,next step was to try to understanthe
mechanisms involveth the coating formation. From initial observations tli&a and P rickoating
appeared o establishonly when extended (>10 min) bath sonication wesedto fully dispersethe
nanoparticlesn CCMFurther investigation found that the coating could establish in betweeq G0

minutes. This suggested that the coating could lbgked to the smication processTo confirm or
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otherwise that this was thecase, the pH of CCM was monitored during bath ultrasonication,
incubation in a watebath (at 40C) and incubation at room temperature over a period of 24lhat
atmospheric Ce@conditions Forboth bath ultrasonication and incubation in the wateaith a rise in
temperature to 40C or more within 10 minutes was observed. In addition a significant increase in pH
from 7-7.25 to over 8occurredover the course of £50 minutes. Comparatively the pH rise of the
sample incubated at room temperature was far slower, taking hours to reach a slalse t08.0
(Figure51). Furthermore taconfirm that the length of incubation was not the critical factor in coating
formation a sample of BaTi@anoparticles in CCM was incubated at room temperature for 3 h and
no coating was observedrigure52). However it would be predicted that a coating would form after
24 h room temperature incubation where a pH rise comparative to that seen at the higher

temperature bath sonication/water bath incubation was reached.

Temperature pH
‘—l— Sonicated —@— Waterbath —4— Room temp,I - O- Waterbath - <>~ Room temp. - - Sonicated
45
_ M S
-85
40 o8-8 0o -
] %T\
35~ I i
S s A
© 30- L % 6.0
T o % B
o N ‘ -7
S | PR
o 20+ %’_, - *
[ -
E / -7.5
15 1 /
144
10 ,,%
- . 7.0
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Figure 51: pH (dashed line) and temperature (solid line) measurements @CM either bath
sonicated, incubated in a water bath at 4G or incubated at room temperature in atmospheric €0

levels. For bath sonication, measurements weetaken over a period of 3 h; whilst for incubation at
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40°C in a water bath and at room temperature, measurements were taken over a period of 24 h.
The increase in pH of thECMwas much quicker when at the elevated temperatures of the water
bath and bathsonicator reaching >8 after 3 h. In comparison the increase in pH at room temperature

was much slower, only reaching ~8 after 24 h incubation. Reproduced fileth et al. [90].

L

200 nm 500 nm

Figure52: BaTiQ nanoparticles dispersed i€CMand incubated at room temperature for 3 h. No
calcium phosphate coating was observed which confirmed that pH and temperature were the
critical factors in coating formationReproduced fronllett et al. [90].

It was confirmed that the presence of FBS did not affect whether a coating established, with the
coating observed in both cases in agreementhwthe results in[79]. This suggests that any
involvement of proteins in the coating formation is minimal and crofcial. Furthermore, the coating

was seen to form on three different size/shape ZnO nanopartiigsi{e53) when sonicated in CCCM.

Both these observations suggestitt the coating formation was an artefact of sample preparation.
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Figureb3: Three ZnO nanoparticles of different shape and size dispersé&tii@Mnd dropcast onto

a TEM grid and dried. The DLS plot in (D) indicates the Bmeein size where the blue line
corresponds to the particles imaged in (C), the red line to the particles imaged in (B) and the black
line to the particles imaged in (A). The hydrodynamic radii were 295 + 11 nm, 615 + 36 nm and 1281
+ 141 nm with the rangegiven as the standard deviation of n=3 measurements. Thécician
phosplorus richcoating established on all ttee nanoparticles confirming thatoating formation
wasindependent of size and shape. Reproduced frdiett et al.[90].

CCMis a complex systemnith delicate chemistrglesigned to regulate conditions such thiae media
remains optimised for healthy cell growtfiypicallyCCMis acarbonate buffered systepbut these
buffers are only effective at maintaining physiological pH (~7.4) under specific conditinradly 37C

and 5% Co@levels However, suspension mparation here, and in most materials research

laboratories, wasarried outusingatmospheric conditionsvhere the CQ@level is far lower (~1%).
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would promote the recombination of HCOand H to favourthe production of C@(E. 5.1). This
would in turn lead to aeduction in the level of Hand subsequently drive pH to more alkaline values
as observed herd={gure51), and temperature increases the rate at which this pH change ocuiss.
is important since according to one of the main distributofsGCM the precipitation of Ca by
phosphate ions will bexmme a problem when the pH level becomes more basic thafilB3,.

€ '"E AE P & AEP £ € PE (5.1)
Furthermore, the increase temperaturethat isassociated with bath ultrasonication due to excessive
heating of the bulk liquid through ultrasonic waves will further favour thecimigation of calcium
phosphate since calcium phosphate dissolution is an exothermic pratesssolubility decreases
with increasing temperatur@l93]. Accordinglyit was concludedhat the Ca and P rich coating seen
here was an artiact of sample preparatiomwhereby a significant increase in pH and temperature

induced during bath sonication promoted the precipitationcalicium by phosphate ions

The concept that calcium can be precipitated from the medialysphate ions at highreugh pH
was investigated further using the modelling software HYIME®DUSAcarried out by Dr Sergio
Sanchefegadojo look at the ionic equilibrium of the DMEM media in the pH range 5.0 to 8.0. This
wasuseful in confirming that Ca wasdeed precipitaed by > at increasing pH levelsooking in
detail atFigure54, in the pH range 5 to 6.5, the concentration ofGand HPQ" remained constant
but at pH values 6.5 a decreas@ the concentration of the Caand HPQ' ions was observed due
to preciptation of Ca(PQ);OH(s)Xhydroxyapatite (HA)Wwhich was verified when the conceation
of the precipitate remainedalmost constantabove pH 7.15.However this exact pH value of
precipitation isnot in agreement with the work shown here or the knowntfemat at physiological pH
Ca and P remain in solutiam CCM Since oe of the limitations of the HYDRAEDUSA software is
that it can only account for the inorganic ioimsa solutionto calculde the equilibrium conditionshis
suggeststhat the organiccompounds (amino acids and vitamins) tlaag also present irCCMmust

also influencehe precipitation process. Indeed there are reports on this in the literature wirere
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vitro studies have shown that amino acids can promote HA precipitation through biveding to
surfaces and attracting €zand PQ@* ions, increasing local supersaturatitavels[194]. In addiion
Tavafoghiet al. [195], studied the effect of the amino acidsakginine aml L-glutamic acid. They
observed that in solutions without amino acids dissolved; HA precipitation was instantaneous as
predicted with the software HYDRMEDUSA. In solutions containing only one of the amino acids, the
precipitation was delayed by 11 an@® hours for glutamic acid and arginine respectively, and for
solutions containing both amino acids the precipitation was delayed foouts. It is known that
glutamic acid and arginine form complexes witt#'Gand PG* which results in an inhibition ohe
precipitation as a consequence of the decrease in the concentration of fre¢liek On the other
hand, when both amino acids are dissolved in the same solution the tendency to interact between
each other is higher than their individual interactions with eithef*@a PQ* [195]. This is worth
noting considering that there are differences in the formulatiorcofnmonCCM For the case here
where DMEM was used primarily, this contains onbrdinine. HoweverRPMI normally contains a
mixture of bothL-glutamic acid andl-arginine. Thereford} could be suggested that the precipitation

of Ca by Ps* may potentially occurat variable time points between different biological media and

this requires further investigation beyond the scope of this project
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Figure 54: lonic equilibrium data for DMEM at 2& obtained from HYDRMEDUSA software
Precipitation of Ca by phosphate is predicted to occur at pt3 but this does not consider the
organic species present in the media (vitamins, amino acids and proteins) which can delay
precipitation.

In addition to the workby Xuet al.two further papers have been published Byberioet al.detailing

the formation of aCa and P rich coating around Ti@noparticleq79, 197] Theseworks claimthat

this coatingvasdue to significant interactions occurring at thim-nanointerfaceof the nanoparticles
andis indicative of a significant changetfire biological identity of the nanoparticdén viva However,

from the evidence provided heri is reasonable to suggest that the cited coating by Ribetial.
could bean artefact of sample preparation. The papers suggest that the samples were preaied
atmospheric conditions antherefore possiblechanges irthe pH wouldhave been favouredat the
lower CQ levels which couldhave induced the precipitation of calcium phosphatearound the
nanoparticlesFurthermore, this work also detailed cell uptake studies of the m@doparticles, yet

the resultsfrom this aspect of the study did not indicate any Ca and P accumulation around the
nanoparticles taken up into the cells. Itpsssiblethat these cell uptake studies were carried out
separate to the STEM characterisation studies and in a laboratorsevelppropriate conditions could

be maintained to prevent any extreme changes in the pH or temperature of the media. This is of
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significance considering incorrect conclusions concerningdmouflage and ease of cell uptake may
have been reported as a caguence of misinterpretation of the interactions at the #iano

interface.

A final investigation was carried out looking at the potential of using probe sonication rather than bath
sonication. Recently, there has been a move toward standardisation wfqmis used for nanopatrticle
dispersion preparation in order to reduce the level of variation between faciliti®8, 199] These
protocols tend to prioritise the use of probe sonication. A sample of Bami@CCM was probe
sonicated for <15 min and upon dispersion characterisation, no obvious calcium phosphorus coating
was seen. This cdre explained by the shorter timescales used for probe sonication as compared to
bath sonication, thereby reducing the time available for a significant change in pH to occur. It is also
standard procedure to place samples in a cooling water bath to prexergssive temperature rise,
therefore further reducing the drive toward calcium phosphate precipitation. Consequently, probe
sonication could be a possible advantageous alternative for nanoparticle dispersion preparation.
However,the higher powercompareal to bath sonicatiorcarries anincreased risk of detrimentally
causing physical or chemical changes to the inherent properties of the nanopatrticles or ntédia wi

a suspension and therefore it should be used with caufaf®].

5.1.4 What form of calcium phosphate?

Selected area electron diffractiomdicated that the coating was amorphous. EDX and EELS
guantification were used and benchmarked against calcium phosphate standatoleq). From EDX
guantification the average Ca to P ratio in the coating was 1.39 + 0.30 and from EELS quantification it
was 1.63 + 0.46, where the reported error is taken as the standard deviation from n>3 measurements
(Table7). These results were not conclusive since octacalcium phosphaté(©a)s.5HO0), tri basic
calcium phosphate (G@Q),) and HA (Ca(PQ)s:OH) have Ca to P ratios of 1.33, 1.5 and 1.67

respectively which wouldll fit with the reported quantification within error.
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Table6: EDX and EELS quantificatiohthe Ca to P ratiof standards; tribasic calcium phosphate

and hydroxyapatite. Errors were calculated as the standard deviation of nx&asurements.

EDX EELS Expected
Tribasic calcium phosphate 1.42+0.03 148+0.23 15
Hydroxyapatite 1.60+0.04 1.77+x0.14 1.67

Table7: Ca toP ratios obtained through EDX and EELS quantification. There was soggestion
that there could be a degree of difference in the composition of the coating between two different

media, although this was not significant. Errors are given as the standard deviation of n>3

measurements.
EDX analysis EELS analysis
BaTiQin DMEM BaTi@PLL BaTi@GPLL BaTiQin DMEM
in DMEM in RPMI

Sample 1 (avg) 1.06 1.50 1.21 1.73

Sample 2 (avg) 1.18 1.26 1.11 1.43

Sample 3 1.94 - 1.22 -

Average 1.39+£0.30 1.38+0.47 1.21+0.06 1.63+0.46

To investigate the most likely form of calcium phosphate to precipitate out of solution thermodynamic
modelling was carried out using HSC Chemistry ([261). Again the thermodynamic modelling was
conducted on a system modelled only on the ions preser@@Mand not the additional organic
constituents. This showed that the favoured daha phosphate precipitates from a system modelled

on the ions present in DMEM were Ca(@B8Bi(PQ). and Ca(PQ)sOH HA)(Table8). Of the two
Ca(OHyCa(PQ):KI R G KS t2684aiG npD Ot fdzST K26SHSNI LINBOA LI
nD FYyR ¢SNB (GKAa GKS fFNBSad LKI & whighd@roti A y3
agree with the EDX and EELS d&able7). Therefore, using both experimental and modelled results

it was concluded that the most likely form of tkeating was an amorphous calcium phosphate with

HAstoichiometry.
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Table8: Thermodynamic modelling carried out using HSC Chemistry (v 5.1) software. Highlighted in
red are the three most likely forms of calcium phosphate precipitate form from a system
modelled on the ions present in CCM.

T/°C pH/KI  pS/IIK  nG/kJ

a2+ PO + H,0(l) = CaHPQ + OH-? 2500 68898 308.171 -22.983
a2+ PO + 3HO(l) = CaHPQ*2H,0 + OH 25.00 230.408 365.315 121.489
a2+ PO + 3H,0(l) = CaHPG*2H,0 + OH 2500 33781 246.428  -39.691
4C4"2+ 2PO+ 2H,0(]) = Ca(OHYCas(PQ)a+ 2H'®  25:00 -8205.711  611.363 -8387.989
a2+ 2H,0() = Ca(OHy+ 2H(+) 25.00 128.843  -0.016 128.848
3C4+ 2PQ = Ca(PQy), 25.00  77.249 847.391 -175.401
2CA) + 2PQE + 2H = CaP,0r + HiO() 2500  30.338 814.100 -212.386
5CA™29)+ 3O + H,0(l) = Ca(POYOH + H 2500 132.846 1265.751 -244.538

10Cd"2 + 6PQ3 + 2H,0(l) = *3Ca(PQy),*Ca(OH), + 25.00  269.884 2531.494 -484.881
2H(+a)

5.1.5 Recommendations for sample preparation without artefact inducement

Theunintentionalformation of a calcium phosphateoating around nanoparticles dispersedd&M
could have significanimplicationson the interpretation of cell uptake and toxicologicalidtes. A
significant amount of research has been carried out lookinglesigring nanoparticlesto either
promote ordeter protein binding for improved use medicine[202, 203] However alcium can act

as a briding agent for the adsorption ofiegatively charged species such B&\ (often alarge
component of proteincoronas) onto nanoparticles thi a negatively charged surface, which could
potentially promote unwanted protein binding204]. Furthermore, calcium phosphate coated
surfaces can alter specific protein adsorption which could again disrupt the behaviour of the
nanoparticles in biological studig205]. Moreover, the surface design of some nanoparticles is
intended to improve colloidal stability and the formation of a layer of calcium phosphate on the
nanoparticle surface could then alter or disrupt the dispansid the nanoparticles. At the very least

a proteincorona will be altered if calcium phosphate competes for binding at surfaces of nanggzartic

andthis may affect the biologat function of the nanoparticles. Thiguld however only be the case
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if all the nanoparticles for cellutedelivery were inappropriatelprepared rather than just those for

STEM investigation.

To address the work shown here that suggested sample preparation can cause significant artefacts in
terms of forcing artificial calcium amhosphorus rich coatings, an alternative approach was used such
that any extended sonication to fully disperse the nanoparticles was carried out initially in water
before diluting in CCM without further sonication. Using this procedure ensured that tred GiEM

did not vary dramatically away from 7.4 and nor was the temperature increased significantly, both
factors which would deter calcium phosphate precipitation. Upon utilising this preparation procedure
when dispersing BaTiPLL nanoparticles in CCCiwy, calcium phosphate coating was observed
around the nanoparticleg={gure55). Consequently, in order to ensure no artefacts occur during the

preparatbn of nanoparticles in biological media the following suggestions are recommended:

A When usingCCMfor specimen preparatiorthe pH should be monitoredo ensure no
significant changes are occurring, and watould be carried out undems close to
physiolgjical conditions as possible. For example, if prolonged sonication is required for
nanoparticle dispersion, this should be carried out in water before dilutingppropriate
concentrations in the required biological media.

A CryeS/TEM analysishould be used in preference to dry samples to elimina@y drying
artefacts.

A In research collaborations where research is undertaken in multiple locations, clear and
precise communication between all research facilisésuld be prioritised t@nsure exact

procedures are replicated in all locations.
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Figure 55. CryocanalyticatSTEM characterisation of BaB®LL nanoparticles i€CCMprepared
without artificial adjustments to pH or temperature. EDX analysis indicateslldwing the
recommended sample preparatiomprevents the formation of the calcium and phosphorus rich
coating The combined elemental map in (B) maps theay signals oBa (red), Ti (blue), Na (green)
and CI (yellow) of the HAADF STEM image (A) and peetsa in (C) is from the whole image area.

Reproduced fromilett et al. [90].

5.2 Nanopatrticle disgrsion states

Colloidal stability is another important factor in the behaviour and subsequent application of
nanoparticles in medicine. It refers to how well nanoparticles remain monodispersed within a
suspension. The dispersion state of nanoparticles is particulaghpriant since any change in
agglomeration state will effectively change the size and therefore the dose of hanopatrticles that cells
are exposed to eithem vivoor in vitro. Investigating nanoparticle dispersion by using bulk DLS
techniques is a simple dreffective protocol, however it can be complicated by the more complex
nature of biological media. Therefore, initial investigation of nhanoparticle dispersion in a number of
biological media was carried out using DLS (section 5.2.1 and 5.2.2) beforepitey &M techniques

to carry out the dispersion analysis of the same suspensions and compare the results (section 5.2.8).

5.2.1 Nanoparticles in lysosomal buffers

Lysosomal buffer06]were used to mimic the likely environments in which nanoparticles are stored
in cells after uptake by endocytosis. Nanoparticles can be encapsulated in intercellular vesicles known
as endosomes and lysomes[207] which are acidic with a pH of 5.5 and 4.5 respectively. Since pH
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can affect surface charge it would be predicted that the dispersion of nanoparticles could alter in these

acidic environments.

Au (30 nmspheres) and E&, (30 nm spheres) nanoparticles were dispersed in lysosomal buffers
(either pH 5.5 or pH 4.5) and the dispersion state analysed through DLS. The Au nanoparticles were
coated with amingerminated PEG (referred to as AlHb) and the FgD, nanoparticles were either;
uncoated, coated with a carboxylic acigCOOH) or coated with PEGPEG). Both nanoparticle
systems have been linked with potential use in therapeutic medi@@8, 209]and, due to their size

and the presence of polymer coatings, would be predicted to undergo cell uptakecapseration in

endosomes and lysosom§xl0].

Initial investigations ascertained that dispersion in CCCM at physiological pH did not affect the
dispersion of the Au or E@; nanoparticles, and they remained colloidally stalfig(ire56 andFigure

57). However, suspensions of both the Au andQzenanoparticles in lysosomal buffers led to
significant changes in the dispersion state dependent upon, in the case ofdBefa@oparticles, the
surface coating and, in the case of-Mtb nanoparticles, théncubation time. Looking first at ANH,

the nanoparticles remained monodispersed in pH 4.5 and 5.5 lysosomal buffers for the first 24 h. After
48 h there was evidence of some agglomeration which appeared to increase slightly aftérigara (
56(C,D)). The agglomeration appeared to be slightly greater in the pH 5.5 lysosomal buffer compared
to pH 4.5. In comparison the AIH nanoparticles suspended iDI water and CCCM remained
monodisperse with no evidence of agglomeration over a 72 h period. This indicated it was the lower
media pH that was driving agglomeration over time. Changes in the zeta potential of tNébAu
nanoparticles must therefore occuover time resulting in reduced colloidal stability of the

nanoparticles and the agglomeration observed here.
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Figure 56: DLS plots for AINH nanoparticles dispersed in different media over time. The
nanoparticles were disperseat 100 g/mL in four different media; (A) kD, (B) CCCM, (C) lysosomal
buffer pH 4.5 and (D) lysosomal buffer pH 5.5. Nanoparticle agglomeration was only observed after
72 hin both lysosomal bufferd.egend in (A) applies to all plots.

For each F£, nanoparticle system (i.e. uncoated, coated wititOOH or coated witQPEG) the
dispersion remained stable in CCCM at pH 7 for up to 4 weeks. This was also the case for the uncoated
FeOs and FeO,-PEG nanopatrticles in both pH 5 and pH 4.5 lysosomal bufigna€57(A, C)) where

the slight discrepancies seen in the data were attributed to measurement errors since there was no
clear trend dependent on time aacidity. Comparatively, E®,-COOH nanopatrticles agglomerated
after 7 days in pH 5.5 lysosomal buffer and immediately in a pH 4.5 lysosomal bidgiaeb7(B)).

The geater H content within the acidic lysosomal buffers could reduce the occurrence;Gk&00

and consequently reduce the electrostatic repulsive interactions between these nanoparticles. This
would suggest that in order to prevent excessive agglomemaiiosside a cell of iron oxide

nanoparticles, neutral or positively charged nanoparticles are advantageous.
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Figure57: Dispersion states of E&s (A), FeO,-COOH (B) and EF@,-PEG (C) nanopadies dispersed in lysosomal buffers at pH 7, pH 5.5 and pH 4.5.

Significant agglomeration and colloidal instability was observed foeg®2COOH nanoparticles in low pH bufferBhe legend in (A) applies to all plots.
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