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Figure 1: Trilineage potential of mesenchymal stem cells (MSCajith the ability to differentiate

into osteogenic, adipogenic and chondrogenic cell typelsnage created in BioRender.
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Table 1: Growth factors stimulating and signalling pathways involved in stem cell lineage

differentiation. Also included are early andate-stagemarkers of differentiation.

_ Signalling Early Late
Lineage Growth Factors
Pathways markers markers
Osteogenesis TGH, BMP2, BMP/TGHR, Runx2, ALP, Osterix, OCN,
[8, 25-34] BMP4, BMPS6, ROCK, Wnt,| OPN, BSP, BMP] Coll
Runx2, FGR2, Hedgehog,
IGF1 and 2, VEGH Notch, IGF,
[ -catenin, ERK1 ERK1/2,
and 2, FOXO01, Zini MAPK, FGF,
finger protein, NELL-1
OMD, PPAR2,
Fibronectin
Adipogenesis PPAR1 and 2, BMP,Wnt, | 00! 2 r h |,# Adiponectin,
[8, 25, 3437] | C/EBP, BMP2, 4| Notch, IGF, FABP4 LEP, FAS,
and 7, Wnt4 and | PKGCamKI| GPDH, ACC,
5a, Notchl and 4, _
Twist-1, Dermo-1, Malic enzyme,
Sox2 and 9, Oct4, Glu4, Insulin
EBF1 receptor, aP2
Chondrogene| TGK 1,2 and 3, BMP/TGHR, Sox9, Col2al, Col10a1,
sis[8, 26, 35, FGF2, 4 and 6, | IGFR, MAPK| Aggrecan, Ihh, VEGFA,
38, 39] BMP2, 4 and 7, Hedgehog, Pthlr MMP13, OPN
Sox9, HifY, Shh, Wnt
sFRP1, Dkk1,
HOXD9, 10, 11 anq
13,ZNF145,
OXO3A, STATS3,
Wntll, IGFI
Neurogenesis| EGF, FGF, NGF Wnt, JNK, Astro - Oligoden -
[40-42] NRP1, RA, Shh, |  Notch, | Neuron 1 .1 qocyte
Wnt7a and Wntda,| - Hedgehog 5o o5"5700 | NKx2.2, MBP.,
BMP 4, Smad
1,NFL | GFAP| Oligland2
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Figure 2: Signalling pathways regulating osteogenesis in MSCs. Pathways are highly complex and
convoluted often involved in crosstalk and are often not specific to only osteogenesiBigure

reproduced with permission from [46].
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Table 2: Chemical factors used to induce differentiation into specific cell lines

Cell line Medium Supplementation
Osteogenesig8] I -glycerophosphate, dexamethasone, ascorbic aeitt
phosphate,

TGF[,BMPs, Vitamin D3

Adipogenesis[8] 3-isobutyl-methyl-xanthine, insulin, indomethacin,
triiodothyronine,

Asc2-P, basic FGF, dexamethasone

Chondrogenesig8] | ascorbic acid phosphate, dexamethasone, linoleic aci

selenous acid, proline, tgutamine, TGH 1, transferrin

Neurogenesig55, butylted hydroxyanisole, KCI, valproic acid, forskolin,

56] hydrocortisone, insulin
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In vitro, it is possible to mimic the physiological stiffness of a tissue to control
stem cell differentiation using hydrogels or other biomaterials Figure 4) [24,
94]. This culturing of cells on substrates with similar physiological stiffness to the
tissue they belong, hagsesulted in cells developing phenotypes that would be
expectedin vivo [94]. Soft substratesof 0.1-1 kPa typically mimic brain tissues,
directing neurogenic lineage differentiation [24, 95]. Stiffer substrates of 8
17 kPa mimic muscle, result in myogenic differentiation, and even stiffer
substrates of 2540 kPa direct differentiation into osteoblasts [24, 95]. Other
studies have found that soft substrates reduce the amount tha?lSCs spread,
resulting in a higher chondrogenic and adipogenic potential, whilst stiffer
substrates increase the amount MSCs spread, resulting in higher myogenic
potential [96]. MSCs also respond to stiffnesgyradients on surfacedy
migrating toward stiffer areas in a process termed durotaxi§d7]. The stiffness of
the substrate regulates integrin binding, which is thought to be essential for MSC
differentiation, as without bond formation, osteogenesis decreasef®8]. The
stiffness of the substrate also seems to regulate the shape of cells, possibly due to
integrin binding changes caused by thenechanical properties of thesubstrate
consequently affectingadhesion strength cell stiffness and contractility[96, 99-
101].

Cell shape is regulated by the cytoskeleton, and can be modified by
micropatterned substrates, certain materials/gels, and ECM composition and
mechanical properties through interactions with the ECM and other cellg35].
[102]. The study conducted by McBeatbt al demonstrated that cell morphology
also determines cell lineage commitment in stem cells, with rounded cells
undergoing adipogenesis, and cells able to flatten and spread undergoing
osteogenesiqd103]. Cell shape was also found to regulate Rho and Rho associated
protein kinase (ROCK) activity, both of which are involved in contractility and are
key to osteogenesis, thus demonstrating that cellular contractility controls MSC
lineage commitment toward ether osteogenesis or adipogenesifL03]. Another
similar study conducted by Gaceet al confirmed that cell shape also affects MSC

lineage commitment into chondrogenic and smooth muscle cells (SMJ&p4].
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These two studies confirmed that any structural changes made to the
cytoskeleton influences the determination of MSC lineage commitmenf03,
104]. This said however, it is still not fully understood the full role both the

cytoskeleton and Rho have on MSC response to stiffness.
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Figure 4: Substrate stiffness directs stem cell lineage commitment. A) Within the body, tisssie
have different stiffnesses, with blood and the brain being considerably softer than bone. B)
study conducted by Engleret al utilised anin vitro gel system to test the effect different substrate
stiffnesses had on the lineage commitment of MSUSigure reproduced with permission from
[24].



In vitro, studies have demonstrated that stem cells sense the different mechanical
and topographical environments such as stiffness, pattern and size and tend to
grow faster within an environment similar to their in vivo niche [105, 106].
Topographical cues received on the nanoscale, are capable of causing cells to
undergo changes in their adhesion, migration, morphology and gene expression
[67]. Recent research has found that nanotopography can successfully stimulate
osteogenesis in MSCs, with features that are around 20 nm high being found to
induce an osteogenic responsg7, 107, 108]. Studies conducted by Dalbegt al
have found that high levels of randomness in nanotopographies can be used to
direct osteoblastic differentiation of MSCs with EGF and FGF pathways being
stimulated by this technique[106].

1.3.3 Mechanosensing
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Figure 5: Calcium ion channels activated following application of mechanical stimulation. Image
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Figure 6: Integrin activation following interaction with signals outside of the cell. These signals

activate | andr integrin receptors which subsequently recruit actin, leading to signal cascades

inside the cell Figure reproduced with permissions from[123].
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reproduced under creative commons licence fronid].
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Figure 8: Actin-myosin contractility [136]. Single globular (Gactin) bind together in a process
known as polymerisation, leading to a lengthened filament of actin (B&ctin) involved in
regulating cell stiffness. Cell motility and cytoskeletal contraction occurs due to the interplay
between actinfilaments and the protein myosin, particularly Factin interaction with myosin II
[102]. These actinmyosin complexes extend to the nucleus, forming a connection between FAs
and the nuclear envelope and are also involved in cell division, controlling cell shape, and

producing cytoskeletal tension[94, 133, 137] Figure reproduced with permission from[136].
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Figure 9: Tensegrity model of a cell also with nuclear tensegrity. Red and magenta lines represent
microtubules (struts), whilst the blue and cyan lines represent actin (cables). Model designed in
AutoCAD.
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Figure 10: Diagram of the LINC complex within the cell with nuclear membrane proteins and

other components labelled.
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Figure 11: Diagram of experimental set up of micro cell chip designed to apply pneumatic

pressure to MSCs to induce osteogenesiBigure reproduced with permissions from[200].
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Figure 12: Flexcell mechanism for applying strain to cell culturesFigure reproduced under open

access licence fronf63] .
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Figure 13: Setup used by Uzeet alwhen testing a range of vibration conditions on human ASCs

and quantifying the levels of fluid shear stress. A) Authors used Particle Image Velocimetry (PIV)

to quantify fluid shear stress. B) Results were compared to FEMs of wells to predict levels ofdl

shear stress during vibration.Figure reproduced with permission from[268] .
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Figure 14: Vibration device used by Haloneret alto compare horizontal and vertical vibration.

A) Authors used commercial subwoofers to apply vibration to cells held within 3D printed
holders. B) Accelerometers characterised vibration in three directionsFigure reproduced under
creative commons licence fronj274].
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1.5.3 I mpact of Seeding Density
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Figure 15: Setup used by Ambattwet al to apply surfacereflected bulk waves (SRBW) to cells

[285]. Study found that cells expressed osteogenic genes following stimulation for 10 mins/day

for 4 days.Figure reproduced with permission from[285].
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Figure 16: Setup used by Judegt al [254]. A) AcceleDenset up providing 30 Hz, 0.24G for 20
mins/ day to cells and B) VPro5 setup providing 120 Hz, 0.41 G for 5 mins/day to cellEgure

reproduced under creative commons licence fronji254] .
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Figure 17: Setup used by Baskamt al [246]. Vibrations of 90 Hz, 0.1 G applied for 15 mins/day

for 7 days successfully decreased adipogenesis in cells cultured in adipogenic medkgure

reproduced with permission from [246].
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Figure 18: Custom built vocal fold device built by Tonget al to investigate the effect of human

phonation frequencies of 200 Hz on MS(286]. A) Image showing setup. B) Crossectional

diagram of vibration device. When applied to cells, the group found vibrations to result in a higher

production of matrix components without the requirement of differentiation media. Figure

reproduced with permission from [286] .



1.5.5.5 Neurogenesi s
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Figure 19: Setup used by Chaét al and Choet al when using vibration to direct MSCs toward a

neural lineage[42, 264]. Figure reproduced with permission from[42].



1.5.6 Vibration only studies
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Figure 20: A diagram of cell mechanisms induced by nanovibrational stimulation of MSCs.
Nanovibrational stimulation has been shown to activate several key osteogenic pathways
including Wnt and BMP.Several mechanosensitive ion channels have also been shown to be
activated following nanovibrational stimulation, including Piezol.Figure reproduced under

creative commons licence fronj287].
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Figure 21: Images of the mnovibrational stimulation system. A) Vibrational platform attached to
power supply with cultureware magnetically attached. B 13-piezo actuator array which is then

bolted to the steel top plate providing vibratioral motion. C: Piezo actuator housiniglamp.

# O0O0OAT Ol uh OEA 035 E 1 Eil EOAA O AT 1 00D
Ai bl EOOAA jomnm 1Tiq8 !'1OEiI OGCE OEA Ai E



APDPOT EIi AOGAT U wn Tih OEA EOANOAT AU EO |

T ATT OEAOAOETT OOOAEAO EAOA OOCGCAOOAAR EC
AARAOEAA AADPAATI A | £ OAAAWILCE AEELEADA A DIl £
AOANOGAT AEAOC 11 AAI1 OAODPITOA EAOGA 110 AA

AARAOGEAA AAOGEcCi h AT A O A 035 AAPAATA T £ b
AAGEOAAT A8 )OO EO Al O AOOAT OEAEOOAA OO AER
AODOOAT &6 AAOEAA EO AAPAAT A T &£ ET 1 0O0AAO Oi
7EEI OO0 A OAOEAAT A 035 xEiIl OBREARADHEIG A
AT TAEQCET T O A O OEADAOMAOGAOAOA T OEMD EE ICMN Ix @ A1
AAROPOT OA xEI 1 AT AAT A AAOOAO AOOOOA AAOE

2.2 I nvestigating different pi ¢

2.2.1 Laser interferometry
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Figure 22: Laser interferometry used to measure the displacement of the top plate. Arrows
indicate direction of laser at it reflects on the measurement tape and recombines within the

interferometer.

2.2.2 Testing different piezo actua
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Figure 23: Arrangement of piezo actuators A) Schematic showing the positions at which
interferometry was performed on the device top plate. Bp piezo arrayarrangement. C) 7 piezo
array arrangement D) 9 piezo arrayarrangement E) 11 piezo arrayarrangement F) 13 piezo

array arrangement
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Figure 24: Interferometry measurements at multiple frequencies for five different combinations
of piezo actuators.N =25 where each replicate isa measurement at different points across the

top plate surface.

"AlTx pmm (Uh All ATTAETAQCEITO 1T £ DPEAUI
OEAOAQEI T O AAOT OO OEA Oi P bPiI AOGAR ET xAOAO
A AT T OEAAOAAT A AOiT B ET OEA AOAOACA Al Pl EC
E(Uh OEA AWTATADOAD BE | AET AGETT O OET xAA OE,
OAOEAOQET T h ET xAOAO AAT OA OEEO AOANOAT AU
OAOEAQEIT O AAOI 0O OEA OI b bl AOAs

2. 2FRBE3BAomhel dfi nigheezo actuator arrays

47 EOOOEAO O1 AAOOOAT A OEA AEEAAOO 1T £ OEA
AAOOAOI O AT 1 AET ADIEEAT;BEOMWEIOE OA O ADi AMOOOET
j OAOOEIT T p uASACIBE MEFH G OAMADEAA 11T AAT O POAOE
OEA cCcOi G oA AOGE GORAOAARAOKIRGEAR RB9BOET C
EAOITTEA OAODPITOA AT AT UOGEO DPAAEACARh xEEA
OOOOAOO0OA ET OAOPITOA O EI POO OAOEAOQEIT ¢
I £ CEATB@DPATA AEOPAGA AARMBOIOAA xEAOA OEAU



OEA DPEAUI .ABOBOAGIARG8O xAOA 0061 OEOI OCE EA
xEOE AT AT UOEO OAOOET CcO OAO O1 OEA mEOANOAI
Oi OEA AOAOACA Aipi EOOAA |1 AAOGOOAA AU ET O
DEAUI AOOAUDA A OET x1 EI

Table 3: The amplitudes set for each piezo actuator array in ANSYS, corresponding to the average

amplitude measured by interferometry at 100 Hz.

Piezo Amplitude

Array (nm)
5 30
7 27
9 12
11 13
13 12
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Figure 25: Interferometry measurements of average amplitude across the top plate whilst
changing A) Frequency and B) Voltage, keeping frequency consistent at 1 kNz=12, where each

replicate is measured at different points across the top plate.
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Figure 26: A) Modal analysis for the first 20 modes performed on the top plate with different
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shown in Table 4. (B) Bar chart detailing number of modes for each material (up t6 kHz). C)

Modal analysis for various top plate materials up to 6 kHz. D) ANSYS geometry of top plate with

piezo clamps.
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Figure 27: A) KiCAD PCB layout of DDS design chiy) Printed PCB board of DDS design chip. C)
Breadboard circuit of Arduino MC, rotary encoders and TFdisplay. D) Circuit diagram of Arduino
MC, rotary encoders and TFT display. Circuit allows for the frequency to be changed by using the

rotary encoders, with the frequency value displayed on the TFT display.
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Figure 28: Voltages required to produce average displacements in three devices wereasured:
the standard vertical device and two horizontal prototypes. A) Vertical displacement at a range of
voltages. Only the vertical device shows a significant range of vertical displacements. B)
Horizontal displacement at a range of voltages. The shear piedevice (Horizontal Prototype 4)
required higher voltages and was only capable of a maximum amplitude of around 30 nm, whilst
Prototype 5 was capable of a range of displacemeare relatively low voltages. C) Limitations of
the current PSU showing the voltages required to produce average displacement in the devidg.

Signal generator and Behringer amplifierData shown in C wasollectedby Dr. Paul CampsieN =

12 where each replicate was obtained at different points across the top plate.
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Figure 29: A) Class AB amplifier design in LTSpice. B) Class AB amplifier built on a copper
breadboard with heat sinks attached to transistors C) Voltage response as measured in LTSpice
where V(n006) is Vin and V(n003) is Vout. Design shows a max petkpeak voltage of 50V whilst

still maintaining a reliable sinewave output.
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2.6.2 Modelling MSCs in ANSYS
2.6.2.1 Designing cell model s
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Figure 30: ANSYS models of a cell at different stagesaidherence. A) Represents a cell with an
area of attachment of 1961 um2 B) Represents a cell with an area of attachment of 243.3 4i@)
Represents a cell with an area of attachment of 293.1 |#niThe dimensions of the different stages

of adherence aredefined in Table6.
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Material .
(Pa) Ratio

Cell Membrane 1.03 1068 0.30
Cytoplasm 0.53 103 0.30

Nucleus 53108 0.37

Cultureware Plate (structural
23 101 0.30
steel)
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Table 6: Dimensions of cell at different stages of adherence. Corresponds to the images of cell

models inFigure 30.
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Figure 31: Maximum normal stress experienced by the cell membrane in the A) and By axis,

C) and D)y z axis and E) and F¥ z axis during a frequency sweep of § 5000 Hz.
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between 0.5 kPa and @ kPa, and the stress experienced by the cell membrane when vibrated
vertically and horizontally in the waxis (A, B, y-axis (C, D) andz z axis (E, F)was measured. Late

adhesion models were used.
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stiffness during vibration. In the z-axis, the late adhered model when vibrated horizontally

resulted in the highestapparent stiffness in both the cytoplasm and nucleus.
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2.6.3 Designing a horizontal devi ce
2.6.3.1 Prototype 1
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A B Prototype 1: Vertical Vibration

Prototype 1: Horizontal Vibration Amplitude (nm)
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Figure 34:) T EOEAIT EIT OEUT 1T OA1 OAOODP j 001 O OUPA pQs8 ! q ¢
magnets to the top plate. A cultureware plate is then also attached using magnets to the shelf.
Interferometry showed an average horizontal amplitude of(31 + 3) nm. B) Average vertical

amplitude was measured a{23+ 11). C) ANSYS model of prototype Eor vertical measurements,

N = 12, for horizontal measurements N = 10, where each replicateas measured at different

positions across the device.
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2.6.3.2 Prototype 2
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B Prototype 2: Vertical Vibration

Amplitude (nm)

40.00
A-
32.00
c B - 24.00
il
Z‘é
L - 16.00
- 8.000
. . . D+
C Prototype 2: Horizontal Vibration
- 0.000

Position 1 2 3
12 3 4 5 6 7 8 9 10 .
PR T S Position

Average Vertical Amplitude:
84 nm
| Amplitude (nm) _ Average Horizontal Amplitude:
22+ 2 nm

0.000 8.000 16.00 24.00 32.00 40.00

Figure 35: A) Second horizontal setup (Prototype 2), where piezolamps were bolted onto steel

top plates using PCB cube connectors. For stability, pieglamps were also bolted onto the bottom

of a device. Cultureware is then attached to the steel plate via magnets. B) Interferometry

measured average vertical amplitude aB + 4 nm. C) The averagéorizontal amplitude was

measured at 2 £ 2 nm. For vertical measurements, N = 12, for horizontal measurements N = 10,

where each replicate was measured at different positions across the device.
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2.6.3.3 Prototype 3
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A Prototype 3A B Prototype 3A: Vertical Vibration C Prototype 3A: H'o.rizontal Vibration
Amplitude (nm) Position
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.g B ‘ | 24.00 Amplitude (nm)
EC- 1600 0.000 8.000 16.00 24.00 32.00 40.00
D] 8.000 Average :Iserttifzalnl:nmplitude:
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D Prototype 3B E Prototype 3B: Vertical Vibration F Prototype 3B: Horizontal Vibration
_ ) mplitude (nm Position
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: [ TN
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Figure 36: A) Third horizontal set up (Prototype 3A) where piezo actuators were bolted onto an
aluminium base block and then secured to a steel top plate wabe connectors. Cultureware was
then attached to the steel top plate via magnets. B) Interferometry showed an average vertical
vibration of 15 + 12 nm. C) Average horizontal vibration was measured &8 + 7 nm. D) A
modification was made to the device bolting the piezo actuators directly onto the side plate
(Prototype 3B). E) Average vertical vibration was measured dt4 + 9 nm. F) Average horizontal
vibration was measured at 32+ 4 nm. For vertical measurements, N = 12, for horizontal

measurements N = 10, where each replicate was measured at different positions across the

device.
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2.6.3.3 Prototype 4
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The first 3 piezo device showed consistent horizontalibrations at an average of

34 +4 nm. Whilst vertical vibrations remained high at an average of @ 9 nm,

these were consistently on one side of the dish,vere only one shear piezo was

in place. In an attempt to make the device more stable, a four piezo actuator

device was built, with a shear piezo at each of the four corners of the plate.
Interferometry measurements showed that the four piezo actuator devicéad

much lower vertical vibrations at an average of + 1 nm. Horizontal vibrations

were still mainly consistent at an average of 2nm + 9, although one side of the

device had much lower amplitudes. Although the four piezo device had much

lower vertical vibrations, it was only capable of amplitudes of 30 nnusing the

power supply available The three piezo device was capable of reaching 60 nm
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amplitudes with relatively consistent horizontal vibrations at an average of 62

6 nm. Vertical vibrations were again only on one side of the device.

A

D Prototype 4 (3 Piezos): 30 nm E Prototype 4 (3 Piezos): 60 nm F  Prototype 4 (4 Piezos): 30 nm
Amplitude (nm) Amplitude (nm) Amplitude (nm)
c 40.00 70.00 40.00
S A
5 Ad 32.00 56.00 A 32.00
=
2 5 24.00 5 42.00 5 24.00
% =8 g8 =8
o |3 @
£ |& 1600 | | & 28.00 | (& 16.00
L]
=
cd 8.000 c 14.00 c 8.000
0.000 0.000 0.000
1 2 1 2 1 2
Position Position Position
Average Vertical Amplitucle: 9 9 nm Average Vertical Amplitude: 15+ 18 nm Average Vertical Amplitude: 2 1 nm
Amplitude (nm) Amplitude (nm) Amplitude (nm)
40.00 70.00 0.00
c
£ 56.00
B 32.00 ! 32.00
<
2 c c
z|s 2400 | 5 4200 | | § 24.00
=|=3 =B %8
£\3 g 28.00 | &
E|& 16.00 | | - < 16.00
N
G 8.000 14.00 c 8.000
I
y ] 0.000 b 2 0.000 1 b 0.000
Position Position Position
Average Horizontal Amplitude: 34 * 4 nm Average Horizontal Amplitude: 62 + 6 nm Average Horizontal Amplitude: 29 £ 9 nm

Figure 37: A) Horizontal Prototype 4, shear piezo actuator design with 3 shear piezo actuators
(A and B) or 4 piezo actuatorgC) glued between two top plates. D) Prototype 4 (3 piezos) set to
30 nm showed an average vertical amplitude of 8 9 nm and an average horizontal amplitude of

34 + 4 nm. E) Prototype 4 (3 piezos) set to 60 nm showed an average vertical amplitude of 5

18 nm and an average horizontal amplitude of 62 6 nm. F) Prototype 4 (4 piezos) showed an

average vertical amplitude of2 £ 1 nm and averag horizontal amplitude of 2 + 9 nm.N =6

where each replicate was measured at different positions across the device.
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2.6.3.4 Prototype 5
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Table 7: Summary of vertical and horizontal interferometry measurements for different

horizontal setups, all aimed for a horizontal vibration of 30 nm at 1 kHz.

Vertical (nm) Horizontal (nm) % Vertical
Setu . ,
P Average | Std Dev | Average | Std Dev vibration
Prototype 1 23 11 31 3 74%
Prototype 2 8 4 22 2 35%
Prototype 3 15 12 18 7 85%
Prototype 4
: 9 9 34 4 28%

(3 piezos)

Prototype 4
. 2 1 29 9 7%

(4 piezos)
Prototype 5 3 1 30 2 9%
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Prototype 5: 30 nm Prototype 5: 90 nm .
D yp Amplitude (nm) E typ Amplitude (nm)
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Figure 38: Final horizontal device designed (Prototype 5). A) Initially used a 3D printed cradle.
B) Cradle was changed to stainless steel. C) Top view of device showing measurement points. D)
At 30 nm, interferometry measured the average vertical amplitude a8 + 1 nm and average
horizontal amplitude at 29 + 2 nm. E) At 90 nm, interferometry measured the average vertical
amplitude at 5 £ 2 nm and the average horizontal amplitude a®4 + 8 nm. N = 6 where each

replicate was measured at different positions across the device.



2.7 Calibration of Devices
2.7.1 I nterferometry calibration
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Table 8: Interferometry measurements of various devices used folin vitro experiments.

Horizontal vibrations produced by the vertical devices were measured anfdund to be lower than

2 nm and therefore deemed insignificant (data not shown).

Vibration

Conditions

1 kHz, 60 nm
1 kHz, 90 nm
100 Hz, 30 nm
1 kHz, 30 nm
6 kHz, 30 nm
10 kHz, 30 nm

Average Amplitude (nm)

61+3
96+ 5
30+1
30+1
30+ 21
33+20

X®

Horizontal Devices

Horizontal
Amplitude
(hm)

Vertical
Amplitude
(hm)

Prototype 4 (4

piezos)
1 kHz, 30 nm

29+9

2+1

Prototype 4 (3

piezos)
1 kHz, 60 nm

15+ 18

Prototype 5
1 kHz 90 nm
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Figure 39: Accelerometer data for several devices within a small incubator. A) Setup with several
devices, 3 vertical and 1 horizontal. B) Device A set to 30 nm, vertical measured average amplitude
of 36 £ 6 nm. C) Device B set to 60 nm, vertical measured average amplitude &3 nm. D)
Device C set to 30 nm, vertical measured average amplitude of 32 am. E) Device D set to 30
nm, horizontal measured average vertical amplitude at 5 2 nm, and average horizontal
amplitude at 23 £ 12 nm.For vertical measurements, N = 4, for horizontal measurements N = 6,

where each replicate was measured at different positions across the device.
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2.7.3 Laser doppler vibrometer mea-:s
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Figure 40: Laser Doppler Vibrometrydata for vertical and horizontal devices at 1 kHz, 30 nm. A)

Vertical device showed consistent vertical vibration reaching a maximum amplitude of 30.16 nm.

B) Horizontal device (Prototype 4) showed some variation in vibration, as had been previously

measued by interferometry.
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2.8 Discussion
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xEEI OO0 ! &- xAO OOAA O ET OAOOECAOA 1 AAE
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3.2 Methodol ogy

3.2.1 Cell Culture Protocol

- T OO0ADB4p( AAT 1T O xAOA AOI OOOAA ET $01 AAAA
i $-%-h 3ECi AqQh OOPHABAIAT DRAGEIxA OGA Q&P jm&"
pbp T ETEI O AOCOATZDAGAAT OBAEOAI ETNT AAEA OI 1 «
Ord AT A ¢b Al OEAET OEAO j PAT EAEIT ET TOO0AD
xEOEET AT ET AOAAOTQATAO xdAYR# AEDER Ov ®BABOA
OADPI AAAE AOIDB &1 O AGPAOEI AT OOh VARt O xA

AAT TcE&RAT ouv I i 0AOOE AEOCORAOAARIGROBHAI IOE A
OOAA xAOA Al1l O1T AAO PAOOACA ons8
3.2.2 Nanovibrational stimulation ¢

0OET O O AgbAOEI AT OAOET T h AAIOCEMAADIED DO A« /
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ET O0OOh O1T1 AO0O 1 OEAOXxEOA OOABDAR AA AAIOCRA
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xAOA OOCAA O Aii pAOA OEA AEEAADO OEAO 1 AT
i TOPETTTcCcU AT A 1 AAEACEAAIOUOAGDIAGERA GBE AOAC
AT A ET EOCEAT AAI 1T OAAAET ¢ AAT OEOALAIBA OOAA .
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Table 9: Summary ofnanovibrational stimulation conditions for each experiment described in

Chapter 3.
Experiment Seeding _ Adhesion
_ Frequency | Amplitude L :
(Sub Density (KHZ) (nm) Direction Time
section) (cells/cm 2) (hours)
3.3.1 )
. ) 5000 1 30 Vertical 24
Proliferation
3.3.2 1000
Seeding 2500 1 30 Vertical 24
Density 5000
3.3.3 0
Adhesion 1000 1 30 Vertical 4
Time 24
3.34 )
. . 1000 1 30 Vertical 24
Timepoints
4
3.3.5 AFM N/A 1 30 Vertical 24
3.2.3 I mmunofluorescence Staining
YT 101 T ni 61 OACAATGABOABODET C MEGAAAAAT 1 Oh
EO OERECOPBR)I I AAEACAT U A 111 xEI08TI OBAAAOE
ATA tp &i Of AT ET O 1 OOEIT j3ECIiAQ xAO 00
ETEOEAI T U A O puv [T ETOOAO ETI xAOBAO ET 1 AOA«
g I ET OOAO xAO AOGAT OOGATT U AATBOAA O EI PO

OEDRBRI | AAAR AAI 1 O xAOA xAOEAA xEOE DPEI OPEA
OEIi AOG8 p 1, T £ PGABOEOCIAOAEDLAOI ARG AGE Al AAA
A O v T EI OO6AORh OEAT EI 1 AOGAO A@DPAOEI A1 60
Al OEAT AU AET AET Ch AO OI 1 OAOEA I b ACABERAGA 8x Ad
OAT T OAA AT A AAIT 1O xAOA Al T AEAAR ET EOEAI I
OTT i1 OAI PAOAOODAEIOOEBAOOI AEDOI EIOAA" EN q
O1 1 OIO&T 3 TR 3p QF px¥Oh, NOT COABMEAA AT 1Al OEAT AU/

611 0 AO OOAOAA EAOA OAI AGA O1T A ocuv 11 O0A«



Figure 41: NIH-3T3 cells werestained with phalloidin to image actin (green), DAPI to image the
nucleus (blue), and antibodies to image vinculin (red). Images were then analysed in ImageJ
where the area of the nucleus was measured and the intensity of both actin and vinculin were

quantified. Results were then compared between control and nanovibrated samples.
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TXRD - Vinculin

Alexa Fluor 594 - Vinculin

TXRD - YAP

TRITC - YAP

Alexa Fluor 594 - YAP

Figure 42: Testing different secondary antibodies. A) Original TXRD staining for vinculin. B)
TXRD staining forvinculin image enhanced in ImageJ. C) Alekauor 594 staining for vinculin. D)

Alexa Fluor 594 staining for vinculin image enhanced in ImageJ. E) Original TXRD staining for
YAP. F) TXRD staining for YAP image enhanced in ImageJ. G) TRITC staining for YAP. H) TRITC
staining for YAP image enhanced in ImageJ. |) Aleaor 594 staining for YAP. J) AlexBluor 594
staining for YAP image enhanced in ImageJ. All TXRD and Aleksor 594 images taken using
Zeiss (Imager Z.1) whilst TRITC images taken using Nik@B&clipse Ts2).



$EAEAOAT O OAAT T AAOU AT OEAT AEAO xAOA OAOO!
xAO AiTA OOEI ¢ A OEIAOI EINf OAT A1 6A 00 BDOAED/
OOAT Ol T AAOCET T O1 OEA 1 OAI AC®O mAAAXEAQUI .
AT OEAT AEAO xAOA IORIOBOAR AA AR Q2 AR GEgas q Al
¢" 3AEAT OEMZEAQRR®OAIOA 0H OB i@/4 ' ET3SAEAT OET
tn@moq AT A1 DI &EOEAO3AEAT OENEAQS8 )i AGAC
OAAIT T AAOU Al OEARIEAQDRBADITAETAITT EEAOET ¢ OEAO/
& 01 0O xAO AAOAOI ET AA O AA OEA 1 DPOEI Al 0O/
OAOOI OAT O OOAET O AT A xAO OOAA ET 1 AOAO A
OAAT T AAOU AT OEAT AEAOG xAOA OOAA AOA OOAOGA,

Table 10: Primary antibodies usedfor immunofluorescent staining

Primary . . I Response
Antibody Supplier Details Dilution Investigated
AB_2532280,
Vinculin ThermoFisher 1:100 Focal adhesions
Scientific
VAP AB205270, 1:100 Translocation to
Abcam nucleus
Sunl AB103021, 1:50 LINCproteins
Abcam
( -tubulin AB179513, 1:1000 Neurogenic
Abcam response
Osteocalcin PAS5-96529, 1:100 Osteogenic
invitrogen response

3AIi DI A0 xAOA OEAQD GOAETIAMG A EQEOTpOTT Yy DE.
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xEOE $!0) xAO bl AAAAjpikic AHA AEAAIIAGREpONT OGvisQ
i OopeMaEAg OEAT DI AAAA 1T O0AO OEA AAIT O ATA

001 OAA AO tJ# O1 OEI OAAAU O1T EIiI AcAs
3.2.4 Microscopy
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OAOPAAOEOAI U8B "1 OE AQGAEOAOEIT EI OAT OEOQOU
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3.2.5 I mage Anal ysi s
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Figure 43: DAPI images were imported into ImageJ and thresholded. The analyse particles

function was then used to obtain regions of interests around each nucleus and the area was

measured.
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CORBABATI OAO AT A ET OACOAOAA AASEOGEHAR A 10 AL
T1 01 Al EOA ACAET 060 GEAMGARDBERCOKEODEA AEAECO!
Ei ACA xAO AANOEOAA EiI OEOAA AibpOU OACEII
AARAOAOI ET AA8 4EA AMAOAEOCAT ®RA OOAOOAAARA AOI
OAI OA 1T £# AAAE AAiT AT A OEEO OAI OA xAO OA
xEOEET OEA AAii8 471 1 AOAET OEA GAGRE AR
€1 1 Q&0 AHBINDd 6 £ 1 Qi &NEGOE 0 QQORE VWO ®

6 Qab D OO QY EadLD o

AEA CAADAI OA xAO OAEAT O AA OEAEMRAITIGEOU
xEEI OO0 OEA #4#& xAO AAHIIARDANO OFERAA AGIAGA I
ARl IxEOE AAAECOI OT8 "Eil @A 1 AOETOWE AT ATOR AET OA]
Al O Al OE AAOGET AT A OE1T AOI E1T OOAET ET C8

Figure 44: Actin and vinculin intensity were measured in ImageJ (A and C). Cells were
thresholded and the analyse particles function was used to obtain outlines of the cells (B and D).
These regions of interest (ROIs) were then measured, obtaining quantitative datd the grey

mean value (density of staining), the integrated density and the area of each cell. The total

intensity of the staining could then be calculated.
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3.2.6 Atomic Force Microscopy

&1 O OAGAAT AA T EAOT OAT U 1T £ZEZAOCAA A 1 AOQEI
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NET T AA xEOE [ AAEA8 #AI10 xAOA OEAT | AA
OOEI 01 AOAAS

47 T AOGAE] OOEAEAI AOGO 1 AAGOOAI Al OOR A OEIE
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&I O 1T AAOOOAI AT 60 OOET ¢ OEA *0+h AT Al UOE(

Ol #£#OxAOAnR OOET ¢ OEA (AOOQOUT3TAAATT 11AAI

AAAE &s$#8 /1 OIi A AgPAOEI AT 6Oh AOOOEAO Al
AT A1 UOEO8 ! IAOBIOOGFA OAEQFH AT AT AOOEA DOT DA
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OEA BEEBEGAAOCO T £ OEA ARIAEAADI OEAHOBIED I ET
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Al O ARGBEREOOR cdcEphy 11 AOT OO T &£ OEA AAT T AA
OET Cci A A% xADPAT AAT AA xEOE OEIi A A® AAT AA
O O — T
TEAGKE O OEA AT 1 DOAOOGEOA il @& OA KNIOL € EARIGEGE i AA
EO OEA ni OEAEQCH AP 11 TAKDADE A7 E AIAT AA AT 1T OE
rE HANETAO A . AxOiI 1T EAT 1T ENOEA8 4AAET ENOAC
Dl OOEAT A O AgOO0AMIOAADEA BAGAO ANET AA A
i AAOOOAT AG 8 olcp YOOAERh AT OE OEA Al AOGOEA 4
OEA AAl T [T AWCAAAARAQGHAET RA8s NI OEAEOU OAIl OAO
AT A AT11AACOAOG AO OEA - AOCAABAI SADABERRARAD)
AO A Al g PI1TO6 061 AT AAT A AT I PAOEOI T O AAOXx
pbOl AGAAA OOEI ¢ A OAAOGAT cOI AO OEI EATT O
j &' 34%B#13.3h " OOEAOQq OOEI C A *0+ ET OO000OI Al

417 ETEEAEO AAOET A& Oi AGET 1T Alzh@ Al BETAAOE
' AOEAEqQq AT A Al AAAEOOAOGET j AApgmtguh ! AA
xAOA AAAAA O AAI 1T | ABREAE AOAAOARBREARAOGBAOI
A O Al AAAEOOAOGET h AT A AAlT 1 1T AAEA xAO OAPDPI

OAAAET ¢ch xEAT OOAOOET ¢ OEAOAOEIT 8

3.2.7 Statistics

$A0A OEAO Ai1 OAET AA Ox1 10 11 0A AAOGACIH OI
i 61 OEPTI A OEI API ET 060Qq x&OAW NEIGO @A EARRAGDY
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ITTU Ox1 AT TAEOQEITT 08 Z&AW 'AAIOAI OO AERBGOAKS ¢



Al 01 DPAOA& Oi AA 01 OAOO A& O ANOAI OAOEATA
PITBOA xAO OOAARETATIAAIBANTOGH TA 'ZAITARD (T xAl

y £ OEA AAOGA xAO 110 11 01 Al1T @wAA B @O MALODO AA
$011 2D OOEALA OEAOA xAOA OEOKAEEOGE AU &AAGOING
Ox I AT TAEOEI T O AGEOOAA8 ! niixAEAOO AAO

OOAOGEOOEAAT &RAADaEA IETOU OBA GHAEDAxEGE 1 A0 OfF
xAOA AAAT AA O1 AA OECT ENEAAT O1 U AEAAAOAT (
AAT T GAAAOEdmm h Ox1 AOOAKOEIOESN siavkl TAD RA Ok Of
AOOAOE OE O DMA 1080 A8 D3 OAT AAOA AAOEAOQEIT O
APPOI POEAOAR AT A xEAT 1T AAAOOAOUKR DBIT1TAA
AT T AET A AET 1T CEAAI OAPI EAAOAO O1TI CAOEAOS

Two Categorical Variables?

Yes « 1 » No

: }

Two-way ANOVA

i 'y » N > 307
Significant Difference? Yes « l > No
Yes 4—*—» No l
; Assume
l N Normality Test normality
Reject | R rc;?:;
normality > reject
l normality
Three or more 1
groups? Three or more
| groups?
Yes No |
l l Yes No
Kruskal-Wallis with ~ Mann-Whitney l

Dunn post-hoc One-way ANOVA T-test
with Levene’s test
(testing for equal

variance)
Homogenous <—l—> Non-homogenous
For N <30 l
assume equal Games Howell post-hoc

variance

Tukey post-hoc

Figure 45: Flowchart detailing the decision making process for statistical tests usedN > 30

required to test for normality [322].
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3.3 Resul ts

3.3.1 Nanovibrational stimul ation i

0OOET O OOOAEAO T &£ T AT T OEAOCAGEIT T AT OOEI O1 A
ET Al ET AOAAOGAA POI 1 EAEAOAQET T r@AGQAS Bic oA
| Dbl EAA [ AAEAT EAAT OOEI 01 AGETT EAO AAA1
DOl 1 EAAOAOQET 1T fOABRAMET ENBAODECAOAOXxEAOEAO
TATT OEAOCAOGAA . )( o040 AAIT T OR AATT O xAOA
OOEIiI 01 AGAA A1 0 ¢ AAUO AT A Ei ACAA POEI O O
I £ APDPI EAA DEAOCAOCEART BT 1 001 OOA xROAAAABIT T A
OEi APT ET 608 4EA DPAOGAAT OACA 1T &£ AAI1 O DA
DOl 1 EAAOAOQE&ECE®A OET x1 EIT

Figure 46: Investigating the proliferation of cells in response to vibration. A) Proliferation data
for NIH 3T3 cells over 2 days, with andvithout nanovibration. Cells were left to adhere for 24
hours prior to first measurement (0 days). Error bars represent standard deviationN=4, where
each replicate is composed of total cells i8 microscopic fields of view.B) Nanovibrated cells at
Day 0 timepoint prior to stimulation. C) Nanovibrated cells after 2 days of stimulation. D) Control

cells at Day 0 timepoint. E) Control cells at Day 2 timepoint.
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