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Barron research group
Chemical Engineering Dept.
Northwestern University
Evanston, IL, ~2001
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Anal. Chem. 2007, 79, 1848—1854

Multiplexed p53 Mutation Detection by
Free-Solution Conjugate Microchannel
Electrophoresis with Polyamide Drag-Tags

= Robert J. Meagher,!$ Jennifer A. Coyne,! Christa N. Hestekin,! Thomas N. Chiesl,t
Russell D. Haynes,* Jong-In Won,!/' and Annelise E. Barron*t:#
Department of Chemical and Biological Engineering and Department of Chemistry, Northwestern University,
2145 Sheridan Road, Evanston, Illinois 60208
We report a new, bioconjugate approach to performing specific SNPs have been found to predispose individuals to certai
highly multiplexed single-base extension (SBE) assays, diseases, including sickle cell anemia and Alzheimer’s disease.’
which we demonstrate by genotyping a large panel of point For example, mutations in the p53 gene have been implicated i
mutants in exons 5-9 of the p53 gene. A series of a wide variety of human cancers, with missense mutation
. . ’" . -
monodisperse polyamide “drag-tags” was created using comprising alarge majority of deleterious p53 sequence alterations.”
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Microfluidic emulsions
and droplets for single-
bacteria applications

Labona Chﬁ

Portable instrumentation -
for biothreat detection -

Chip-based liquid-liquid
extraction for protein
purification w 6

Concentrate Separate
(2 minutes) (2-3 minutes)

B3 s

M2 82

RW W
L

— 22 mm ——t

Microchannel electrophoresis

and sample preconcentration

Microfluidic Flow-FISH for
BF: environmental
microbiology

Microfluidic sequencing library
prep and sample prep

National

Laboratories
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Transcriptomic Analysis of Yersinia enterocolitica Biovar 1B Infecting |25
| Murine Macrophages Reveals New Mechanisms of Extracellular and — S
| Intracellular Survival FN
.l L3 il
Zachary W. Bent,* Kunal Poorey,” David M. Brazel,** Annette E. LaBauve,® Anupama Sinha,® Deanna J. Curtis,® Samantha E. House,®
Karen E. Tew,” Rachelle Y. Hamblin,* Kelly P. Williams,® Steven 5. Branda,” Glenn M. Young,® Robert J. Meagher®
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e S b OPENaACCESS Freely available online @.PLOS | ONE

Yersinia enterocolitica is typically considered an extracellular pathogen; howey
il number of bacteria are stably maintained within host cell vacuoles. Little is kn

uring an infection. To address this question and to clucidate the spatially snd]  RESIStANCE@ Determinants and Mobile Genetic Elements of
Y.enl’co!mcablovarlBlhroug,hlhccourscofanmruromfccuon.uan.scn an NDM_"_Encoding KIEbSiE”a pneumoniae Strain

Corey M. Hudson', Zachary W. Bent', Robert J. Meagher?, Kelly P. Williams'*

.@‘ PLos ‘ ONE k. Livermore, California, United States of America, 2 Department of Biotechnology and Bioengineering,
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bs of America
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Sandia Researchers Developing Multiplex Assay
Differentiating Viral Febrile llinesses, Malaria

Jan 13, 2016 | Madeleine Johnson
+. Premium

NEW YORK (GenomeWeb) — Researchers at Sandia National Laboratories have been awarded a grant to develop a
field-deployable assay for differential diagnosis of malara and viral febrile iliness.

not yet been widely adopted. The Sandia technique is also different, and has target specificity
some unigue advantages, particularly in that the multiplexing is enabled by
improvements the group has made in visualization.

The two-year grant from thd National Institute of Allergy and Infectious Disease fotals $188,759 and is expected to

fund the proof-of-concept : ingwith - NIAID R21-R33 award

researchers at the Institute for Human Health and Immunity at jhe University of Texas Medical Branchjn

Galveston. - UTMB / Scott Weaver

The point-of-care molecular diagnostic device will potentially discriminate
— infection from a panel of viruses causing febrile illness as well as the parasite
JOIN US FOR A 2Y i ;
FREE LIVE - genomawabinar causing malaria. - Ebola, Lassa’ ye"ow fever’
ME%';RHAS RANr?\ Not Specifically, the proposed technology will use closed-tube isothermal nucleic chiknungunya, dengue, and
all m s: : i : T : = & - . .
Ul stmiding iBe Commpiiiy acid amplification to detect and r;itscrlmlnate viruses endemic in Wes_t Africa West Nile viruses plus
U of microRNA Regulation — Ebola, Lassa, yellow fever, chikungunya, dengue, and West Nile viruses — Pl di falci
spanssond by - 2
Z :’;w: AP TR e s well as Plasmodium falciparum. asmoaium raiciparum
SPDDE
'_' — QIAGEN —m The amplification method of choice is reverse-transcription loop-mediated
d isat_hermal amp_liﬁcation (RT-LAMP), _Fiobe!t Meiagher, lead researcher on the - Shortcut sam p|e prep
""'u project at Sandia, told GenomeWeb in an interview.
Z JOIN US FOR A
~w:tt FREE LIVE Although multiplex LAMP}has been reported in the literature — a . .

G ~* genomewebinar BioTecH rme=smoy 2012, for example — Meagher said the method has - Multiplex LAMP with
83

sciences

- Smart phone for control
and detection of assay

)

GenomeWeb and
Core Informatics cfuhis ! i
invite you to: Green, Meagher said his group's strategy is more akin to a flucrophore and

guencher-based approach.

While many using LAMP rely on turbidity or add an intercalating dye like SYER

BIOLOGICA L

How Mount Sinai
Uses LIMS to Support

"That adds an element df target specificity knd allows us to do multiplex
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So what led up to this?

Started working on RT-LAMP for RNA virus detection
for the “Smart Trap” — an autonomous, field-based
detector for mosquito-borne pathogens

Funded by DTRA as a demonstration technology for
the “Biosurveillance Ecosystem”

Currently finishing year 2 of 3.

Developments in LAMP and microfluidics along the
way were spun into the NIH febrile illness diagnostic.




~ Dengue viruses

~ Yellow fever virus

¥ Chikungunya virus
Zika virus

A

BIOLOGIC

“Arbovirus” = Arthropod-borne virus
— Mostly RNA viruses; carried by mosquitoes, ticks, flies, etc

West Nile, Dengue, Chikungunya, and now Zika exemplify how fast these
viruses can emerge, re-emerge, or change boundaries.

Culex spp.

-
LI A=

West Nile virus*®
St. Louis encephalitis virus*
Japanese encephalitis virus
Rift Valley fever virus
Equine encephalitis viruses
(WEE*, VEE, EEE)

Who cares about arboviruses?

Anopheles spp.

Transmits malaria
(not a virus!)
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Number of d

4&_ 500 Hippopotamus
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M; ,000 Tapeworm
v -

C\ 2,500 Ascaris roundworm
& 10,000 Freshwater snail (schistosomiasis)

% 10,000 Assassin bug (Chagas disease)
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'MOSQUITOES VS. BOMBS

“The death of one man is a tragedy. The death of millions is a statistic”

Joseph Stalin 8,300,000 !'“E 10,000 Tsetse fly (sleeping sickness)
Unlike the other catastrophes listed here, 3,750,000 /000,000 25,000 Dog (rabies)
unclean water, HIV and malaria are
not isolated events in time. 1,800,000
1,000,000
12000 JA54T MA000 4000  J0ON0 K0 .
.0 @ . .
me & E I Z  Molaria HIV/Aids  Unclean water wwi wwil
&= B g_ 3 ' i
[ g 'S § peryear | peryear per year
g E 3 o
2 2 - Child deaths Viordd War Oe and Two figures represent
K4 5 9 Pt yEI 3virage v Ehe duration of the.
: E g B rourdeaths . TEDRIESR
g 3 2
] ® & 0 0 0 8 0 0 [ htpeople 475.000
- doesn’t have access '
to clean drinking Human
water.

fe

Five US Dollars - The cost of a t-shirt, a latte, a movie ticket or a
USS 5

mosquito net.

The circle on which this inf ion is displayed r the b
of people who have died of malaria since the start of the
20th century. The nuclear symbol at the top
represents the number of people who
have died as a result of nuclear
power, or nuclear
war.
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Vector-borne pathogens are a
GLOBAL problem

£

Pakistani homeless sleeping on the street
under a mosquito net

Photo credit: AP Photo/Muhammed Muheisen
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Vector-borne pathogens are a local
problem

West Nile Virus Activity
in California Counties
2015 Totals
Human cases 737
(fatal) (45)
Dead birds 1349
Mosquito samples 3329

Sentinel chickens 449

Human deaths (YTD)
in CA from West Nile
virus infection in 2015

In San Diego County,
there were 41 human
cases and 5 deaths
from West Nile in
2005.

San Bemarding
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. Counties with West Nile
virus activity (no human cases)

JENGINE

. Counties with West Nile virus activity
(number of human cases)

BIOLOGICAL

Image retrieved from: www.westnile.ca.gov
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West Nile isn’t the only threat

L NEVADA

Humboldt-Toiyabe
National Forest

_ Sacragginto
\o' 1V .v."nﬁ

SanF cisc;)'}
b %
. A
Sap Jose
T . ﬁr%no

CALIFQ‘&MA

4

Death Valley
National Park

San Luis B

Oblﬁpo '&v
: .

:--Ti-juana:
http://maps.calsurv.org/invasive

Retrieved 3-2-2016

Las Vega:
4 g

Mexicali

Invasive vector species

] Aedes aegypti

h‘ﬁé

[ Aedes albopictus R‘

7] A. aegypti+ A. albopictus R»
sl
[ ] surveillance areas with
no detection



http://maps.calsurv.org/invasive
http://maps.calsurv.org/invasive

Current methods for arbovirus
surveillance

Low-tech sample collection

Manual skilled labor (mosquito sorting, etc)

Sophisticated molecular assays

Mosquito collection

Mosquito sorting

1-2 week turnaround
>$20/sample

Sentinel animals

National
Laboratories
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 Thousands of
mosquitoes
sorted by

hand

Is it a female? Which
species?

— People who know
how to do this are in
short supply!
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Sugar baiting is a field-tested
alternative to mosquito trapping

0.5

04

03

Positive Samples

02

0.1

A sugar bait, made from
a cryovial and dental
wick with blue-colored
syrup and a floral
attractant

Lothrop et al. (2012)

06 -

' B Sugar bait

OMosquito pools

@ Sentinel chickens

"

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Week of the Year

Baits detected WNV weeks
before mosquito pools or
sentinel chickens
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But sugar baits still require a
human to schlep to the field

line positive results. The small quantity of virus present on the
cards is not surprising, given that mosquitoes expectorate

approximately 4.7 nL of saliva during feeding (Devine et al.
1965, Hurlbut 1966) and that the cards can remain in the field

for periods of up to 2 weeks before being dispatched to a
diagnostic laboratory.

van den Hurk et al. (2014)




_+.  We propose that sugar-bait testing enables
. autonomous vector surveillance

Viral assays +

@) Open source
4 data
Y Q: v : Z
% o
<70
2 Oo Data transmission and predictive modeling Viral incidence map
97
Q&0
%]
9 Robert Meagher
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LAMP is a PCR alternative well suited to low
resource settings (such as Smart Trap)

Isothermal technique, uses 6 +

- T TR - — W
“primers” to locate and amplify e
target DNA P -

« Fast (5-20 min), robust, simple, meE,, S
sensitive ! @

,
« Low capital expense : N A ., f
| D { &—='n
« Add RT for RNA targets LN LN
. Can't easily multiplex T

£

» Endpoint signals with dyes are
not easily interpreted by eye

* Prone to false positives
» Less quantitative than gPCR
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50 LIL. BN ALl B A ALl B AR Rl BN AR R ALl BN AR EALLL BN EALLL BN EALLL E
. RT-LAMP vs qRT-PCR . WNV
. <
'. "o £ 40 - ° - 40
» Inall cases tried, gqRT-PCRis ~1 logmore £ |*~~,
sensitive than RT-LAMP 20l T4 1,0
o ~ ~a %
"+ RT-LAMP for WNV, WEEV, SLEV all 2 T~ o
: S < =
detects down to 0.01 PFU equiv. Eofl . A d20
. : : o T AL
.+ (gRT-PCR is detecting 0.001 PFU equiv. =z ol F ¥ I S~a
I.I.I . igr . = 10} o -o_ - - 10
o RT-LAMI? time-to-positivity is non- v o RT-LAMP ~~e o,
a quantitative at lower end of sensitivity (and A gRT-PCR
’." i not great at high end either) O ;E-S- 111101.01- .....0.1 A ------1 A -----10 A ....%00. ---%-000- ..%.80000
&)+ RT-LAMP usually takes <30 minutes. PFU equiv. (10 pL reaction)
SLEV WEEV
- 8
¢ 4 40 Eska 440
~ . { ° ? N - A
~ - A - o ~ - -
*  T-. {302 8 30 - S AL E
° ° T A 8 g o8 AL ~ 8
oo T~a = £ 0o 'S =
=~ ~ < 40 S0l - ~ . dox
o :\3\;\.“\ . e 20 X |£:20 ‘\‘:3\.1\ - 20 X
®e T 3-- o A = -8 T
e~ 5 Te-_g “a
0\\\’- 10 ~0F o RTLAMP '\\\.: 10
g I
PYYY BT TR TTIT BTN TTTTT BT W YT AT B Srwrrrr By | O
0.01 0.1 1 10 100 1000 100000 1E-3  0.01 0.1 1 21 10 100 1000 10000

PFU equiv. (10 pL reaction) PFU equiv.

Wheeler e



Challenges of RT-LAMP primer
design

Primers can cover >60% of a target region (200-250 bp)
Tight constraints on spacing of primers and AG for ends
RNA viruses often have high sequence variability

SLEV 3’-UTR alignment & primer location

£

EERING
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LoopB > <& B2 < B3
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National
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Wheeler et al, PLOS One 2016



For a deployed LAMP diagnostic:

" . Closed tube detection — don’t want to open the

&% tube after the reaction

Large discrimination between positive and
negative samples

£ | Bright signals — naked eye or simple detector

& ENGIN l:‘le NG

" SICEE N € © S
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Endpoint is good enough for yes/no answer
(LAMP is semi-quantitative at best anyway!)

Target-specific, vs detecting total DNA




. How to know if LAMP
‘worked’? (old school)

A. Run product on a gel, with optional target-
specific restriction digest

WEEV nsP4 SLEV 3
M 4+ Xbal NT + Hindlll NT M

TR (

Wheeler et al, PLOS One 2016

B. Turbidity (precipitation of Mg pyro-phosphate,
from making a ton of DNA)

Controls Heat-treated viral cultures

+ve -ve 1 2 3 4

Pfu/reaction: 960 96 9.6 0.96

Jayawardena, Emerg. Inf. Dis. 2007

C. Post-reaction, open the tube and add a ton of
SYBR Green

Positive ~ Negative Positive ~ Negative

Nie PLoS One 2012

] D, E, F, G... Other nonspecific indicators of total DNA synthesis...




@)
24
X
Z
@)
z
2

= BIOLOGICA]

O

(0]
(9]
=
O
(%}

QUASR improves discrimination
between +/- results

New detection chemistry for LAMP based on interaction
between a dye-labeled primer and quencher

QUASR stands for... details coming soon (Ball et al minor
revisions requested for Anal Chem)

SYTO 62

2uM 4uM-

+ MS2

- MS2
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QUASR enables multiplexed LAMP

High-powered LED
excitation

Hard-coated glass
excitaiton and
emission filters
Machine vision camera

LED flashlight

Red plastic filter
(theatre lighting gel)
iPhone camera with
white balance card for
exposure

WNV + + - -
CHIKV + - + -
A
©
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QUASR enables direct detection
from complex samples

-
o

—— Buffer
o) — mmm  10% Blood
é’ 8 I * % Kk %k I
8 & =
=4
ke
g 4
E
@ 2
T W
SYTO 62 QUASR-Cy5 SYTO62 QUASR-Cy5

25°C 65°C
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» Detection of MS2 phage spiked into whole blood,
diluted at 10% into RT-LAMP reaction, with either
SYTO 62, or QUASR-Cy5 for detection

& ENGIN
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QUASR eliminates false positives

Reporter Mixture Decision fluorophore False Positives, X/Y (%)
SYTO only SYTO 62 25/28 (89%)
SYTO + QUASR (all) SYTO 62 42/117 (36%)
QUASR (all) 0/117 (0%)
QUASR only (all) QUASR (all) 1/80 (1%)*

RT-LAMP reaction conditions setup to
intentionally encourage false positives

QUASR showed 1% false positives

SYTO showed 89% false positives

Handy for detecting rare viruses

— Lothrop et al. (2012) found 6.8% baits pos. for
WNV in Coachella Valley
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Integrating along length of channels

A e ma—
2501 N m Positives |1
Negatives |]
vs2 () [ 200 |
(V)]
[ X
§ | |
] SLEV (-) [y M
0 [
X |
a [
S 100 .
5] ]
WEEV (-) S i i
50 | | i
[ L 0 11 ] ]
0 MS2 SLEV WEE WNV

0 100 200 300 400
Pixel row

£

L

Works better in our chip than the SYTO dyes.
» Better discrimination between positive and negative
 Detection at ambient temperature

 Reduced problem with chip-associated false-

SaiEences
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Field stabilized reagents

Partnered with Biomatrica to formulate RT-LAMP assay reagents for long-
term stability in dry form; rehydrate with “bait fluid” to run assay.
Minimal loss in activity after >3 weeks at 60 C, even with reduced enzyme

45.00

60 °C /23 days

£

i il
5.00 -

DL m N S50 D )

Lo il Ul Gt G o gl L L G g UL 02
S TN TSN LTSNS
‘(( <<k -

Full enzyme 1/2 enzyme 1/4 enzyme

amount amount amount s
: @ LNaaI:luur:td(ﬁes

Minutes to positive (Ct)
s &
8 8
SO I N N
| ]
L |
I
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Daily assay chip for Smart Trap

Production/durability requirements

* Amenable to scale up manufacturing (injection mold)

— In 2014, CA detected WNV in ~3,500 mosquito pools, which means
many more were tested

— We will need thousands of chips at low cost
- Withstand reaction conditions (high temp + water)
« Sitin a field/marsh/desert for a month

Functionality

» Test for a panel of viruses in parallel

* Minimize external instrumentation with passive fluidic control
« Guarantee sealing to prevent evaporation or contamination

- Store all reagents on-chip to minimize operator intervention
 |solate sensitive reagents for maximum stability




Smart Trap Daily Consumable Chip

Check valves Fluid reservoir
(sugar bait)

Feeding well

Flow splitter

Parallel
reaction
channels for
multiple
virus targets
and internal
controls

£

Toothed track to engage
drive mechanism
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Air pockets

BIOLOGICALg
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Check valves seal reagents from the
environment and stage fluid delivery

Top angled view
(actual)

Bottom view
(actual)

Passive
Normally closed

Planar spring, low-profile for
microfluidics

Cracking pressure can be tuned
by spring design and material

Robust sealing against back
pressure

Pick-and-place spring
installation

Low-volume rapid prototyping

for R&D, but scalable for higher
volume manufacturing.
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Feeding well, aka “the bait cave”

Mosquitoes that take

the bait turn blue from Fla

the food coloring

3D printed bait
cave prototype
covered in Culex
tarsalis mosquitoes

The only part of the
smart chip or smart
trap exposed to
mosquitoes for
feeding

Presents sugar bait
in conical well

Size prevents
drowning




Assay reagents were pre-dried into
the chip

Centrifuged under Dried reagents in
Bonded chip Lanes filled vacuum lanes

0
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30-40 min to dry reagents into all 8 channels of 14
smart chips

& ENGIN

Clear epoxy seals fill holes after drying
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The smart trap is a portable vector
biology lab the size of a shoebox

Electronics board Bait actuator &
Pneumatic chip filler

Chip stack
holder
Battery
Chip loading
actuator
©
Z
=i Drive belt
é‘m 0)
il
8 LZJ.“_’ The “bait cave”
) O
5 5 4 Stepper motor Isometric view
E} Ron Renzi




Pneumatic system fills chip

Miniature air compressor

Seals over reservoir to pressurize
fluids into assay channels
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Spring-mounted heater controls
reaction channel temperature
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Detector module

Smart trap performance
QUASR fluorescence
Background subtracted
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Networked electronics run trap and
communicate with the cloud

« Modular electronics design

¢ Onboard system state of
health diagnostics

-  XBee communication among
smart trap neighbors

- Master trap enabled with 4G
smartphone

- Data to Amazon web
services and DTRA
biosurveillance ecosystem
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Outline

Why am | here — Prehistory
Biosurveillance for Vectorborne Diseases
— Assay chemistry

— Microfluidics

— System integration

— Networking and visualization

Future work and side lights
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Download data via REST

HURERERHI

SEREREAIE

: 4 SMART Traps Web Server and Datastore
SMART Traps App Running on Amazon AMI
Running within BSVE as 3" Party Application Spring Framework, Java, R
HTMLS5, Javascript, Google Maps API .

Upload data via REST
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Cloud-based mapping and modeling

3rd party app: data stored on Amazon cloud, “private” data (from CA vector
control) used to generate model visualizations for BSVE

-
ﬂ - Daily viral incidence data, combined with physical data and models of vector
S abundance lead to prediction of disease transmission risk.

View West Nile incidence for: | Al v View C. tarsalis abundance map: | 62013 v
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Z Search:
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Field test for Smart Trap planned 2016
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Saﬂon
Sea

We will deploy a network of
Smart Trap prototypes near
the Salton Sea in southern
California.

Irrigation, warm summers,
and abundant birds lead to
ideal conditions for West Nile
virus

We will perform a field test of
the Smart Trap concurrently
with conventional vector
surveillance for WNV (traps
& sentinel chickens)




Outline

 Why am | here — Prehistory
» Biosurveillance for Vectorborne Diseases
— Assay chemistry
— Microfluidics
— System integration
— Networking and visualization
* Future work and side lights
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Potential for clinical diagnostic (NIH grant)

Single-tube multiplexing Newly designed RT-LAMP primers for Ebola GP gene
Ebola and Plasmodium target both historic (1976) and recent (2014) isolates;
detect 200 copies in about 20 minutes

Pfalc. ¥+ | = 1 +

EBOv * | ¥ =, ==

RT-LAMP with new detection technique enables
detection of Ebola RNA directly in whole blood (10%
of total reaction volume, no RNA extraction)

1 ]
I 1
1 1
I 1
| |
1 1
1 ]
1 1
1 ]
| 1
1 1
- : i
Malaria ek
1 1
result : ] A" B *
; - é SYTO9 (65 °C) v 12
i : %ﬂ =10
[ 1 S 1 o)
H - 8
1 < g o
Tatot £ o =
Eb0|a i i ,_% 2 0 RNaseOut Without
result : : & 0 m Buffer
: : Buffer 10% WB u 10% WB 9 0
1 1
' ' 1000 copies EBOV RNA 200 copies EBOV RNA X
. (100% detection rate) 20 replicates per condition
Adaptable to bl'lght ~50% detection rate

visual readout
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Smartphone enabled “Portable
LAMP box”
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Portable LAMP app

Analysis Image Analyze
[ mode } [acquisitiun} { ROI }{Plnt results}

. Exposurs | Focus
| Locked | Locked

Instructions

Library

End point detection _ Capture |

Real time detection | Home | Analyze ; | Normalize |  Data
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chip

» Similar to valve described for Smart trap
+ Easy integration with no external actuation
* Tunable opening pressure

O
Z
o4
e
\ 3
Z
@,
y4

0}
(9]
c
0}
O
(%)

+ BIOLOGICAIL




F

Lol

RT-LAMP amplification with crow oral swabs*

Amplification

RFU {10"3)

4 Swabs slightly slower than standards — slight inhibition, or
i i incomplete recovery of target

1 1

<€— One swab amplifies slower than the others

=

No-template controls

Time (min)

RO

Red = MS2 phage instilled on swab,

Green = Swab instilled into 250 yL MS2 phage suspension

*2 UL swab eluent
per 10 pL reaction

swab instilled in 250 pL H,O

|

Blue = MS2, no swab (1/10,000 or 1/20,000 in H,O)

Purple, Black = no template control

(with or without swab)

RT-LAMP could work for “direct” (extraction-free) detection of virus from swab samples

Also (not shown): Direct amplification

of WNV instilled on RNA Sound (treated filter paper)
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