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1. Introduction

0 Optical sensor
o Surface enhanced Raman Scattering (SERS) sensor
2. Experimental Works
o Hybrid materials SERS substrate for detection of structural isomers
o Chirality-induced SERS nanostructures for detection of stereo isomers

0 Superhydrophobic SERS substrate and signal encoding system for detection of single
mutation point in peptide

3. Conclusion and future works
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Global distributed

fiber optic sensor market by scattering process $B (2013-2023)

2.3 $B by 2023
[ |

2013 2014 2015 2016 : 2017 2018 2019 2020 2021 2022 2023

B Raman scattering effect M Distributed fiber Bragg grating sensor

M Interferometric distributed optical-fiber sensor Brillouin scattering effect

B Rayleigh scattering effect

https://lwww.psmarketresearch.com/market-analysis/distributed-fiber-optic-sensor-market (accessed Mar, 2017)



Optical sensors
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o Sensing mechanisms:

Q

Q

o Two photons: Fluorescence

Scattering: SERS
Absorption: UV-Visible, IR

0 Advantages:

Q

Q

Speed: fast analysis
Specificity: chemical
structure information
Sensitivity: sub ppm (parts
per million)
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== Electronic energy levels --» Vibrational relaxations
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Raman sTcattering

https://iwww.laserfocusworld.com/articles/print/volume-53/issue-01/features/spectrometers-
excitation-source-parameters-dictate-raman-spectroscopy-outcomes.html (accessed Mar, 2019)
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o Fingerprint identification
2 Minimal sample preparation
o Label-free sensing

Gas sensor Pesticides sensor Biosensor

Normal Brain

Gold
nanoparticles

GSPs@ZIF-8

Binary image EGFR HER2 ER cD44

Wang, T.; et al. Adv. Mater. 2018, 30, 1702275 Li, J. F.; et al. Nature 2010, 464, 392 Jermyn, M.; et al. Sci. Transl. Med. 2015, 7, 274ral19



Plasmonic nanostructures: enhance sensitivity

of Raman

SHM
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Prochazka, M. Surface-Enhanced Raman Spectroscopy: Bioanalytical, Biomolecular and
Medical Applications; Springer International Publishing, Cham, Switzerland 2016, Ch. 2
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| Background

~
O Ag electrode
N

Jeanmaire, D.; Van Duyne, R. J. Electroanal. Chem. 1977, 84, 1

When a molecule is located in the plasmonic
field, signal is enhanced by 106

SERS: Sub ppm detection is possible
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Mechanism of SERS signal enhancement S an Ty
Electromagnetic enhancement Chemical enhancement
0 Local electric field (E;,.,;) enhanced by 0 Molecular polarizability (a) enhanced by
excitation of localized surface plasmons charge transfer metal-molecule complex
o Enhancement 106-108 o Enhancement 10%-103
Metal _Molecule
Induced dipole moment
in molecule:
ﬁ =a Elocal ﬁ:\gl Relaxat::::h‘o
HOMO
w

Inc

Prochazka, M. Surface-Enhanced Raman Spectroscopy: Bioanalytical, Biomolecular and
Medical Applications; Springer International Publishing, Cham, Switzerland 2016, Ch. 2
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Surface
functionalization

Enhance selectivity of the

sensor
Fabrication method _Prolect 2: detection of spatial Signal processing
isomers
Provide reproducible ~ Provide reliable

multiplex sensing
Project 3: detection of
mutation point in
peptide

enhancement of signal
Project 1: detection of
structural isomers

Lundstrom, J. N.; et.al. ACS Chem. Neurosci. 2011, 2,5
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Control arrangement of plasmonic materials Reproducible enhancement
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Hoang, P.; et al. Chem. Mater. 2017, 29, 1994
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o Respiratory health problems at 100 ppm; oxidative stress when exposed to 80 ppm concentration

GC-MS: SERS:
Q High sensitivity o Lower sensitivity
a Intensive sample handling o Direct sensing, suitable for onsite detection
Toluene
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Billore, D. Petrochemical Market Trends and Forecasts to 2022: Grand View Research, 2015; Report ID: 978-1-68038-560-1
Hoang, P.; et al. Chem. Mater. 2017, 29, 1994
Lee, M.; et al. Chemosphere 2007, 69, 1381
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0  SERS sensor designs for best output signal: 0 Requirement of SERS sensors:
0 Increased density of “hot-spots” 2 High through-put manufacture
2 Uniform control of hot-spots 0 Sensitive and reliable detection

Apte, A.; et al. Nano Res. 2014, 8, 907 Mehrvar, L.; et al. Sci. Rep. 2017, 7, 12106



Facile template manufacturing based on Zinc st s éo)})
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Oxide (ZnO) nanorods R

Zno seed i i
solution
65°C

30 minutes // 45 minutes
Seed surface
Growth solution

Hoang, P.; et al. Chem. Mater. 2017, 29, 1994



Direct reduction of SERS-active materials on the
template

Teflon container

Slow stirring at room
temperature, 1 hr

Gold solution
_stirbar >

Teflon container

Heated at 120°C, 1 hr

Gold solution [
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Hoang, P.; et al. Chem. Mater. 2017, 29, 1994
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Topological silica coating to improve the stability sually pglall N\
of SERS sensor =
OIHOIHOIHOIHOIHOIHOIH Priming step 15 minutes Hydrolysis 1 hour
Substrate 1 mM (3-Aminopropyl)triethoxysilane Substrate | 18 mm Sodium Silicate Substrate

Hoang, P.; et al. Chem. Mater. 2017, 29, 1994



Optimization: synergistic LSPR coupling of

AUNPs and metallic substrate
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Relative intensity (cps)
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0 Probe: 4-mercaptobenzoic acid (4-MBA)

Hoang, P.; et al. Chem. Mater. 2017, 29, 1994



Performance evaluation
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e 4

ZnO
/ seeds

Glass

Zno N\

Au seeds

Hoang, P.; et al. Chem. Mater. 2017, 29, 1994

o Enhancement factor (EF) = -SERS/NsErs

Iputk/Npuik

0 lserss lbuk INtensities of the measured
peak for SERS and Raman
0 Nsgrs: Ny number of probe molecules

a Probe: 4-MBA

Relative intensity (cps/mW)
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—— 20 pM on substrate
——0.11 M on plain glass

x10

400

600

800 1000 1200 1400 1600
Raman shift (cm™)



alllae Ellall anala V|
autially glall %”’

King Abdullah University of

Performance evaluation Seerce and Teeology

Smart Hybrid Materials Laboratory
(SHM)

T
o EF=24x10%
0 Reproducibility of 1 uM of 4-MBA signal at 15 random spots: + 9% deviation
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Hoang, P.; et al. Chem. Mater. 2017, 29, 1994



Xylene isomers calibration
S
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Hoang, P.; et al. Chem. Mater. 2017, 29, 1994
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Intensity (cps)

Limit of detection (LOD)
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Concentration of analyte

Sensor response

1400

Calculated vIiv% from
from our manufacture
SERS (Product 534056, | % difference
substrate Batch
vIiv% BCBQ2922V)
p-xylene 18.44 17.79 3.7
m-xylene 42.42 40.92 3.7
o-xylene 23.61 24.32 2.9
1600 LOD [ppm]
p-xylene 35
_ o m-xylene 14
X Baseline variation
o-xylene 14

Hoang, P.; et al. Chem. Mater. 2017, 29, 1994
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0 Signal enhancement: 2.4 x 104
0 Deviation: + 9%
0 LOD of xylene isomers analysis: 35 ppm

Relative intensity (cps)

i
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Hoang, P.; et al. Chem. Mater. 2017, 29, 1994 Raman shift (Cm-1)
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Scope of Project 2: SERS signal to study the sl pglall N\
selectivity in chiral interactions e ey
Thalidomide
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Pharmaceutical impurity:

Sedative agent birth defects




Combining SERS and circular dichroism (CD) ol ity %"J})
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° J TR e (+)enantiomer
~1x10% et

Bradshaw, D. S.; et al. Chem. Phys. Lett. 2015, 626, 106

Rot.atlon.of plane Preferential absorption
polarized ight about of left-handed circularly
propagation axis polarized light

Ben-Moshe, A.; et al. Nat. Commun. 2014, 5, 4302
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L-Amino acid o-Amino acid

' Tryptophan

L-Trp
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—d % 025k Fa ]
TP 00 0 s | A
KXY 7%, 5
ﬂ‘ SRR ° e o-Trp
. { = B 3 5 5 1l,‘.l 2 30 = A

Incubation time [ hr]

L-Liposome Membrane
S.D 2014 090 577 206 7886 256 9668 210 53 33

T T T T T T T T T T
0.6
= o04f .
£
S 9s hao i
N =l
oz ] 5 3 §3
S < ge
L E = 220 S <
B © =4
b g10 g5
His Ser Asp Tyr Pro Cys Trp Phe Leu Val = < ESE
, o Op

24 8 24 48
Culture time !4hour: Culture time / hour

Hydrophobic

Ishigami, T.; et al. ACS Appl. Mater. Interfaces 2015, 7, 21065 Wang, X.; et al. Soft Matter 2010, 6, 3851
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Hydrogen bonding
Dipole-dipole
Steric repulsion

(+)-EP  OH

Seo, S. H.; et al. Anal. Navarro-Sanchez, J.; et al. J. Am. Chem. Soc. 2017, 139, 4294

( -A.A rc/erercapto L-Proline A. e .H Methods 2014, 6, 73
o-A.A Cu2+ Hy ~ N0, . . .
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Kuroda, Y.; et al. J. Am. Chem.
~ Soc. 1995, 117, 10950 Kumar, A.; et al. Proc. Natl. Acad. Sci. 2017, 114, 2474
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Surface modification of nanostars with first sl pglall N\
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Hoang, P.; et al. 2019. In preparation



Characterization of nanostructure and
functionalized ligands
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Relative normalized intensity (cps)
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Hoang, P.; et al. 2019. In preparation



Calibration of SERS active surface area with Tl e %J}'
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Hoang, P.; et al. 2019. In preparation



Selective binding of chiral induced structure e i %"J})
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Hoang, P.; et al. 2019. In preparation
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Chiral ligand / D-Arg Chiral ligand / L-Arg
-29 kcal/mol -16 kcal/mol

Hoang, P.; et al. 2019. In preparation
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Introduction of stimuli sensitive moiety through ssialy pglall NG
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Synthesis of second linker: modification of

starting materials

alljusc Ellall asaly
il gl

King Abdullah University of
Science and Technology

Smart Hybrid Materials Laboratory
(SHM)

\'@J})

(0]
EDC N
OH NHs o8 | |
4 6 / Wilson, T.; et.al. Langmuir 1994, 10, 1512

— O  DCM = 6 O

= = (0]
rt, 2 hrs =

9 Yield 90% 9 s1
Boc anhydride H Thielbeer, F.; et.al. Chem. Sci. 2013, 4, 425
TEA O N~ S~
AN g5 ™Nh,.- He l >( bl S NH,
MeOH O s2
0°Ctort, 1hr
Yield 47%
9 0 succinic anhydride 0
HNTX OH thionyl chioride HN"X o~  DIPEA )WH (
- - NH
NH, MeOH NH,HCI  DMF HO o
0°C to 100°C, 3hrs rt, overnight 10 J N
Yield 90% s3 Yield 90%

Arjomandi, O. K.; et.al. Eur. J. Med. Chem. 2016, 114, 318
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1) CH4COCI
’ HATU :/L?:o?h H 0 ’
H DIPEA N\/\ S~ J\/\W r NS~ J\/\WN S
HOJ\/\W NH DmE X \ﬂ/ N 2) $1, DIPEA 4 o I s N o NH
o)

o] O rt, overnight CHCly & \
0 Yield 60% tt, overnight A 0
Yield 34%
1 3
Degassed MeOH l rt, 1 hr

Degassed 1M NaOH| Yield 80%
Z 6 J\/\ﬂ/ NH
= °

0 Compound 2, 3 and 4 are fully characterized with *H NMR, 3C NMR and mass spectrometry
0 CH, CH, and CH; are assigned based on 13C NMR-DEPT 45, 90 and 135

Hoang, P.; et al. 2019. In preparation
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o Future works: effect of the local environment on stereospecificity

o pH and temperature dependent SERS measurements for selective absorption of L/D-
Amino acids with chiral induced nanostructure

Hoang, P.; et al. 2019. In preparation 0O
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Established techniques for peptide mutation il plall (G
detection " ey

Edman degradation

Phenyl
Isothiocyanate @\ Z°
N¢C ch HN—

N-Label \ v o
Nﬁ CH—{
/- O-O-0-O
Release S\}:
O~ o000

Absorbance at
254 nm

Elution time
(minutes)

Smart Hybrid Materials Laboratory
SHM)

%@MW

ACId hydrolysis
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Limitations in detection of amino acids in ssially pslall S
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Vibrations of aromatic AAs Spectrum of the peptide does not resemble linear
dominate the spectrum combination of spectra of AAs components
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0 Relatively high sensitivity
o Require synthesis of unique label vJ\/\ﬁ”\,,/ [ 10000

for each analyte
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icosahedral seed a Pro be: AB(15'20)
< - o Deviation: £16%
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a ; El
/»4 nanostar nanostars@PF Raman shift (cm™)
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B
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T

15 16 17 18 19 20 @ True positive: AA detected, exist in peptide

AB(15-20) sequence W‘G ® True negative: AA not detected, not exist in peptide

O False positive: AA detected, not exist in peptide

Match procesg]l LI OO VNN I nni_u . OFalse negative: AA not detected, exist in peptide
A[3(15-20)'l | L i AB(15-20) AB(25-35) AB(1-42)
2000 3000 S — R— P— E— pev—
Raman shift (em™) - NP N -
—_— Df -- @----nmmmmme oo @----nnnooooeee e @
'I I i &I IR § % e e e
Ele | o | @
| I |1 l=&®e | s | B —
H o o = o
(U N (1 1 [ 7 [ NN ol ® | e S
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Similarity score = 2/10=20%
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g AB Fragment | AA sequence

][ AB(25-35) GSNKGAIIGLM

M35G-AB(25-35) |GSNKGAIIGLG

S N K28A-AB(25-35) (GSNAGAIIGLM

2 | AB(1-42) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
: oo AB(1-43) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT
§ o M SERS Mutated A Limit of detection [mol]

2 Raman SERS
> || 1000 cps Raman M35G-AB(25-35) 2.09x1077 2.3x10712
K28A-AB(25-35) 2 1077 1.8x10-12
: AB(1-43) 1.08 x10°8 1x10-¢
i N A _

Comparison of SERS and Raman: LOD of

mutation point
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Optimization: screening region in OIT
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Optimization: excitation laser wavelength et ey
T
o Probe AB(15-20) sequence: QKLVFF F ; : :
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Summary of the optimization process e and Tehnlogy
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T

@)

=

3, ——

N Excitation source [nm] 473 nm 633 nm 785 nm
= Scanning range LW | HW | Extended range 200-4000 cm!
= True positives 50% | 80% | 83% 80% 50%
=) True negatives 78% | 93% | 100% 93% 81%
g False positives 50% | 20% | 17% 20% 50%
n False negatives 22% | 7% 0% 6.67% 18.75%
% Mathew correlation | 0.25 [ 0.69 | 0.77 0.69 0.27
® Sensitivity 50% | 80% | 83% 80% 50%
é' Specificity 61% | 82% | 86% 82% 62%
©

>

(@]

(9]

Optimization of the excitation wavelength

Hoang, P.; et al. Small Methods 2019. Accepted
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0 Multivariate Curve Resolution (MCR)
o Optimized with Alternate Least Squares (ALS) for non-negativity
0 Data matrix Xm x Ny = T x ¢) XP(c x Ny + Residual errorm x Ny
a IMy is mass of mixture M at feature N
O SMc is contribution of component C in mixture M

|11 .............. I1N [0} |11 .............. I1N
g g |11 ............ I1N g
5 E CE
= = IC erreereenn. lcy =
= IM1 ............ IMN = = |M1 ............ IMN

N features C components N features
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Method of comparing components AA spectra
and peptide: MCR-ALS at 473 nm

OITs screening
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Summary and future directions Sereand ety
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0 Robust signal encoding and
component screening method

2 Optimized at 473 nm _for S Lk W) e
extended screening range
(200-4000 cm)

0 Point mutation can be detected at = N ‘ﬁ ‘ H H HH‘ e
sub-nanomol concentration 3 et U

| ‘ W” m l‘ e
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Raman shift (cm™)
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Screening of stereo
iIsomers

Screening of amino acids
in peptides

QKLVFF

Hoang, P.; Moosa, B.; Carboni, V.;
Khashab, N. M. 2019. In preparation

GSN/ GAIIGLM

GSN GAIIGLM

Hoang, P., Khashab, N. M. Small Methods 2019. Accepted



allj e éllal) dealh V@
Gyiially aglall %J},

King Abdullah University of

P U b I I C atl O n S Science and Technology

Smart Hybrid Materials Laboratory
(SHM)

=.

0 Hoang, P.; Khashab, N. M. Chem. Mater. 2017, 29, 1994
o Hoang, P., Khashab, N. M. Small Methods 2019. Accepted
o Hoang, P.; Moosa, B.; Carboni, V.; Khashab, N. M. 2019. In preparation

0 Chen, Y.; Tao, J.; Hammami, M. A.; Hoang, P.; Khashab, N. M. Adv. Mater. Interfaces
2016, 3, 1500658

o Rahmani, S.; Chaix, A.; Aggad, D.; Hoang, P.; Moosa, B.; Garcia, M.; Gary-Bobo, M.;
Charnay, C.; AlMalik, A.; Durand, J.-O.; Khashab, N. M. Mol. Syst. Des. Eng. 2017, 2, 380

o Chaix, A.; Mouchaham, G.; Shkurenko, A.; Hoang, P.; Moosa, B.; Bhatt, P. M.; Adil, K.;
Salama, K. N.; Eddaoudi, M.; Khashab, N. M. J. Am. Chem. Soc. 2018, 140, 14571



allj e éllal) dealh V@
Gyiially aglall %J},

King Abdullah University of

A C k n OW | ed g e m e n t Science and Technology

Smart Hybrid Materials Laboratory
(SHM)

o Prof. Niveen M. Khashab
o Committee members:
o Prof. Jorge Gascon
o Prof. Luigi Cavallo
o Prof. Emilie Ringe

a Dr. Basem Moosa, Dr.
Valentina Carboni, Dr. Gengwu
Zhang, Dr. Yanjun Ding, Laila
Khalili Cruz, Ivan Gromicho

o SHMs team members
o Core Labs




)

=
/

G

allase éllal] dealy
King Abdullah University of

Science and Technology

Smart Hybrid Materials Laboratory
(SHM)

_ e 4

)]

Thank You



