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Biosciences and National Security

The single biggest threat to man's
continued dominance on the planet
Is the virus.
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Microneedles and Health Monitoring

microneedle sensor
{front side shown)

wireless

readout

invasive
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Bringing the diagnostic lab to the field!
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(i.e., Warfighter nodes)

Provides early warning of potential exposure
to biological/chemical threats facilitating
rapid and effective use of countermeasures.




; Models of Capillary Exchange of Plasma
* Drinker and Field’s Model 1931

Osmotic gradient and resistance changes in capillaries allow exchange of
peptides and small proteins from the plasma to the interstitial fluid

* The fluid from plasma that fills the interstitial space between cells and

surrounds them.

* Continual exchange of nutrients for cells

Blood Volume =5 1L
Interstitial Volume =12 L

fluid

Interstitial

Interstitial fluid

Endothelial cell

Water-filled pore

Plasma

Plasma
Lipid-soluble * membrane
substances
pass through
the
endothelial
cells

Cytoplasm

Exchangeable
[}H_ﬂf’ ns are

Small water- *_2-." e e o
soluble
substances pass
through the pores

Drinker, C. K., and Field, M. E.,
American Journal of Physiology,
1931, xcvii, 32.



Interstitial Fluid Sampling Methods

Blister
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Microdialysis
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Physiol 1987;253:E228-31.
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T, et al. Suction effusion fluid from skin and constituent
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1992;263:H1623-7.
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Electric Fields
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Ultrasound
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35, no. 8, pp. 1405-1408, Aug. 2009.



Extraction of ISF using novel microneedle device

Big outer
needle cap

—— Meedle

: 1000um 1500um 2000um

Assembled device with capillary
for fluid storage

1250.00 um/di

Varying PEN needle lengths cut at different lengths

Extracted Fluid




Extraction of ISF using novel microneedle device
Comm. Bio. (2018) 1:173 | DOI: 10.1038/s42003-018-0170-z
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A) 3D printed microneedle holder with five needles of 1500 um lengths. B)
Two 3D microneedle holders adhered to a human subject for ISF extraction
and collection in glass capillary tubes. C) Glass capillary collection tube
with ISF collected from a human subject.




Proteomic Analysis of ISF

J. Proteome Res. 2018, 17, 479-485

- Of 3506 proteins identified in human
subject, 3270 proteins were common
between plasma, serum and ISF

- 93% matchin protein content

- Indicates ISF can be used as a blood
proxy!

Donor #1 Donor #2

22
0.6%

77
2.2%

89% of these proteins were consistently
detected in three examined human
individuals.

Trevor Glaros, Bao Tran, Nicole Rosenzweig
ECBC
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Immunoglobins

[ We found similar profiles in
< ? IgG, IgA and IgMs in ISF to
\ < 7 serum and plasma using our

extraction method
e J. Prot. Res. 2019 (just accepted)
Collaboration with ECBC

KA AN,

l'\x /,

The five classes of
immunoglobulins and |
generalized structure =

Identified Immunoglobulins from Extracted ISF vs Paired Plasma and Serum

Description Accession % Coverage # PSMs Peptides Serum/ISF Plasma/ISF

_ heavy constant
IgA1 alpha 1 P01876 369 8
IgA chain PODOX2 57 230 8 1.0 1.0
heavy constant
alpha 2
Ig (Fragment) AOAO0G2JMB2 70 256 1 1.1 1.2
g chain PODOX3 40 32 3 1.0 0.9
_ epsilon heavy
g chain PODOX4 4 2 2 1.0 1.3
1gG1 chain PODOX5 63 1026 15 0.8 0.9
_ heavy constant
1gG2 gamma 2 P01859 60 828 7 0.8 0.8
_ heavy constant
1gG3 gamma 3 P01860 66 696 10 0.9 0.9
heavy constant
gamma 4
Ig (Fragment) AOA286YFJ8 43 593 5 1.0 1.0
_ heavy constant
g mu P01871 72 357 9 1.5 1.5
_ mu heavy chain  PODOX6 44 251 2 1.6 1.5



Transcriptomics

Overview of RNA species detected in ISF, serum, and plasma samples

ISF Serum Plasma-1 Plasma-2
A. Mapped Reads (M) 19 (1.7-4.8) 22 (13-5.6) 49  (2.3-6.8) 37 (25-48)
CDS (%) 63.2 (22.3-84.2) 706 (41.1-87.9) 789 (715-888) 714 (62.1-76.9)
IncRNA (%) 269 (7.4-74.4) 218  (7.1-52.3) 186 (7.2-266) | 229 (18.8-28.0)
4 (14-113 0.4-5.3 12 (04-26) [ 2 0.5-5.1
tRNA (%) 3.5  (1.3-5.7 24 (14-42) | 07 (04-14) 0.7-30)
SRP (%) 09 (0.2-2.6) 1.2 (0.2-3.2) 05 (0.3-0.7) 12  (06-17
miRNA (%) 0.05 (0.01-0.09) 0.08 (0.04-0.13) 0.03 (0.01 - 0.05) 0.05 (0.01 - 0.10)
piRNA (%) 0.04 (0.00-0.07) 0.03 (0.01-0.06) 001 (000-001) | 001 (0.00-0.02)
100%
B.
80%
PIRNA
. MIRNA | In agreement with proteomic study,
SRP RNA content was similar between
W tRNA Plasma, Serum, and ISF
40%, m ENase
mInckRNA
mCDS
20%

ISF Serum Plasma-1 Plasma-2 Comm. Bio. (2018) 1:173 | DOI: 10.1038/s42003-018-0170-z



Dynamic Response of RNA in ISF

Acute hypoxia can cause physiological alterations affecting pulmonary,
cardiovascular, renal, neurological, and hematologic systems, as well
as declines in overall performance and health conditions such as heart
disease and tumor microenvironment.

* Three CD Hairless rats were exposed to normoxia (21% O,)
and three exposed to acute hypoxia (10% O,) conditions

« Serum, Plasma, and ISF was collected and RNA-Seq was
used

« Changes in miRNA abundance versus normoxia and
hypoxia were compared



Clinical Significance

Similar to previous studies of plasma content, annotated functions of genes
encoding transcripts are differentially expressed in ISF and can be monitored
to diagnose hypoxia

| Matrix Motalloproteinases uPs) |
 chemokmes |
[ lewooyemigton |
 natewmmenty | Amobiees Lot

Transcription Regulator _

Mitochondrial Processes | Tomma0Mud
Heat Shock Protein Regulation

Cytoskeleton and Cell Adhesion | "0
DNA Repair . Tdo

Transcripts that are enriched (red) or depleted (blue) in ISF in rats experiencing hypoxia (10%
oxygen), as compared to rats experiencing normoxia (21% oxygen).

Comm. Bio. (2018) 1:173 | DOI: 10.1038/s42003-018-0170-z



Presence Of Exosomes in Interstitial Fluid

First Demonstration!
Microneedle Extraction of Interstitial Fluid (ISF)

* Have successfully purlfled €xosomes from ISF extracted
using mlcroneedles =

ISF

Comm. Bio. (2018) 1:173 | DOI: 10.1038/s42003-018-0170-z



Part 2. Microneedle Sensors

Evolution of the “Wearable”

GPS 1980 - 2015 ECG 1911 - 2015 Glucose 1945 - 2015



Peptide Markers of Exposure to Biothreats

7 healthy patients, |1V injected with E. Coli endotoxin. Serum levels of PCT, IL-6, and TNF-a measured over time.
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Demonstrates the importance of “kinetic” data. Unfortunately, most studies only have one
data point, taken after subject is already infected and has symptoms.

*TNF-a and IL-6 plots made from tabulated data in paper.

(40) Procalcitonin increase after endotoxin injection in normal subjects. The Journal of Clinical Endocrinology and Metabolism. 1994.



Continuous Monitoring

Continuous glucose monitoring
400
350
300
250
200
150
100
50
0

Time ® N 1 3 578 113578
am pm am

Lactate

Glucose Concentration imgidL)

Figure 2: Changes in blood lactate level at rest (pre), at the end (0

min} as well as 3 and 10 min of the recovery, between two groups.

Long Term Short Term

Multiplexed Analysis Additional Biomarkers
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Multiplexed Microneedle Array

IaiepreI :E:r:;;ed carbon paste Needle 1:  Lacrate + H,0 + O, — Pyruvate + H,0,

tape H:O: RhonC @ -0.15V > 2H + G: + 2€

Needle 2: Glucose+H,0+0,—2% Gluconicacid + H,0,
If:Ol RhonC @ -0.05 N 2}} + ()2 +2€_

/

microneedle array

Needle 3: . b_}@

2e~, 2H*

/

*  Single MN on an array and schematic of

multiplexed layout V=0.0104 ~pH 7.0

4mM Lactate 4mM Glucose

| |
ol

15 sec

Current (nA)

™ —— 4mi Ghacose

—4mid Glucose and 4mi Lactate

Current (nA)

Time

Time (sec) Spike of 4mM glucose followed by 4mM lactate spike with

) ) detection at lactate modified carbon paste in 0.1M

S[;nke Of‘im’{ lactate fnllﬁweq by 4mM Gluc{)se' spike phosphate buffer. CV at diazonium modified carbon paste
with detection at glucose modified carbon paste in 0.1M electrode (inset).

phosohate buffer.

P.R. Miller et al. ,Talanta 88 (2012)



Microneedle Electrolyte Sensor

Detection Mechanism: Potential difference across an ISE membrane due to selective binding between ion and ionophore
within polymer ISE membrane, measured against a reference electrode of constant potential

Traditional Liquid ISE Solid State Polymer Membrane ISE
* Removes internal solution by coating electrode directly with
/ polymer ISE membrane
b * Facile to make and test

& ellrcge
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MEMmorans |cr r rrt ¥ ] reterance Iyuid junchor

- *» (Capable of being miniaturized

Electrical
Connector

Transducer

Pnrnus Electrndes used as Transducers

»  Uses selective membrane to bind to ion and
create potential difference
* Valinomycin used for selective potassium binding

+ Difficult to miniaturize ~
weho8 %
™ 0 o"f:‘.“' / . f
lonophore used: 5 EL: o -Porous carbon (left) and porous graphene (right) electrodes used in
Valinomycin \:“:" P o this study
e b e

hitp: ffweb, nmsu, adu/~kburke/Instrumentation/|S_Electrod html



PCISE
Reference
electrode

Counter electrode

WILEY-VCH

Microneedle Electrolyte Sensor

Fluidic channel

Hollow MN
On substrate
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Caoxial Microneedle Electrode

Top-Down View of Sensor

Front View Profile View

& Biosensor
Dielectric
* PEN Needle

Reference Electro

O Kol

50 um Au insulated 8nzymatic electrod® with only
tip exposed can be inserted into microneedle
without causing electrical short. Thus, microneedle
serves as only housing, protecting against
biofouling along shaft while sensor provide very
precise probing of tissue metabolites.

Electrically insulated
50um Au wire

Created method for protecting electrode within
needle

Can be used for reference and/or working
electrode

Wire electrically isolated from needle

Each needle is a sensor and large arrays of
individually addressable sensor possible

Chart Title




Coaxial Microneedles

Top-Down View of Sensor Individual Microneedle Sensor

® Biosensor -
¢ Dielectric Electrically insulated

50um Au wire

¢ PEN Needl|e Front View Profile View

REferenCE' E|ectr0de -Each coaxial sensor can self-reference

-Potential for multiple sensors per needle

Array of Sensor on Wearable Patch Sensor Placement Depth Control

}— Epidermis

! —’V Subcutaneous
_ tissue

2
.
.
.
.
.
.
.
.

-Each row of sensors can be customizable -Microneedle sensor depth control allows

to the analyte of interast menitaring different skin layers

-Suitable sample sizes can help determine -May help distinguish physiclogical responses that
System flux are driven by external factor or via internal ones

-Compatible with suite of sensors and
ISF fluid extraction microneedles




Fiber Optic Microneedle

Rapid prototyping of microneedles via direct laser writing onto fiberoptic using Nanoscribe.

Method 1: Direct fabrication on clad fiber...

1. Core: 125 pm diameter
2. Cladding:

5 Surer, 700 um dia. Method 2: Needle-cap
printed separately to

fit/align onto standard
SMA905 fiber terminal.

Hollow core needle

]
e [

1.0

Diverse MN geometries are possible.
However MNs do not adhere well onto cladding

For IR-biosensing, Au will be
plated in the interior of the
needle (~20nm = 100%
reflectance at A 2.0-2.5um) to
80nm Au/Pd avoid interference from the

: photocured polymer.

UV-Vis: No signal detected
unless the ‘reflection’ tip is EXperjment

reflectance fram light
dip o MB =ain

attached Methylene blue
spectra detected indicating
sampling from needle core.

MB has peaks at
609 and B5E nm




Application Areas for Microneedle Array Wearable Biosensors

24

Early detection Wound
of sepsis monitoring

Performance
monitoring & training

Neurological
event
monitoring:

expl: seizures
migraine

Exposure to
chemical agents

Early response to

infection

wireless
readout

Vital organ

monitoring: heart, Endocrine

monitoring: expl
cortisol

lung kidney..

Sleep status

Cognitive status and fatigue
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