"When you can measure what you are speaking about, and
express it in numbers, you know something about it; but when
you cannot measure it, when you cannot express it in

numbers, your knowledge is a meagre and unsatisfactory
kind; it may be the beginning of knowledge, but you have
scarcely, in your thoughts, advanced to the stage of science."

-Lord Kelvin
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-Pick two."
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introduction: diabetic neuropathy

lack of insulin
~1 million Americans (5-10%)

poor insulin utilization
~14 million Americans

(increases with age)
diabetes is leading cause of
neuropathy in developed world

Pattern of sensory loss in
distal axonopathy.

reduced nerve CondUCtK)n Ve|OC|ty /«-. A \_> Ref Waxman, 1995.The Axon. p 650
pain, numbness
iIncreased injury and amputation risk

Yeélman and Hitman, 1998:0'Connor et al., 1998;Gavin et al., 1998;DCCT, 1995; Thomas and Tomlinson, 1%@»‘_ btyah, PO




etiology?

mechanical [ biochemical ]

<:| ( gene therapy?)
STZ injection (SD)

auto-immune deficit (1) (BB rat'?, human) <:| (stem-cell therapy? )
) obesity, diet, activity (11)?" Ry

increased osmotic P
pressure / EFP®

N 4

increased stress in beta cell death

. . : : : . . ) . daily insulin injections
\perineurium/epineurium) lack of insulin (1)/ insulin resistance (I1) <:| y J

elevated blood glucose® exercise, diet, f|UIdS,.
¢ sulfonylureas, metformin,

thiazolidinediones™®

<:| (aldose reductase inhibitors?°)

blood glucose monitoring

:proximo—distal pressure )
| gradient interruption | — | increased metabolic
x products, e.g. sorbitol®

impeded - .
transport'3 { non-enzymatic protein
> 7 (ECM) glycation, AGE’s"®

higher crosslink density?°|¢ axonal, glial, perineurial <:| [_aminoguanidine ]
\ J cell damage, low NCV3

Vs

A 4

Vs

increased collagen [ cellular & ECM repair mechanisms
fibril diameter’-'4 (dncreased Type |, Ill, IV RNA expression’

A 4
stiffer perineurium [ paresthesia, ] | <:| _padded footwear"]

and epineurium® skin ulcers?®

€ [ amputation?® ]

D%?l L:ayton, Sastry,Wang,Sullivan, Feldman, Komorwoski, Philbert JoB 2003 Brad Lavton.Drexel Universit
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- molecular to tissue scale models of diabetic neuropathy

typical scan area:
1-10 um

endoneurium

perineurigm

typical scan area:
1-10 um




scale and patholoc

at the scale of
whole nerve
tissue (~1mm),
glucose enters the
nerve primarily
through
transperineurial
blood vessels,
diffuses through
the endothelial
layers, of the
capillaries and
enters the
endoneurial fluid,
which contains
abundant
collagen.
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Drexel

(Kalichman and
Myers1991)

Loosely connected
outermost layer /
(Lundborg, 1988)

epineurium =
tight-junction _ s ., 3 : 90
5 " o2% ‘3‘*3\
=

(Thomas and
Sourander, 1977)
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perineurium <

LAY

vessels/cm

ndoneurium <

hypertonic —

endoneurial
fluid
(Myers et al., ground
1983) substance axons zig-zag in relaxed
(Muona et tissue

al., 1989) (Ushiki and Ide, 1990)

~1Tmm

L

" 47+25um

thick
(Dumanian
et al.,1999)
thicker at
joints
(Thomas et
al., 1993)

Ushiki and
Ide, 1990)

perineurial cell
bounded inside and
out with basal lamina
(Thomas et al., 1993).
1-5um thick (Ushiki
and Ide, 1990)

densely woven
collagenous sheet
(Ushiki and Ide,
1990)

Srad Layton,Drexel University



- molecular to tissue scale models of diabetic neuropathy

0.25 0.50 0.75
1m

Wang, H., Layton, B.E., Sastry, A.M., 2003. Healthy and diabetic nerve collagens: an atomic force microscopy study on
' Sprague-Dawley and BioBreeding rats. Diabetes Metabolism Research and Reviews 19 (4) 288-298.

Brad Layton,Drexel Universit




- molecular to tissue scale models of diabetic neuropathy

at the scale of

collagen bundles _
(1-10um), glucose ~ Ranvier
is relatively free to

diffuse and bind

among the

hundreds of

available collagen

fibrils

Wang, H., Layton, B.E.,

Sastry, A.M., 2003. Healthy and

diabetic nerve collagens: an atomic

force microscopy study on Sprague-Dawley
, and BioBreeding rats. Diabetes Metabolism

Research and Reviews 19 (4) 288-298.

node of Ranvier

AFM image of
collagen-
ensheathed
diabetic
rat sciatic
nerve axon




- molecular to tissue scale models of diabetic neuropathy
endoneurium

epi/perineurium

Cl - type | collagen (fibrillar)
CIII - type Il collagen (fibrillar)
CIV - type IV collagen (afibrillar)

Layton, B.E., Sastry, A.M., “A Mechanical Model for Collagen Fibril Load
Sharing in the Peripheral Nerve of Diabetics and Non-Diabetics.” to appear
g?i?l ASME Biomechanical Engineering Journal Brad Layton.Drexel University




- collagen expression results

variable

epi/perineurial Type | collagen

epi/perineurial Type Il collagen

epi/perineurial Type IV collagen
endoneurial Type | collagen
endoneurial Type Il collagen

endoneurial Type IV collagen

controls
1.00 + 0.54 (99)
1.00 + 0.40 (109)
1.00 + 0.42 (67)
1.00 + 0.56 (33)
1.00 + 0.57 (50)
1.00 + 0.67 (29)

w. controls
1.43 + 0.67 (63)
1.28 + 0.75 (61)
1.55 + 0.47 (40)
1.32 + 0.67 (38)
1.47 + 1.09 (43)
2.06 + 0.70 (27)

diabetics
1.33 + 1.05 (81)
1.25 £ 0.91 (79)
1.42 £ 0.53 (54)
0.96 + 0.56 (54)
1.06 + 0.63 (52)
2.08 + 1.30 (36)

Layton, B.E., Sastry, A.M., “A Mechanical Model for Collagen Fibril Load
Sharing in the Peripheral Nerve of Diabetics and Non-Diabetics.” to appear
ASME Biomechanical Engineering Journal Brad Lavton.Drexel Universit




- molecular to tissue scale models of diabetic neuropathy

Layton, B.E., Sastry, A.M., “A Mechanical Model for Collagen Fibril Load
Sharing in the Peripheral Nerve of Diabetics and Non-Diabetics.” to appear
ASME Biomechanical Engineering Journal Brad Layton,Drexel Universit




- molecular to tissue scale models of diabetic neuropathy
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Layton, B.E., Sastry, A.M., “A Mechanical Model for Collagen Fibril Load
Sharing in the Peripheral Nerve of Diabetics and Non-Diabetics.” to appear
ASME Biomechanical Engineering Journal Brad Lavton.Drexel Universit




- molecular to tissue scale models of diabetic neuropathy
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- molecular to tissue scale models of diabetic neuropathy




results: tissue scale
yield duration

MPa




t-tests

» Student’s assumes normal distribution A

 Wilcoxon (non-parametric) assumes symmetric population

* Mann-Whitney assumes same-shape populations

Igﬁ' dent, 1908. The probable error of a mean. Biometricka 6, 1-25. Weiss, N.A., 2002. Introductory Statistics 6™ Ed. Addison-Wesley.
rexe
i BB

Brad Layton,Drexel Universit




one-tailed vs. two-tailed

reject H,

P

reject H,




Student’s t-test test

frequency normal distributions

uniform distributions n=1000 —(1000)

for x =1i1/1000 i++ 80 (1000) + 0.5 s

j 80 (1000) + 2.0
40
20

0

uniform distributions o5 - ——(100)

for x =i/100 i++ 20 (100) + 0.5 s

(100) +2's
j 15
10

uniform distributions —©=(10)
forx =i/10i++ (10)+0.5s

(10)+2s

™~

O 1 2




Student’s t-test example result

N 1000 100 10
+5 0.5 2 0.5 2 . 2
one tailed{ 1.82E-28 | 2.9E-303| 0.00027 | 7.66E-32 . 0.000056

two tailed| 3.64E-28 | 5.7/E-303| 0.00054 | 1.53E-31 0.000112

random distributions
x =rand48() n=10

| || )

random distributions
X =rand48() n=10

0

1

two-tailed

0 < Uy = Uy < 0-25
0-25 < Ly = Uy < 0-5
0.5<y,-u




composite fibrous material failure

Hpo(X)=1-[L-G,(x)]" for x>0

(ELS rule

H = probability of failure of a composite consisting of a chain with m linked bundles of n fibers eac
G = probability of failure of a bundle with n fibers
F = probability of failure of a single fiber

X, = scale parameter of Weibull distribution
p = shape parameter of Weibull distribution

Brad Layton,Drexel Universit




Harlow and Phoenix 1978

cumulative distribution functions for
one fiber and four fibers

1.0E+00
1.0E-01

. 1.0E-02
probability

of failure 1-OE-03
1.0E-04

1.0E-05 F(<) p =5
1.0E-06
1.0E-07
1.0E-08
1.0E-09
1.0E-10 |
1.0E-11
1.0E-12
1.0E-13
1.0E-14
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ELSvsS LLS

Harlow and Phoenix use a circular array with uniform spacing
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K,= n/(n-b)
equal load sharing

Ky, = load concentration factor for it" surviving fiber in
bundle with b broken fibers
b = number of broken fibers in bundle

K=1+1/2
local load sharing

K. = load concentration factor for it surviving fiber
adjacent to r broken fibers (both sides)

r = number of broken fibers immediately adjacent to
unbroken fiber

Brad Layton,Drexel Universit




ELSVSLLS

5"“.K1,1 =0 _
= Kia= Kqg=Kq 4= 1.333

-~ At first glance, it may appear that in load concentration factor for it
Kb_ n/(n'b) surviving fiber adjacent to r broken fibers (both sides)
r = number of broken fibers immediately adjacent to unbroken fiber

equal load sharing local load sharing

K,; = load concentration factor for it surviving fiber
adjacent to r broken fibers (both sides)

r = number of broken fibers immediately adjacent to
unbroken fiber

Ky, = load concentration factor for it surviving fiber
in bundle with b broken fibers
b = number of broken fibers in bundle

UNIVERSITY



- molecular to tissue scale models of diabetic neuropathy
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true stress

- molecular to tissue scale models of diabetic neuropathy

i
g
5 i
| i
7t = + 2
2 4r 018-60-08 =
o ] i
61 2 : j £
o = =
5t 5 a3 E 2
@ :
at : = 1 :
- 2 # :
Jr 5 ' 2
= - :r? =
2| 0186013 10 0 0 | 4‘# 10 20 30
shape parameter ] shape parameter
Tr F
e
0 : ' o : :
a 0.5 1 1.5 1] 0.z 0.4 0.6 0.8
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typical control typical diabetic

a lower shape parameter indicates greater variance
a lower scale parameter means a lower UTS — E ratio

Brad Layton,Drexel Universit
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- molecular to tissue scale models of diabetic neuropathy

50 -2,000 5-17 triple 3 alpha
microfibrils helices helices

500-5,000 200-70,000 , g
bundles fibrils ,}
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- single molecule and single fibril experiments

fibril axis molecular axis

UNIVERSITY



- single molecule and single fibril experiments

=mmm

single collagen fibril testing




- single molecule and single fibril experiments

MFSFVDLRLLLLLAATALLTHGQEEGQVEGQDED IPP1TCVQNGLRYHDR
DVWKPEPCR1CVCDNGKVLCDDV ICDETKNCPGAEVPEGECCPVCPDGSE
SPTDQETTGVEGPKGDTGPRGPRGPAGPPGRDG I PGQPGLPGPPGPPGPP
GPPGLGGNFAPQLSYGYDEKSTGG I SVPGPMGPSGPRGLPGPPGAPGPQG
FQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDGEAGKPGRPGERGPPGPQ
GARGLPGTAGLPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQ
MGPRGLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVG
AKGEAGPQGPRGSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGAN
GAPGIAGAPGFPGARGPSGPQGPGGPPGPKGNSGEPGAPGSKGDTGAKGE
PGPVGVQGPPGPAGEEGKRGARGEPGPTGLPGPPGERGGPGSRGFPGADG
VAGPKGPAGERGSPGPAGPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPD
GKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGAAGEPGKAGERGV
PGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAG
PPGEAGKPGEQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGAN
GAPGNDGAKGDAGAPGAPGSQGAPGLQGMPGERGAAGLPGPKGDRGDAGP
KGADGSPGKDGVRGLTGP I GPPGPAGAPGDKGESGPSGPAGPTGARGAPG
DRGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPP
GP IGNVGAPGAKGARGSAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGP
AGKEGGKGPRGETGPAGRPGEVGPPGPPGPAGEKGSPGADGPAGAPGTPG
PQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPM
GPPGLAGPPGESGREGAPGAEGSPGRDGSPGAKGDRGETGPAGPPGAPGA
PGAPGPVGPAGKSGDRGETGPAGPAGPVGPAGARGPAGPQGPRGDKGETG
EQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGAP
GKDGLNGLPGP I GPPGPRGRTGDAGPVGPPGPPGPPGPPGPPSAGFDFSF
LPQPPQEKAHDGGRYYRADDANVVRDRDLEVDTTLKSLSQQIENIRSPEG
SRKNPARTCRDLKMCHSDWKSGEYWIDPNQGCNLDAIKVFCNMETGETCV
YPTQPSVAQKNWY I SKNPKDKRHVWFGESMTDGFQFEYGGQGSDPADVAI
QLTFLRLMSTEASQNITYHCKNSVAYMDQQTGNLKKALLLKGSNEIEIRA
EGNSRFTYSVTVDGCTSHTGAWGKTVIEYKTTKTSRLP I 1DVAPLDVGAP

DQEFGFDVGPVCFL Brad Layton,Drexel Universit




- single molecule and single fibril experiments

MFSFVDLRLLLLLAATALLTH]QEE |QVE |QDEDIPPITCVQN|LRYHDR
DVWKPEPCR I CVCDN | KVLCDDV I CDETKNCP | AEVPE | ECCPVCPD | SESPTDQETT
IVEIPK|DT|PR|PR|PA|PP|RD|IPJQP|LP|PP|PP|PP|PP|L] |[NFAPQLSY | YDEKST
I 11SVP|PM|PS|PR|LP|PP|AP|PQ]FQ
IPPIEP|EP|AS|PM|PR|PP|PP|KN|DD|EAJKP|RP|ER|PP|PQ

IAR|LP| TA|LP MK |HR]FS|LD]AK | DAJPAPK|EP|SP|EN|AP|QM
IPRILP|ER|RP|AP|PA]AR|ND|AT|AA]PP|PT|PA|PP|FP|AV|AK
IEAIPQ|PR|SE|PQ|VR|EP|PP|PA]JAAJPAINP|AD|QP|AK|AN
IAP|IA]AP|FP|AR|PS|PQ|P] |PP|PKINS|EP|AP|SK|DT|AK|EP
IPVIVQ|PP|PA|EE|KR]AR|EP|PT|LP|PP|ER| |P|SR|FP]AD|VA
IPK|PA]ER|SP|PA|PK|SP|EA|RP|EAJLP|AK|LT|SP|SP|PD
IKT|PP|PA|QD|RP|PP|PPJAR]QA]VM]FP|PK|AA|EP|KA|ER| VP
IPPJAV|PA|KD|EA]AQ|PP|PA]PA]JER|EQ|PAISP|FQ|LP|PA|PP
IEAIKP|EQ|VP|DL|AP|PS|AR|ER|FPER|VQ|PP|PA|PR|AN
IAPIND|AK|DA|AP|AP|SQJAP|LQ|MP|ERJAA|LP|PK|DR|DA|PK
IAD|SPIKD|VR|LT|PI|PP|PA]AP|DK]ES|PS|PA|PT|AR|AP|DR
IEP|PP|PA|FA|PP|AD|QP|AK|EP|DA]JAK|DA|PP|PA|PA|PP
IP1INV]AP|AK|AR|SA|PP|AT|FP|AA|RV|PP|PS|NA|PP|PP|PA

IKE] IKIPRIET|PA|RP|EV|PP|PP|PAJEK|SP|AD|PA|AP|TP|PQ
[1AJQR|VV[LP|QR|ER|FP|LP|PS|EP|KQ|PS|AS|ER|PP|PM
IPPILA|PP|ES|RE|AP|AE|SP|RD|SP|AK|DR|ET|PA|PP|AP|AP
IAP|PV|PA|KS|DR|ET|PA]PA]PV]PAJAR|PA|PQ|PR|DK|ET]EQ
IDRIIK|HR|FS|LQ|PP|PP|SP|EQ|PS|AS|PA|PR|PP|SA|AP
IKDILN|LP|PI|PP|PR|RT|DA|PV|PP|PP|PP|PP|PPSA|FDFSF
LPQPPQEKAHD | | RYYRADDANVVRDRDLEVDTTLKSLSQQIENIRSPE]|
SRKNPARTCRDLKMCHSDWKS | EYWIDPNQ | CNLDAIKVFCNMET | ETCV
YPTQPSVAQKNWY I SKNPKDKRHVWF | ESMTD | FQFEY | | Q| SDPADVAL
QLTFLRLMSTEASQN I TYHCKNSVAYMDQQT | NLKKALLLK | SNEIEIRA

E [INSRFTYSVTVD | CTSHT JAW]KTVIEYKTTKTSRLP I IDVAPLDV | AP
DQEF | FDV | PVCFL




- bioinformatics correlations

MLSFVDTRTLLLLAVTLCLATCQSLQEETVRKGPAGDRGPRGERG
PPGPPGRDGEDGPTGPPGPPGPPGPPGLGGNFAAQYDGKGVGLGP
GPMGLMGPRGPPGAAGAPGPQGFQGPAGEPGEPGQTGPAGARGPAGPPGKAGEDGHPGKPGRPGERGVVGPQGAR
GFPGTPGLPGFKG I RGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGL PGERGRVGAPGPAGARGSDGSY
GPVGPAGP I GSAGPPGFPGAPGPKGE I GAVGNAGPAGPAGPRGEVGLPGL SGPVGPPGNPGANGL TGAKGAAGLP
GVAGAPGLPGPRG I PGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGSAGPQGPPGPSGEEGKRGPNGEAGSA
GPPGPPGLRGSPGSRGLPGADGRAGVMGPPGSRGASGPAGVRGPNGDAGRPGEPGLMGPRGLPGSPGN I GPAGKE
GPVGLPG I DGRPGP I GPAGARGEPGN I GFPGPKGPTGDPGKNGDKGHAGL AGARGAPGPDGNNGAQGPPGPQGVQ
GGKGEQGPPGPPGFQGLPGPSGPAGEVGKPGERGLHGEFGLPGPAGPRGERGPPGESGAAGPTGP | GSRGPSGPP
GPDGNKGEPGVVGAVGTAGPSGPSGLPGERGAAG I PGGKGEKGEPGLRGE | GNPGRDGARGAPGAVGAPGPAGAT
GDRGEAGAAGPAGPAGPRGSPGERGEVGPAGPNGFAGPAGAAGQOPGAKGERGAKGPKGENGVVGPTGPVGAAGPA \/EBFtEBt)rEBtEB
GPNGPPGPAGSRGDGGPPGMTGFPGAAGRTGPPGPSG I SGPPGPPGPAGKEGLRGPRGDQGPVGRTGEVGAVGPP
GFAGEKGPSGEAGTAGPPGTPGPQGLLGAPG I LGLPGSRGERGLPGVAGAVGEPGPLG I AGPPGARGPPGAVGSP
GVNGAPGEAGRDGNPGNDGPPGRDGQPGHKGERGYPGN I GPVGAAGAPGPHGPVGPAGKHGNRGETGPSGPVGPA
GAVGPRGPSGPQG I RGDKGEPGEKGPRGLPGLKGHNGLQGLPG I AGHHGDQGAPGSVGPAGPRGPAGPSGPAGKD
GRTGHPGTVGPAG I RGPQGHQGPAGPPGPPGPPGPPGVSGGGYDFGYDGD
FYRADQPRSAPSLRPKDYEVDATLKSLNNQIETLLTPEGSRKNPARTCRD
LRLSHPEWSSGYYWIDPNQGCTMDAIKVYCDFSTGETC IRAQPEN I PAKN

WYRSSKDKKHVWLGET INAGSQFEYNVEGVTSKEMATQLAFMRLLANYAS

QN ITYHCKNS I AYMDEETGNLKKAV I LOGSNDVELVAEGNSRFTYTVLVD

GCSKK1TNEWGKT I IEYKTNKPSRLPFLD 1APLD I GGADQEFFVD 1 GPVCFK

(€))

MLVCVFVALYTMMGLLTDIKQL

QSDFDDEMFEFRAITKDTWOQRI

VTKHTYPGGVDEET IESHPPTF

ETLFGTRKARQAYPEQCNCGPKSE

GCPAGPPGPPGEGGQSGEPGHDGDDGKP

GAPGV IVAITHD I PGGC IKCPPGRPGPR

GPSGLVGPAGPAGDQGRHGPPGPTGGQGGP

GEQGDAGRPGAAGRPGPPGPRGEPGTEYRP

GOAGRAGPPGPRGPPGPEGNPGGAGEDGNQ

GPVGHPGVPGRPG I PGKSGTCGEHGGPGEP

GPDAGYCPCPGRSYKA

(b




- molecular evolution

transcription/translation/self-
assembly error —free rate

—
translation length, organism size (time)

Brad Layton,Drexel Universit




OUTLINE

NANOMETROLOGY OF
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iIntroduction: mitochondria physiology

e e
8 8

& B
8
&

e e
-
S e

single VDAC pore
electron crystallography.

14 15
height=4.6nm

Fig. 7 from Mannella, J. 1998. Struct. Biol. 121 207. OD=5.2nm

Brad Layton,Drexel Universit




methods — isolation and verification

Brad Layton,Drexel Universit




methods — isolation and verification

mitotracker

®

oQo O

10rnM fixad

Brad Layton,Drexel Universit




methods — isolation and verification

e air contact or fluid tapping
atomic force microscopy
on poly-L-lysine slides

with DNP-S tips

e find pores in situ

1555

Layton, B. E., Sastry, A. M., Lastoskie, C. M., Philbert, M. A., Miller, T. I/, Sullivan; KA S E&idhan,
E.L., Wang C.-W., 2004. “In situ imaging of mitochondrial outer membyane pores using atomic force

29-44-4,032

microscopy.” Biotechniques 37, 564-573.
Brad Layton,Drexel Universit




results

fixed
glucose

o 0,200 pmfdiv.
Layton, B. E., Sastry, A. M., Lastoskie, C. M., Philbért, M-A.J/Miller, T. J.ZSdfiR-4AY KA Feldman,
E.L., Wang C.-W., 2004. “In S|tu imaging of m|tochondr|al outeFJ membrane pores using atomic force
" 9-44-4,012
BYSRSGORY - Blotechnlques 37, 564-573.

Drexel Brad Layton Drexel Universit




results

fixed
glucose

#* 0 0.200 pmSdiv

Layton, B. E., Sastry, A. M., Lastoskie, C. M., Philbert, M¢A,, Miller, T.., Stifivar!'K.A’, Feldman,
E.L., Wang C.-W., 2004. “In situ imaging of mitochongyigl.euter, membrane pores using atomic force

microscopy.” Biotechniques 37, 564-573.
29-44-4.020

Brad Layton,Drexel Universit




methods — isolation and verification

029-44 glucose-challenged mitochondria volume
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I()Iﬁ* * not clear that mitochondria were present in this prep
rexe

: R

Brad Layton,Drexel Universit




results - pores

unfixed
glucose

o

ller, T. J., Sullivan, K.A., Feldman,

Layton, B. E., Sastry, A. M., Lastoskie, C. M., Philbert, M. A. W
E.L., Wang C.-W., 2004. “In situ imaging of mitochondrial outer membrane pores using atomic force

microscopy.” Biotechniques 37, 564-573.
29-44-3.040 2X2um

Brad Layton,Drexel Universit




results - pores

e A
- S gl
£\ o

e T -
e _
o 3

unfixed
glucose
29-44-3.040 500x500Nm http://medweb.uni-muenster.de/institute/phys/vegphys/research/pore5.htm

Brad Layton,Drexel Universit




results - pores

probably VDAC

Yyvvyy
4.75 5.64

fixed
glucose




50 100 250nm

Layton, B. E., Sastry, A. M., Lastoskie, C. M., Philbert, M. A., Miller, T. J., Suﬁll?/gn, K.A., Feldman,
E.L., Wang C.-W., 2004. “In situ imaging of mitochondrial outer membrane pores using atomic force
microscopy.” Biotechniques 37, 564-573.

Brad Layton,Drexel Universit
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OUTLINE

ERROR REDUCTION
IN

NANOMANIPULATION




- Zyvex L100 nanomanipulator interfaced with DI AFM




- Zyvex L100 nanomanipulator




- single molecule and single fibril experiments

Zyvex L100 nanomanipulation system

T Brad Layton,Drexel Universit




- single molecule and single fibril experiments

Layton, B.E. Baas, P.W., Allen, K.B. 2005. “The Use of Thermally Actuated Microgrippers to
Stimulate Axonal Growth,” 2nd Annual IEEE-EMBS Conference on Neural Engineering, March 16-
19, Arlington, VA.

Drexel . . , Y
Brad Layton,Drexel Universit




- Zyvex L1QO nanomanipulator

S.mE ky O AMRAY

S.gp kv P AMRAY +EEEE*

Brad Layton,Drexel Universit




- Zyvex L100 nanomanipulator
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- Zyvex L100 nanomanipulator
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- Zyvex L100 nanomanipulator

P3 FHne Duty Cycle 100,75,50
Gain +/-1,+/-4, time 0.1s scale in microns
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- Zyvex L100 nanomanipulator
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- Zyvex L100 nanomanipulator

(to scale)




OUTLINE

BLOOD CELL
SORTING




PROBLEM INTRODUCTION

 develop a blood profile device for extended space missions

* hematology parameters such as red blood cell volume
fraction 40-50% or count (4.2-5.7 E6/uL), mean red blood
cell volume 80-100fL, red blood cell volume distribution (11-
15%) are important for determining human health and are an
important indication of average red blood cell age in vitro

* most health profiles done on astronauts are done prior to
and subsequent to launch’

1 Kimzey, S.L., et al., Hematology and immunology studies: the second manned Skylab mission. Aviat Space Environ Med,
1976. 47(4): p. 383-90.




OBJECTIVES

 continuous (daily) monitoring of hematology parameters
* low volume sample size required (~1pulL)

 low mass of device

 simple interface, probably electrical rather than optical

* disposable, single use

* minimally invasive

* quick, accurate




PRELIMINARY FINDINGS

trapped between beds trapped between and within beds

square grid trapezoidal grid
6 um PS beads 6 um PS beads

Brad Layton,Drexel Universit



PRELIMINARY FINDINGS
002-011-001-03

DOWN

location




PREVIOUS WORK

 Coulter, 1950’s" pioneer in cell counting

« Gifford et al., 2003 single cell wedging?
 Cui et al., 2002 optical®
« Gawad, et al, electrical*13

« Yamada et al 2005, pinched flow fractionation 4

1 Coulter, W.H. High Speed Automatic Blood Cell Counter and Cell Size Analyzer. in Proc. Natl. Electronics Conf. 1956.

2 Gifford, S.C., et al., Parallel microchannel-based measurements of individual erythrocyte areas and volumes. Biophys J, 2003. 84(1): p. 623-33.

3 Cui, L., T. Zhang, and H. Morgan, Optical particle detection integrated in a dielectrophoretic lab-on-a-chip. Journal of Micromechanics and Microengineering, 2002. 12(1): p. 7-12

4 Gawad, S., et al., Dielectric spectroscopy in a micromachined flow cytometer: theoretical and practical considerations. Lab on a Chip, 2004. 4(3): p. 241-251.

5 Ayliffe, H.E., B. S.D., and R.D. Rabbitt. Micro-electric Impedance Spectra of Isolated Cells Recorded in Micro-channels. in Proceedings of the second Joint EMBS/BMES Conference. 2002.
Houston, TX.

6 Cui, L., T. Zhang, and H. Morgan, Optical particle detection integrated in a dielectrophoretic lab-on-a-chip. Journal of Micromechanics and Microengineering, 2002. 12(1): p. 7-12.

7 Heath, M.L., M.D. Vickers, and D. Dunlap, A simple method for simultaneous determination of plasma and red cell volume. Br J Anaesth, 1969. 41(8): p. 669-76.

8 Mohanty, S.K., L.L. Sohn, and D.J. Beebe. Hybrid Polymer/Thin Film Impedance System for Label Free Monitoring of Cells. in 26th Annual International Conference of the IEEE EMBS. 2004.
San Francisco, CA.

9 Cheung, K., S. Gawad, and P. Renaud, Impedance spectroscopy flow cytometry: On-chip label-free cell differentiation. Cytometry A, 2005. 65A(2): p. 124-132.

10 Ayliffe, H.E. and R.D. Rabbitt, High frequency capacitance of vital and non-vital polymorphoneuclear leukocytes. Biophysical Journal, 1999. 76(1): p. A356-A356.

11 Gimsa, J., et al., Dielectric spectroscopy of single human erythrocytes at physiological ionic strength: Dispersion of the cytoplasm. Biophysical Journal, 1996. 71(1): p. 495-506.

12 Larsen, U.D., G. Blankenstein, and J. Branebjerg. Microchip Coulter particle counter. in International Conference on Solid State Sensors and Actuators. 1997. Chicago, IL.

13 Zhao, T.X., B. Jacobson, and T. Ribbe, Triple-Frequency Method for Measuring Blood Impedance. Physiological Measurement, 1993. 14(2): p. 145-156.

14 Yamada, M., M. Nakashima, and M. Seki, Pinched flow fractionation: continuous size separation of particles utilizing a laminar flow profile... Anal Chem, 2004. 76(18): p. 5465-71




EXPERIMENTAL DETAILS

NIST traceable particle size standard

sample number sample description

mb06 6 um microbead, pure PolySci

mb10 10 um microbead, pure PolySci

mb06-10b 6 and 10 um microbead, blended PolySci

mb06-10s 6 and 10 um microbead, centrifuged PolySci

mb02 2 um microbead, pure Bangs 640nm

mb03 3 um microbead, pure Bangs

mb05 5 um microbead, pure Bangs

mb02-03-05b 2,3,5 um microbead, blended Bangs




EXPERIMENTAL DETAILS




ANALYTICAL DETAILS

[
2nr ar 2

g

N

I pore radius
A RBC surface area
V RBC volume

Abatti, P.J., Determination of the red blood cell ability to traverse cylindrical
pores. IEEE Trans Biomed Eng, 1997. 44(3): p. 209-12.
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FLOW MODEL

too shallow, all cell sizes impeded ~equally

proper boundary layer interaction, presorting occurs

_—
& W 4

too deep, no BL effect, cells impeded equally
g€ optimizing device depth for presorting in prebed region
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FLOW MODEL

steady-state

assume

> F = pux

Farag + Fflow =0

|:drag ~ By (dcell _dchannel ) H (dcell _dchannel )

ol 1000k Oggjm .0.00001m
Re = ~—N ~0.01
T 0.00IN -s 0.0

m2

4 = friction coefficient

M = viscosity

p = density

E = modulus of elasticity

H = Heaviside step function
/= characteristic length

R = Reynolds number

u = velocity

ow R number -> Stokes eqgn

w.o_ooo()lm.w =1E -7 =100E -9 =100nN

Friow = 37mudee U ~ 37 - 5
m S

Fo x #0ceU
flow ~ q
channel




FLOW MODEL

(T
Trinnm
(TN
(TTTHIRIN
(TTTETY

0.5

o
oo
o
o

o
s

B
=
)
@
=}

i
=

AL

=

displacement
displacerment
displacerment

]
[a3]
)
m
]
[a3]
(]
fa]
]
(s3]

| | | | 1
ns 045 ns ns 045
time (sec) time (sec) time (sec) time (sec) time (sec)

ton,Drexel Universit



2 um microspheres
(1.496 x 10°beads/ul)
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CIRCUIT ANALYSIS MODEL

impedance spectroscopy

= Re + 2~2 2 J 22

Vi 1o =V
our — N Zp +Zp +Zc

Cheung, K., S. Gawad, and P. Renaud,
Impedance spectroscopy flow cytometry:
On-chip label-free cell differentiation.
Cytometry A, 2005. 65A(2): p. 124-132.




CIRCUIT ANALYSIS RESULTS

Vout/Vin, R=1,C=1,R1=1
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w, excitation frequency

Cheung, K., S. Gawad, and P. Renaud, Impedance spectroscopy flow cytometry: On-chip label-free cell
Drexel differentiation. Cytometry A, 2005. 65A(2): p. 124-132.
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CONCLUSIONS AND FUTURE PLANS

sIntegration with microneedles, for sample
collection

Integration with other devices such as chemical
analysis systems, presorting systems such as
pinched flow

other pumping methods, such as capillary, small
centrifugal
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small scale cell-ECM experiments

* Microtubules are the main compressive structural support elements
for the axon of a neuron.

* Actin fllaments are the primary tensile support elements.
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small scale cell-ECM experiments

« A plot of individual average microtubule lengths as a
function of time for five preliminary simulations

&
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small scale cell-ECM experiments

« Trial simulation to determine the effects of membrane friction and
thermal energy on the time required for a microtubule polymerizing
to be forced into the same orientation as a microtubule supporting
the shape of the cell

Movie 1. Large membrane Movie 2: Small membrane
friction, small thermal energy friction, large thermal energy
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small scale cell-ECM experiments

. alignment time Deterministic Model
Time step = .05

Time (Time step*number of frames) for MT 1 align with MT 2

Dt\p  0.001 001 0.1 1

0.001 6.2 6.7 15 33
001 46 47 53 12
01 300 300 305 3.80

Computational Time (seconds) for MT 1 to align with MT 2
Dt\n 0.001 0.01 0.1 1

0.001 0.563 0.688 0.703 0.732
0.01 0.484 0594 0.562 0.594

0.1 0375 0375 0484 0.547

greater friction -> longer time constant
lower thermal energy -> longer time constant
U = friction coefficient with membrane
Dt = temperature, energy of the systemg,. 4 | svton Drexel Universit




small scale cell-ECM experiments

« Currently we are using the Heaviside step function,
where c is a critical bonding radius, to model particle-
particle interactions

Movie 1: 100 dimers, Movie 2: 100 dimers,
initial spacing = random initial spacing = 10
number from -1 to 1 multiplied by random
number from -1 to 1
Brad Layton,Drexel Universit




small scale cell-ECM experiments

microcone array

+«—200um— cell Ibody proximal guide'patlches distal guide patc':h

laminin = @ = =

Pt site ==

neuron =<
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small scale cell-ECM experiments
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small scale cell-ECM experiments
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small scale cell-ECM experiments

Actual Mold

Shearing Plate




small scale cell-ECM experiments

250 pm thick steel mold with 16
laser drilled holes of 10 um at
the top and 2um at the bottom.




small scale cell-ECM experiments

1) Small Deflection Theory (Linear Approach)

e The stiffness of a microcone is derived from basic form of Euler

d? {EI( 0 v(x)}

equations.

dx?

 The stiffness of a single microcone is derived as:

.
- o 3E7zrﬁ
41333
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CURVATURE OF THE EARTH

A=R-h
=R-Rcos(62)
= R(1-cos(s/2R))




CURVATURE OF THE EARTH

1.40E+07 -
1.20E+07
1.00E+07 -
8.00E+06 -
6.00E+06 -

4.00E+06
2 00E+06 /
0.00E+00 4»»/‘/ { { { |

0.00E+00 1.00E+07 2.00E+07 3.00E+07 4.00E+07 5.00E+07

arc length




CURVATURE OF THE EARTH
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CURVATURE OF THE EARTH
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EXPERIMENTAL DETAILS

elliptical prebed and post bed
regions to reduce turbulence

Idea swiped from Lawrence
Livermore talk in Session 16-1




