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C
hem

ical and Biological Sensors



W
hy C

hem
ical Sensors?

State of the A
rt A

nalytical Lab
•

D
edicated Facility

•
H

igh Capital Costs
•

N
eed for Skilled Technical Support

C
hem

ical Sensors
•

Relatively Inexpensive
•

Portable/Field D
eployable

•
D

istributed Sensors can Provide 
Spatial/Tem

poral D
ata 

•
M

inim
al Technical Training for 

U
sers



C
hem

ical Sensors: Featuresand Lim
itations

G
eneral Feature/D

efinition: Enabled by M
olecules/M

aterials
M

aterials Technology (Transduction) M
akes for Inexpensive H

ardw
are

Spectroscopic M
ethods (H

ybrids Paired w
ith M

aterials)
Can be Inform

ation Rich and U
niquely Identify A

nalytes
D

evices O
ften H

ave Fixed Sam
pling Cham

bers That Can Foul
(e.g. M

ass Spec)
O

ften M
ore Expensive w

ith Lim
ited Portability

R
eceptor/M

aterials Based M
ethods

O
ften Lim

ited by Chem
ical Selectivity

Can be Prone to D
rift (Changing Baselines)

Can be Extrem
ely Inexpensive

O
ften Can H

ave a Consum
able (Refreshable) Interface w

ith the Sam
ple

M
ultim

odal Sensing w
ith Spectroscopic M

ethods is Possible



Expanding M
arkets

Environm
ental M

onitoring
•

D
istributed Sensors for Identification N

on-Point Sources
W

earable Sensors
•

O
ccupational Safety in M

anufacturing, Research, H
azm

at
•

Individuals Interested in Personal Exposure
Building C

ontrols
•

Integrated D
istributed A

ir Q
uality Sensors

Biotech/M
anufacturing

•
Process Controls

M
edical D

iagnostics
•

H
om

e Screening/Clinic
Food and A

g
•

D
istribution

•
Production-G

reenhouses
•

Personal Testing of Food



A
m

plification by Energy M
igration in 

Electronic Polym
ers

Excitations m
igrate along the polym

er backbone and are 
quenched w

hen they encounter an acceptor.
J. Am

. C
hem

. Soc.1995, 117, 12593
Accts. C

hem
. Res.1998, 31, 201-7

•“C
onjugated Polym

er-B
ased Sensory M

aterials”
C

hem
. Rev.

2000, 100, 2537-2574.
•“C

hem
ical Sensors B

ased on A
m

plifying Fluorescent C
onjugated Polym

ers”
C

hem
. Rev.2007, 107,1339 -1386.  

+

h
!

e
-

e
-

E
g

C
o

n
d

u
ctio

n
 

B
a

n
d

V
a

le
n

ce
B

a
n

d

n

+

h
!

'

+ e
-

e
-

+



G
oing 3D

: Sensory Polym
er Film

s
h
ν

E
*

A
nalyte

Q
uencher or

Em
issive Trap

C
onjugated Polym

er Film
•A

m
plification of C

hem
ical Sensors

O C
14 H

29

O
C

14 H
29

n

C
onjugated P

olym
er B

ackbone
P

entiptycene

A
nalyte

Very D
urable!!

Yang, J.-S.; Sw
ager, T. M

. J. Am
. C

hem
. Soc.1998, 120, 5321-5322.



A
m

plifying Polym
ers For Explosives D

etection
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C
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O
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N
O
2

TN
T

M
IT Polym

ersA
re the 

Basis of the FLIR
 Fido 

D
etectors

2-M
eter Standoff D

etection of TN
T D

em
o-Blocks

Sub-ppb TN
T Vapor

Show
s Filam

ent Pattern

D
ata C

ourtesy of M
ark Fisher, FLIR

 System
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T
N
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C
o
n

d
u

ctio
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E
g

Q
uenching M

echanism

N
itroarom

atics A
re U

biquitous in Explosives
TN

T has only a 5-8 ppb Vapor Pressure



C
ourtesy of FLIR

 System
s 



Single-C
hannel Fido Schem

atic

M
IT Polym

er 
Inside



TN
T Plum

e Tracing by U
nderw

ater 
A

utonom
ous Vehicles

G
PS Tracking of ppb TN

T 
in Pacific O

cean



C
arbon N

anotube Sensing M
echanism

s
Chem

iresistor/Chem
icapacitance Responses are O

ften the Result of a 
Com

plex M
ixture of M

echanism
s 

Schröder, V.; Savagatrup, S.; H
e, M

.; Lin, S.; Sw
ager, T. M

. “Carbon 
N

anotube Chem
ical Sensors” C

hem
. Rev. 2019, 119, 599-663.



C
N

T C
hem

iresistors

Intrinsic A
dvantages 

of C
hem

iresistors
Low

 Pow
er/C

ost 
Sm

all Footprint
W

ireless N
etw

ork

Technical N
eeds

H
igh Sensitivity

Selectivity
M

inim
ize D

rift

P1/SW
C
N
T

R
R

O
O

R
R

O
O

H
H

H

S
S

n

M
n
 =

 9
.2

 K
D

a

P
D
I =

 1
.4

W
ang, Yang, Sw

ager  Angew. C
hem

. Int. Ed., 2008, 47, 8394-8396

B
inds in C

alixarene

To W
ide for 

Strong B
inding

Polym
er W

rapper/Receptor



Triggered A
m

ine R
elease

Liu, S. F.; Lin, S.; Sw
ager, T. M

. AC
S Sensors2016, 1, 354-357 

Jutzi, P.; K
risten, M

.; D
ahlhaus, J.; N

eum
ann, B

.; Stam
m

ler, H
.-G

. O
rganom

etallics1993, 12, 2980–2985.

Co
I

I
N

+ CO
- CO

Co
I

N
M

e2

I
CO

Charge Transfer to the 
N

anotube Reduces the 
+ Carriers (H

oles)



Sensing for Food and A
griculture

Sm
art supply chains for fresher produce and less w

aste

Sm
art refrigeratorsto alert users as contents ripen or pass peak

Soil m
onitoring

to im
prove crop yields and optim

ize fertilizer use

Sm
art containers for food quality determ

ination and m
onitoring

C
O
2 detection for plant respiration m

onitoring

R
etail inventory m

anagem
ent for dynam

ic pricing

R
ipeness m

onitoring to determ
ine optim

um
 tim

e of harvest, shipm
ent, use

Plant health m
onitoring for better crop and harvest m

anagem
ent

Spoilage detection
in m

eat and dairy products
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Im
portance of G

ases in Food/A
g

Ethylene:
•

G
iven off by produce during ripening 

(15+ clim
acteric fruits, e.g. avocado, 

banana, apple, m
ango)

•
Induces ripening (35+ fruits, 
vegetables, and flow

ers respond to 
ethylene)

•
Indicator of plant health (can be 
com

bined w
ith m

easurem
ent of other 

gases)
A

m
ines:

•
Indicator of m

eat/fish spoilage
A

m
m

onia:
•

Soil nutrient level m
onitoring

Ethylene em
ission increases close 

to peak ripeness



R
elative response of [C

u]-SW
N

T devices to 100 g of fruit 
relative to the response to 20 ppm

 ethylene.

D
etection of Ethylene Em

issions from
 Fruit

Sensors on Plastic

C
arbon N

anotube C
hem

iresistors
•

Plug and Play: variable resistor read-out
•

A
rray-C

apable:80+ analytes dem
onstrated 

•
M

iniature:1-2 m
m
2per sensor elem

ent
•

Low
 cost: replaceable sensor chips 

•
D

isposable: paper, plastic, or glass substrates
•

Sim
ple Fabrication: screen-or inkjet-printing

Ethylene B
inding

M
etal C

om
plex

B
ound to SW

C
N

T

Esser, B
.; Schnorr, J. M

.; Sw
ager, T. M

.Angew. C
hem

. Int. Ed. 2012, 51, 5752-5756.



R
eal-Tim

e Ethylene and 1-M
C

P Sensors for 
A

pple C
old Storage R

oom
s

Pilot Product D
eployed at 

100 Locations in 5 C
ountries

A
pple C

old Storage Facilities:  $1M
  in Each R

oom

1-m
ethylcycloprop-1-ene
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Protecting Plants in G
reenhouses

Ethylene:
•

G
iven off by produce during 

ripening
•

Induces ripening/spoilage

C
urrent Ethylene 

Sensor

C
urrent Ethylene 

Sensor



Functionalization of M
W

C
N

Ts

J. Am
. C

hem
. Soc. 2011, 133, 11181

1) D
M

AP, TH
F

    60°C
, 48h;

2) propargyl alcohol
    60°C

,12h OO

OO

P
ropargyl-M

W
C
N
T

1) D
M

AP
, TH

F
    60°C

, 48h;
2) allyl alcohol
    60°C

,12h OO

OO

O
O

O

O

O
O

O

OA
llyl-M

W
C
N
T

C
12 H

25 N
3

C
uI, D

IPE
A

D
M

F, 90°C
, 24h

O
O

O

O
N

N N
C
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25

N
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C
12 H

25

R
1SH

, TH
F, hν, 24h

OO
O

R
1 =

O
H

O

C
12 H

25

O
O

O

O
SR

1

R
1S

G
rubbs 2nd gen

D
C

M
, 40 ˚C

, 24 h

F
3 C

O
H

C
F

3

HN

O
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O

O

O

R
2
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R
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O
O
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O
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R
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1%
 of Saturated Vapor

B
ias Voltage (0.05 V

) 

R
aw

 D
ata From

 the Sensors

Pristine M
W

CN
Ts 

Exhibit Sm
all Responses

Reduction in 
Conductance 
From

 Increased 
CN

T Spacing

Fei W
ang



R
esponse M

atrix
•

Functionalization Increases Sensing Responses
•

D
iverse Functional G

roups Lead to Cross-Sensitive Responses

Fei W
ang



Principal C
om

ponent A
nalysis

•
23 chem

icals are w
ell separated

•
100%

 A
ccuracy in C

lassification w
ith 60 Trials

•
O

verlaps are result of chem
ical sim

ilarities
Fei W

ang

J. Am
. C

hem
. Soc. 2011, 133, 

11181–11193 



C
N

T C
hem

iresistors

Intrinsic A
dvantages 

of C
hem

iresistors
Low

 Pow
er/C

ost 
Sm

all Footprint
W

ireless N
etw

ork

Technical N
eeds

H
igh Sensitivity

Selectivity
N

o C
alibration

chemical dose

tim
e



A
 Sense of Sm

ell for the D
igital W

orld

Sm
art Phone Apps

C
loud Services

Big D
ata

Internet of Things

G
as Sensors:

Sense of Sm
ell

for the 
D

igital W
orld

C
am

eras

M
icrophones

Physical Sensors

H
om

e

Food

Industry

Environm
ent



Sm
artphone Sensing: 

U
ltra-Low

 Pow
er W

ireless SensorsD
isrupt
C
ircuit

Step 1

D
raw

Sensor
Step 2

readable

unreadable

dynam
ic

R
C

L

R
C

L

R
C

L

Energy + Initialization D
ata

Tag D
ata 

!! =
!
!!!

!!" !−
!!

!            

Sm
art Packaging

Sensor Tags are
Inductively Pow

ered 
and R

ead by Sm
artphones

A
zzarelli, J. M

., M
irica, K

. A
., R

avnsbæ
k, J. B

.; Sw
ager, T. M

.
Proc. N

at. Acad. Sci. 2014, 111, 18162-18166.



D
osim

eter Tags: R
eadable or U

nreadable

or

readable
unreadable



Sensor Tags For Explosives D
etection

A
zzarelli, J. M

., M
irica, K

. A
., R

avnsbæ
k, J. B

.; Sw
ager, T. M

. “W
ireless G

as D
etection w

ith a 
Sm

artphone via R
F C

om
m

unication” Proc. N
at. Acad. Sci. 2014, 111, 18162-18166.



Food Packaging:  
N

on-Line-of-Sight D
etection of Freshness

O
2	

SCAN	FOR	
FRESHNESS	

Zhu, R
.; D

esroches, M
.; Yoon, B

.; Sw
ager, T. M

. AC
S Sensors, 2017, 2, 1044-1050.



Passive R
FID

 Tag Sensors and Sm
art 

Phone D
igital R

eadout

0.3	

0.1	0	
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0	
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O
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O
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O
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f	(M
Hz)	

Reflec<on	
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Zhu, R
.; D

esroches, M
.; Yoon, B

.; Sw
ager, T. M

. AC
S Sensors, 2017, 2, 1044-1050.



Biosensors and M
edical D

iagnostics
D

iagnostics at H
ospital -> Clinic -> H

om
e

Telehealth,G
eolocation, D

isease 
Surveillance, Contact Tracing
ELISA

, PCR, LFA
, Electrochem

ical 

•
Specificity and A

ccuracy are Critical
•

Fidelity Requires that Protein/A
ntibody 

Presentation Should Em
ulate N

ature

Lateral Flow
 A

ssay

ELISA

Electrochem
ical



Bio-Sensing w
ith D

ynam
ic C

olloids

(Fluorous/O
rganic/W

ater)
(Silicone/O

rganic/W
ater)

(Fluorous/Silicone/O
rganic/W

ater)
M

echanical/Interfacial Properties 
W

ell M
atched to Living Cells

Inspiration from
 B

iology
D

roplets w
/ M

ultiple Phases

C
ells have R

eactive 
Surfaces and M

ultiple 
Internal C

om
partm

ents



O
ur M

ethods U
sing M

icrofludic
C

hips



H
/F/W

Fluorous O
utside 

F/H
/W

H
ydrocarbon O

utside

Fluorosurfactant(Zonyl FS-300)
Sodium

 D
odecyl Sulfate, SD

S

H
ydrocarbon and Fluorinated Surfactants 



D
roplets M

orph in R
esponse to C

hanges 
in Balance of Surfactant C

oncentrations

100 µm

Lauren Zarzar
“D

ynam
ically Reconfigurable Com

plex Em
ulsions via 

Tunable Interfacial Tensions” N
ature, 2015, 518, 520-524. 

M
ostly 

Z
onyl

M
ostly SD

S
Z

onyl C
oncentration 

G
radient



Fluorocarbon/H
ydrocarbon Em

ulsions 
Behave as a D

ynam
ic Lens 

N
agelberg, S.; Zarzar, L. D

.; N
icholas, D

.; Subram
anian, K

.; K
alow, K

. A
.; Sresht, V.; Blankschtein, D

.; 
Barbastathis, G

. K
reysing, M

.; Sw
ager, T. M

.; K
olle, M

. “Reconfigurable and Responsive D
roplet-based 

Com
pound M

icro-Lenses” N
ature C

om
m

. 2017, D
O

I: 10.1038/ncom
m

s14673



Foodborne Pathogen D
etection 

M
ethods

M
icroorganism

 
Culturing 

PCR and D
N

A 
H

ybridization
A

ntibody-Based 

These popular m
ethods are reliable but require 

expensive equipm
ent, long analysis tim

es, and user 
training m

aking them
 not ideal for rapid, on-site 

analysis at food production plants



Sensors: Transform
ing or Tilting the 

“Invisible” Janus D
roplet

O
rganic Phase, h

2
>1.33

H
eptane: h

2 = 1.3876
Fluorous Phase, h

3
<1.33

FC
770: h

3
= 1.27

h
1 /h

2
= h

3 /h
1

For “Perfect” C
ase      (0.960 ≈ 0.953 is C

lose E
nough)

A
queous Phase, h

1 =
1.33

Looking dow
n through a field of droplets form

ing a layer betw
een 

the im
age below

 and the cam
era above.

H
H

A
B

F
F

F H

“Perfect Janus”
A

dd 
A

nalyte

D

Enzym
e A

ctivity
Proc. N

at. Acad. Sci.2017, 115, 3821-3825



E. coli
(M

an, G
b3) 

Listeria 
m

onocytogenes
(G

lcN
, FucN

) 

Salm
onella enterica
(M

an, Fuc)

C
am

pylobacter jejuni
(Fuc) 

O
rthogonal C

arbohydrate Binding 
Interactions of Foodborne Pathogens

N
orovirus

(H
isto-blood 

group antigens)

Toxoplasm
a gondii

(N
eu5A

c, Sulfated 
G

lycans)



C
arbohydrate-Substituted Liquid C

olloidal Particles 

The continuous layer of carbohydrate ligands displayed on the 
droplet surface sim

ulates m
ultiple binding interactions 



D
etection of E

. C
oli M

im
ic: C

onA

Binding of carbohydrate-substituted droplets to C
onA

leads to agglutination, w
hich 

causes the solution to becom
e opaque

Q
ifan Zhang



C
om

putational A
nalysis of A

gglutinated 
D

roplets Provides Q
uantitative D

ata

SucholSavagatrup, Q
ifan

Zhang

•Searches for overlapping droplets
•C

alculate the intensity and the area covered by agglutination



Binary or Q
uantitative A

nalysis of E. coli

Q
uick Evaluation w

ith 
Tim

e and Location D
ata

Zhang, Q
.; Savagatrup, S.; K

aplonek, P.; Seeberger, P. H
.; Sw

ager, T. 
M

. “Janus Em
ulsions for the D

etection of B
acteria” AC

S C
entral 

Science
2017, 3, 309-313.

10
4

C
FU

 
E. coli



Listeria Q
uantitation to Low

 C
FU

s

•
R

apid D
etection of H

eat-K
illed 

Listeria at Low
 C

oncentrations 
(100 cell m

L
–1)

•
Transferal to Sm

art Phone Schem
e

•
Q

uantitative A
nalysis

SucholSavagatrup
and Jie

Li

D
iluted 

H
2 O
2

250 µm

100 cell m
L
–1

1000 cell m
L
–1

control



G
lass Support

Bifurcated Fiber

Light S
ource

Spectrom
eter

Surfactant Solution
M

onolayer of 
D

yed C
om

plex 
Em

ulsion

Im
proved A

gglutination SystemFilter/Em
itter

C
om

bination G
ives 

Superior D
etection

Jie
Li, Zach N

elson, K
osuke 

Yoshinaga 

A
bsorbing 

D
ye

R
ed 

Em
itting



G
lass Support

Bifurcated Fiber

Light S
ource

Spectrom
eter

Surfactant Solution
M

onolayer of 
D

yed C
om

plex 
Em

ulsion

Im
proved A

gglutination System
(Batch D

etection)

Filter/Em
itter

C
om

bination G
ives 

Superior D
etection

Jie
Li

A
bsorbing 

D
ye



C
hem

ical/Bio Sensors
R

ich w
ith O

pportunity:  
C

om
plex M

aterials
Inexpensive H

ardw
are

IoT, Telehealth, D
isease Surveillance

N
anom

aterials
Printed Electronics
A

dditive M
anufacturing

D
eposition of C

N
T Sensors 



K
ey Points/Sum

m
ary

•
Transduction M

aterials Enable Inexpensive C
hem

ical/B
io 

Sensors for Large Scale A
pplications

•
M

echanism
s of C

hem
ical Selectivity are G

eneral and 
Transferable B

etw
een Transduction M

aterials
•

Innovations in M
anufacturing of N

anostructured M
aterials 

w
ill G

reatly Im
pact C

om
m

ercialization
•

B
usiness Plans can be D

eveloped that Leverage Present 
M

ethods and Expand into N
ew

 M
arkets


