The presented results in this thesis are organized in two categories. In Chapter 4, a
developed cell micropatterning technique has been introduced with subsequent
demonstration of integrated plasmonic sensors into these micropatterns in Chapter 5 for
biosensing applications. In Chapters 6 and 7, the fabrication of two distinct plasmonic
platforms has been described with the purpose of significantly improving the detection
limit. The development of a 3D structure for ultra-sensitive SERS measurements with a
higher affinity of trapping molecules at a low concentration is provided together with

SERS measurements for a selected model molecule.

Finally, I provide a summary of the presented works in Chapter 8 and critically review
some of the emerging fields, where SERS can be of interest as well as the possible
technical improvements yielding better reproducibility and better sensitivity of the SERS
platforms for ultra-sensitive detections. | also discuss the potential future works for the

projects presented in this thesis.
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Ksp = Ko sin 8 + ity + ju, ©)

where Eosine is the in-plane component of the wave vector of the incident light,

ko = 9.66'” The reciprocal lattice wave vectors Uy and Uy, describe a square lattice

when [ty] = [uy| = =T where p is the spacing between adjacent nanoholes, and i and j are

integers expressing the scattering mode indices (some examples of i and j are illustrated in
Figure 2.7). Inserting equation (2) into equation (3) results in the dispersion relation
between light and SP, which is formulated as:

. vz
Rl = [(Zsine@) +i Z) + (12)] = [Ro] [mee (4)

p

Plane Wave

A)

©A o= ck,
! Light Line

D, |

Figure 2.6 (A) Dispersion curves of SP and light line (w=cky), osp is a SP frequency.
(B) Two-dimensional grating of a square lattice holes: (p) is the spacing between
adjacent holes and (a) is the width of holes.
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E D?|E A+AR)|?
EFEM(/D =| LsPR(A)|“|ELspr(A£AR)| (11)

|Eo(D)|*

When both the incident beam and the scattered Raman signals are near that of the LSPR

resonance wavelength (A spr), the maximum enhancement due to the EM mechanism will

occur.%81%

The lightening rod effect is influenced by the shape of the nanostructure or the
nanoantenna. The very sharp apex or edges of the metallic nanostructure called
nanoantenna, generates highly localized surface charge densities that enhance the
electric field locally at the sharp end of the metallic nanoantenna. This can be attributed
to the gap size of the two facing nanoantennas such as facing bow-tie assemblies of
nanotriangles or nanoparticles in close proximity. By decreasing the gaps between
nanoantennas, this effect can be enhanced. The incident light drives the metal free
electrons along the polarization direction. Because the charge density is zero inside a

metal at any instant of time, charges accumulate on the surface of the metal.*®

As mentioned earlier in section 2.2.3.2, the SP is efficiently excited if the wavelength of
the laser matches the plasmon resonance(s) of the metal. Such plasmon resonances
depend on the material property and the shape of the nanoantennas. Sharper objects with
a higher aspect ratio generate stronger confined fields.’”"*® Excitation of the antenna
resonance depends on the wavelength of the incident light. In this case, a highly
localized and enhanced electric field is observed at sharp edges of the nanostructures, so
called nanoantennas.™® The polarization of the incident light with respect to the shape of
the nanostructure is also playing a pivotal role.”>*° A more detailed description of the EF
and the experimental method to estimate the values in complex nanostructures are

described in Chapter 6 and 7.
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Despite the fact that the EM mechanism dominates the enhancement mechanism at work
for SERS, there are some observations that cannot be explained by this theory, suggesting
there are other factors. This includes (i) the difference observed for the SERS spectrum of
a molecule and its normal Raman spectrum, (ii) the inconsistent EF obtained when
different molecules have been studied such as non-resonant and resonant molecules under
the same experimental conditions, and finally (iii) the discrimination in the enhancement
of the different bands in a SERS spectrum. Such observations can be better addressed by

the chemical mechanism as explained in the following section. "2

2.2.4.1.2 Chemical Mechanism

The presence of the chemical mechanism was evidenced when enhancement of the
Raman scattering was observed even without using metallic plasmonic nanostructures in
the plasmonic region of interest or using flat metal surfaces.****** Under the described
conditions, no EM enhancement is expected to be observed. Therefore, a different
mechanism has to be involved for the enhancement of the Raman scattering. These
mechanisms typically induce 1-4 orders of magnitude of enhancement and are
categorized under chemical mechanisms. Three different sub-mechanisms involved in
chemical mechanism are depicted in Figure 2.10 A-C along with EM mechanism for the

purpose of comparison.'*

Studies on non-EM enhancement mechanisms suggested that the resonance between the
metal nanostructure and the incident laser induces a charge transfer between the
metallic nanostructure and the adsorbed molecules.’**® For charge transfer to happen,
the metal and the probe molecule must be in close enough proximity for the
corresponding wave functions to overlap. However, the exact mechanism at work for

charge transfer is not fully understood.



38

[ Occupied Metal Band of Overlapping Orbital [——1 Unoccupied Metal Band of Overlapping Orbital

A) Metal , Molecule B) Metal , Molecule C) Metal , Molecule D) Metal , Molecule

A A A A
LUMO LUMO | wumo LUMO
i w
3 2 E H 8| | LI
5 {® 5 o 8 5
o oD e == o i [ — g : =
HOMO HOMO HOMO HOMO
Energy Energy Energy Energy
Charge Transfer Chemical Resonance Raman Non-Resonance Raman Elecromagnetic
Enhancement Enhancement Enhancement Enhancment

Figure 2.10 Illustration of different enhancement mechanism (a)-(c) demonstrate

three types of chemical mechanism while (d) shows electromagnetic mechanism.*?

A mechanism was proposed by Pettinger in 1986.**" He suggested that the plasmon
resonances in the metal can be excited by radiation through which an electron-hole pair
is generated. As a result, the energy of resonant metal is transferred to the molecule to
promote it to an excited state. The energy will then be sent back inelastically by the
molecule to the metal after its relaxation to the ground state. At this stage, the excited
SP emits a photon. The HOMO and LUMO energy states of the metal and the adsorbent
should be taken into account to explain the charge transfer. Initially, the energy level
between the HOMO and LUMO of the probe molecule is too high to be reached upon
illumination by laser. However, the HOMO and LUMO of the metal are at the same
Fermi energy level. It is proposed in the literature that a sample-metal complex is
formed when the sample is in direct contact with the metal surface.***° This formation

expedites a charge transfer from the HOMO of the molecule to the LUMO of metal and
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from there to the LUMO in the molecule eventually as depicted in Figure 2.10A. By
this means, the Raman scattering cross-section is enhanced through decreasing the

energy gaps between the bands and enabling an electronic transition of the molecule.

Resonance Raman is another source for chemical enhancement in addition to the charge
transfer effect.”>** Resonance Raman is very similar to the molecular resonance
mechanism. The only difference is that the presence of a metal tip induces the resonance
by altering the excitation energy of the molecule and consequently through the
nanoantennas of the nanostructure altering the resonance conditions. Therefore,
although the resonance Raman is not a surface effect, it should be considered due to the
impact of the metallic nanoantennas on resonance Raman enhancement.'® Resonance
phenomenon could generate 3-6 orders of magnitude of the total enhancement, when the
incident Raman beam matches or is close to an allowed electronic transition of the studied
molecules.*® Herein, the presence of metallic nanostructure alters the excitation energies of
the molecule, leading to the formation of surface-enhanced resonance Raman spectroscopy
(SERRS).100’115'118

Non-resonant chemical mechanism is the third source for chemical enhancement
providing 2 orders of magnitude or less contribution to total enhancement. Non-
resonant chemical mechanism is due to interaction between the ground state of the probe
molecules and the metal upon placing the sample in the vicinity of a noble metal.
Quantum mechanical calculations suggest that this phenomenon is greatly dependent to
size, charge, binding site and the molecule’s orientation with respect to the metal cluster
and also the separation between the two.***?2!2% Depending on the orientation of the
molecule with respect to the nanoantennas on the nanostructure, certain Raman modes

could or could not be excited while charge transfer or resonance conditions are absent.
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The charge transfer effect is typically much more pronounced in SERS measurements as
compared to tip-enhanced Raman spectroscopy (TERS), another Raman-based advanced
optical and spectroscopic technique with nanoscale spatial resolution.'?* For instance, the
charge transfer has only been observed in previously published TERS study of adenine
nucleobases and has not been detected for other nucleobases such as cytosine and
thymine.'?>*?® Chemical enhancement is excluded from the work presented in this thesis
because of two main reasons: (i) First, chemical enhancement is very dependent on the
sample and (ii) the molecules used in this thesis are all non-resonant molecules. It is
worthwhile to mention that the chemical and EM mechanisms can both be present to
generate further enhancement of the Raman scattering. Both effects are typically used in
single molecule Raman spectroscopy. Molecules such as dyes (Rhodamine, malachite
green, methylene blue) are often used to further increase the Raman signal under
resonance conditions. The contribution of each mechanism varies depending on the
electronic transitions in the molecular systems of interest for a selected irradiation

wavelength..*®

2.3 Summary

The underlying principles of micropatterning and SERS were reviewed in this Chapter.
First, distinct major micropatterning methods including photolithography, microcontact
printing, and microfluidic patterning along with other widely-used patterning approaches of
stencil, inject and plasma-assisted patterning were discussed thoroughly. Second, Raman
scattering was introduced as the inelastic scattering of light caused by laser induced
molecular vibrations in a medium. The low cross-section of this inelastic scattering
would be improved within plasmonic fields generated at the surface of a noble metal
upon illumination by a proper laser wavelength. The phenomenon includes the basis for

surface-enhanced Raman spectroscopy providing a highly sensitive analytical method
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to detect very low concentrations of a wide range of samples. It was further discussed
that the dielectric function of noble metals and also the dimension and size of the
metallic nanostructures play substantial roles in excitation of their plasmon resonances.
The enhancement of the Raman scattering in SERS was analyzed on the basis of two
mechanisms termed as the EM enhancement and chemical enhancement. The former is
believed to play a dominant role in the accessible enhancement in SERS while the latter
is more pronounced in surface-enhanced method where the molecules come to direct
contact with the metal surface. Keys to obtaining ultra-sensitive SERS measurements are
the development of novel plasmonic platforms. The principles of two major techniques used
in this thesis to fabricate such developed plasmonic platforms along with SERS

experimental setup has been discussed in detail in the following chapter.

2.4 References

(1) Falconnet, D.; Csucs, G.; Michelle Grandin, H.; Textor, M.; Biomaterials, (2006), 27,
3044.

(2) Frimat, J.-P.; Menne, H.; Michels, A.; Kittel, S.; Kettler, R.; Borgmann, S.; Franzke,
J.; West, J.; Anal. Bioanal. Chem., (2009), 395, 601.

(3) Folch, A.; Toner, M.; Biotechnology Progress, (1998), 14, 388.

(4) Asphahani, F.; Thein, M.; Veiseh, O.; Edmondson, D.; Kosai, R.; Veiseh, M.; Xu, J.;
Zhang, M.; Biosens. Bioelectron., (2008), 23, 1307.

(5) Madou, M. 1. in Fundamentals of microfabrication: the science of miniaturization;
2nd ed.; CRC Press LLC, 2002.

(6) Healy, K. E.; Thomas, C. H.; Rezania, A.; Kim, J. E.; McKeown, P. J.; Lom, B.;
Hockberger, P. E.; Biomaterials, (1996), 17, 195.

(7) Lee, J. Y.; Shah, S. S.; Zimmer, C. C.; Liu, G.-y.; Revzin, A.; Langmuir, (2008), 24,
2232.



42

(8) Kane, R. S.; Takayama, S.; Ostuni, E.; Ingber, D. E.; Whitesides, G. M.; Biomaterials,
(1999), 20, 2363.

(9) Clarson; S. J.; Semlyen, J. A., Siloxane polymers. Prentice Hall: 1993.

(10) Ruiz, S. A.; Chen, C. S.; Soft Matter. , (2007), 3, 1.

(11) Mrksich, M.; Whitesides, G. M.; Trends Biotechnol., (1995), 13, 228.

(12) Graber, D. J.; Zieziulewicz, T. J.; Lawrence, D. A.; Shain, W.; Turner, J. N.;
Langmuir, (2003), 19, 5431.

(13) Nelson, C. M.; Raghavan, S.; Tan, J. L.; Chen, C. S.; Langmuir, (2003), 19, 1493.
(14) Booth, R.; Kim, H.; Ann. Biomed. Eng., (2014), 42, 2379.

(15) Hegde, M.; Jindal, R.; Bhushan, A.; Bale, S. S.; McCarty, W. J.; Golberg, 1.; Usta, O.
B.; Yarmush, M. L.; Lab Chip, (2014), 14, 2033.

(16) Tan, W.; Desai, T. A.; Tissue Eng., (2003), 9, 255.

(17) Delamarche, E.; Bernard, A.; Schmid, H.; Bietsch, A.; Michel, B.; Biebuyck, H.; J.
Am. Chem. Soc., (1998), 120, 500.

(18) Nakanishi, J.; Takarada, T.; Yamaguchi, K.; Maeda, M.; Anal. Sci., (2008), 24, 67.
(19) Vazquez-Mena, O.; Villanueva, G.; Savu, V.; Sidler, K.; van den Boogaart, M. A. F,;
Brugger, J.; Nano Lett., (2008), 8, 3675.

(20) Folch, A.; Jo, B.-H.; Hurtado, O.; Beebe, D. J.; Toner, M.; J. Biomed. Mater. Res. ,
(2000), 52, 346.

(21) Veiseh, M.; Wickes, B. T.; Castner, D. G.; Zhang, M.; Biomaterials, (2004), 25,
3315.

(22) Shin, H.-J.; Chot, J. H.; Yang, H. J.; Park, Y. D.; Kuk, Y.; Kang, C.-].; Appl. Phys.
Lett., (2005), 87, 113114.

(23) Roth, E. A.; Xu, T.; Das, M.; Gregory, C.; Hickman, J. J.; Boland, T.; Biomaterials,
(2004), 25, 3707.

(24) Xu, T.; Jin, J.; Gregory, C.; Hickman, J. J.; Boland, T.; Biomaterials, (2005), 26, 93.



45

(53) Long, D. A. Raman Spectroscopy; McGraw-Hill: New York, 1977.

(54) Long, D. A. The Raman Effect: A Unified Treatment of the Theory of Raman
Scattering by Molecules; John Wiley & Sons, Inc.: Chichester, 2002.

(55) Matthius, C.; Chernenko, T.; Newmark, J. A.; Warner, C. M.; Diem, M.; Biophys. J.,
(2007), 93, 668.

(56) Haes, A.; Van Duyne, R.; Anal. Bioanal. Chem., (2004), 379, 920.

(57) Rand, B. P.; Peumans, P.; Forrest, S. R.; J. Appl. Phys., (2004), 96, 7519.

(58) Wiederrecht, G. P.; Eur: Phys. J. Appl. Phys., (2004), 28, 3.

(59) Okamoto, K.; Niki, I.; Shvartser, A.; Narukawa, Y.; Mukai, T.; Scherer, A.; Nat.
Mater., (2004), 3, 601.

(60) Le Ru, E. C. E., P. G. Principles of Surface-Enhanced Raman Spectroscopy: and
related plasmonic effects; Elsevier, Oxford, U.K, 2009.

(61) Novotny, L.; Hecht, B. Principles of nano-optics; 1st ed.; Cambridge University
Press: Cambridge, England, 2006.

(62) Mayer, K. M.; Hafner, J. H.; Chem. Rev., (2011), 111, 3828.

(63) Bohren, C. F.; Huffman, D. R. Absorption and Scattering of Light by Small
Particles; John Wiley & Sons: New York, 1983.

(64) Born, M.; Wolf, E. Principles of Optics; 6th ed.; Cambridge University Press:
Cambridge, England, 1980.

(65) Zeng, S.; Baillargeat, D.; Ho, H.-P.; Yong, K.-T.; Chem. Soc. Rev., (2014), 43, 3426.
(66) Barnes, W. L.; Dereux, A.; Ebbesen, T. W.; Nature, (2003), 424, 824.

(67) Banholzer, M. J.; Millstone, J. E.; Qin, L.; Mirkin, C. A.; Chem. Soc. Rev. , (2008),
37, 885.

(68) Willets, K. A.; Van Duyne, R. P.; Annu. Rev. Phys. Chem., (2007), 58, 267.



46

(69) Galarreta, B. C., "Rational Design and Advanced Fabrication of Metallic
Nanostructures for Surface-Enhanced Raman Spectroscopy" (2011). University of
Western Ontario - Electronic Thesis and Dissertation Repository. Paper 220.

(70) Raether, H. Surface plasmons; Springer-Verlag: Berlin, 1988.

(71) Ebbesen, T. W.; Lezec, H. J.; Ghaemi, H. F.; Thio, T.; Wolff, P. A.; Nature, (1998),
391, 667.

(72) Przybilla, F., Degiron, A., Laluet, J., Genet, C., & Ebbesen, T. W.; J. Opt. A: Pure
Appl. Opt., (2006), 8, 458.

(73) Rodrigo, S. G.; Garcia-Vidal, F. J.; Martin-Moreno, L.; Phys. Rev. B, (2008), 77,
075401.

(74) Zayats, A. V.; Smolyaninov, 1. I.; Maradudin, A. A.; Phys. Reports, (2005), 408, 131.
(75) Tabatabaei, M.; Sangar, A.; Kazemi-Zanjani, N.; Torchio, P.; Merlen, A.; Lagugné-
Labarthet, F.; J. Phys. Chem. C, (2013), 117, 14778.

(76) Konstantatos, G.; Sargent, E. H.; Nat. Nanotechnol., (2010), 5, 391.

(77) Mie, G.; Ann. Phys., (1908), 25, 377.

(78) Moskovits, M.; J. Raman Spectrosc. , (2005), 36, 485.

(79) Hohenau, A.; Leitner, A.; Aussenegg, F. R.; Springer Ser. Opt. Sci., (2007), 131, 11.
(80) Fleischmann, M.; Hendra, P. J.; McQuillan, A. J.; Chem. Phys. Lett., (1974), 26, 163.
(81) Albrecht, M. G.; Creighton, J. A.; J. Am. Chem. Soc., (1977), 99, 5215.

(82) Jeanmaire, D. L.; Van Duyne, R. P.; J. Electroanal. Chem., (1977), 84, 1.

(83) Moskovits, M. T., L. L.; Yang, J.; Haslett, T. SERS and the single molecule. In
Optical properties of Nanostructured Random Media; Springer: Berlin, 2002; p 215.
(84) Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; Itzkan, I.; Dasari, R.; Feld, M.
S.; Phys. Rev. Lett., (1997), 78, 1667.

(85) Emory, S. R.; Haskins, W. E.; Nie, S.; J. Am. Chem. Soc., (1998), 120, 8009.

(86) Moskovits, M.; Rev. Mod. Phys., (1985), 57, 783.



47

(87) Gersten, J.; Nitzan, A.; J. Chem. Phys., (1980), 73, 3023.

(88) Gersten, J. L.; J. Chem. Phys., (1980), 72, 5779.

(89) McCall, S. L.; Platzman, P. M.; Phys. Rev. B, (1980), 22, 1660.

(90) McCall, S. L.; Platzman, P. M.; Wolff, P. A.; Phys. Lett. A, (1980), 774, 381.

(91) Moskovits, M.; J. Chem. Phys., (1978), 69, 4159.

(92) Moskovits, M.; Solid State Commun., (1979), 32, 59.

(93) Schatz, G. C.; Acc. Chem. Res. , (1984), 17, 370.

(94) Schatz, G. C.; Van Duyne, R. P.; Surf. Sci., (1980), 101, 425.

(95) Weitz, D. A.; Garoft, S.; Gersten, J. L.; Nitzan, A.; J. Chem. Phys. , (1983), 78, 5324.
(96) Adrian, F. J.; J. Chem. Phys. , (1982), 77, 5302.

(97) Billmann, J.; Otto, A.; Solid State Commun., (1982), 44, 105.

(98) Burstein, E.; Chen, Y. J.; Chen, C. Y.; Lundquist, S.; Tosatti, E.; Solid State
Commun. , (1979), 29, 567.

(99) Lombardi, J. R.; Birke, R. L.; Lu, T.; Xu, J.; J. Chem. Phys., (1986), 84, 4174.
(100) Morton, S. M.; Silverstein, D. W.; Jensen, L.; Chem. Rev. , (2011), 111, 3962.
(101) Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C.; J. Phys. Chem. B (2003),
107, 668.

(102) McCall, S. L.; Platzman, P. M.; Phys. Rev. B: Condens. Matter, (1980), 22, 1660.
(103) Bailo, E.; Deckert, V.; Chem. Soc. Rev., (2008), 37, 921.

(104) Woods, D. A.; Bain, C. D.; Analyst, (2012), 137, 35.

(105) McFarland, A. D.; Young, M. A.; Dieringer, J. A.; Van Duyne, R. P.; J. Phys. Chem.
B, (2005), 109, 11279.

(106) Hartschuh, A.; Qian, H.; Meixner, A. J.; Anderson, N.; Novotny, L.; Surf. Interface
Anal. , (2006), 38, 1472.

(107) Krug Ii, J. T.; Sanchez, E. J.; Xie, X. S.; J. Chem. Phys. , (2002), 116, 10895.



48

(108) Orendorft, C. J.; Gole, A.; Sau, T. K.; Murphy, C. J.; Anal. Chem. , (2005), 77,
3261.

(109) Novotny, L.; van Hulst, N.; Nat. Photon. , (2011), 5, 83.

(110) Fayyaz, S.; Tabatabaei, M.; Hou, R.; Lagugné-Labarthet, F.; J. Phys. Chem. C,
(2012), /16, 11665.

(111) Campion, A.; Kambhampati, P.; Chem. Soc. Rev., (1998), 27, 241.

(112) Hering, K.; Cialla, D.; Ackermann, K.; Dorfer, T.; Moller, R.; Schneidewind, H.;
Mattheis, R.; Fritzsche, W.; Rosch, P.; Popp, J.; Anal. Bioanal. Chem., (2008), 390, 113.
(113) Jiang, X.; Campion, A.; Chem. Phys. Lett. , (1987), 140, 95.

(114) Udagawa, M.; Chou, C.-C.; Hemminger, J. C.; Ushioda, S.; Phys. Rev. B: Condens.
Matter (1981), 23, 6843.

(115) Jensen, L.; Aikens, C. M.; Schatz, G. C.; Chem. Soc. Rev. , (2008), 37, 1061.
(116) Otto, A.; J. Raman Spectrosc. , (2005), 36, 497.

(117) Pettinger, B.; J. Chem. Phys., (1986), 85, 7442.

(118) Kambhampati, P.; Child, C. M.; Foster, M. C.; Campion, A.; J. Chem. Phys.,
(1998), 108, 5013.

(119) Kneipp, K.; Kneipp, H.; Itzkan, I.; Dasari, R. R.; Feld, M. S.; J. Phys.: Condens.
Matter, (2002), 14, R597.

(120) Kazemi Zanjani, N., "Tip-Enhances Raman Spectroscopy, Enabling Spectroscopy
at the Nanoscale" (2014). University of Western Ontario - Electronic Thesis and
Dissertation Repository. Paper 2079.

(121) Lombardi, J. R.; Birke, R. L.; Acc. Chem. Res., (2009), 42, 734.

(122) Morton, S. M.; Ewusi-Annan, E.; Jensen, L.; Phys. Chem. Chem. Phys., (2009), 11,
7424,

(123) Saikin, S. K.; Olivares-Amaya, R.; Rappoport, D.; Stopa, M.; Aspuru-Guzik, A.;
Phys. Chem. Chem. Phys., (2009), 11, 9401.



49

(124) Fromm, D. P.; Sundaramurthy, A.; Kinkhabwala, A.; Schuck, P. J.; Kino, G. S.;
Moerner, W. E.; J. Chem. Phys., (2006), 124, 0611011.

(125) Stockle, R. M.; Suh, Y. D.; Deckert, V.; Zenobi, R.; Chem. Phys. Lett. , (2000), 318,
131.

(126) Watanabe, H.; Ishida, Y.; Hayazawa, N.; Inouye, Y.; Kawata, S.; Phys. Rev. B
Condens. Matter Mater. Phys. , (2004), 69, 1554181.

(127) Verma, P.; Yamada, K.; Watanabe, H.; Inouye, Y.; Kawata, S.; Phys. Rev. B
Condens. Matter Mater. Phys. , (2006), 73, 0454161.

(128) Rasmussen, A.; Deckert, V.; J. Raman Spectrosc., (2006), 37, 311.



50

Chapter 3

3  Fabrication techniques of plasmonic platforms

Surface-enhanced Raman spectroscopy (SERS) is a promising technique for chemical
analysis and surface characterization offering a highly sensitive tool down to single
molecule. Nevertheless, several challenges limit the widespread application of this
technique. Fabrication of efficient and uniform SERS platforms is indeed one of the most
critical challenges.! This is limited by the material as well as the size of the nanoscale
features that are responsible for generating localized enhanced nanoscale regions of so-
called hot spots. An optimized fabrication method is thus the key to prepare efficient and
reproducible plasmonic platforms. Moreover, the plasmonic optical properties of the
platform are key factors to optimize the enhancement in SERS measurements. The
efficient excitation of the plasmonic resonances occurs when the incident light has a
polarized component along the nanoantennas direction. This Chapter summarizes the
optimal parameters to achieve high sensitive SERS measurements using 2D and 3D
plasmonic platforms and also the experimental setup to perform sensitive SERS

measurements.

3.1 Nanosphere lithography (NSL)

Design, fabrication and characterization of versatile nanostructured surfaces using
different techniques, such as immobilized colloid deposition,” nanoimprint lithography,®

chemical etching,* on-wire lithography,®and many others®*°

are reported in the literature.
Of those techniques, lithography provides one of the simplest methods to control the

geometry, size and spacing of the nanostructures.” NSL,"**?is a technique of choice to
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simplify and reduce the costs of production of these substrates and is scalable for the

production of large surfaces.

Coverslip
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Figure 3.1 Schematic illustration of the nanosphere lithography with interface
method. A) a monolayer of polystyrene microspheres are spread on water-air
interface and the monolayer is transferred onto the surface of a clean microscope
coverslip; B) a uniform layer of a metal of choice is deposited by electron-beam
evaporation and the microspheres are removed by sonication in ethanol revealing
the final plasmonic platform; C) side view of the same process in B.
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NSL, a derivative of natural lithography™ uses colloidal polystyrene or silica nanospheres
(or microspheres) to create a hexagonal closed packed array. The gap between the
spheres enables researchers to design different structures. Simple structures such as
nanotriangles and nanopyramids can be produced simply by varying the amount of
material that is deposited onto the surface.™ By etching the spheres prior to deposition, it
IS possible to create nanohole and nanobowl arrays. More details associated with design
of producing nanotriangles and tetrahedral nanopyramids are presented in Chapters 5 and

6, respectively.

A schematic for the principle of NSL is illustrated in Figure 3.1. In order to perform
NSL, microscope coverslips are sonicated in acetone for 5 min followed by cleaning in
Nochromix solution in concentrated sulphuric acid for 15 min. Subsequently, the slides
are rinsed in Milli-Q ultrapure water (18.2 MQ-cm) several times. These are sonicated for
1 h in mixture of ammonium hydroxide/hydrogen peroxide/ultrapure water in ratio of
1:1:5. Afterward, the glass slides are rinsed and stored in MilliQ water. Polystyrene
nanosphere suspension was equilibrated to room temperature before use. The size of
polystyrene nanospheres varies in different experiments. The size that was used in this
thesis is 1000 nm polystyrene spheres as shown in Chapter 5 and 6, however, the protocol
can be used for other sizes including 650 and 438 nm polystyrene spheres. 20 pL aliquot
of polystyrene suspension was mixed with 20 pL of ethanol (100%). 20 pL of the
prepared solution was deposited atop a dried coverslip. This was immediately introduced
in the air-water interface of a 6 cm Petri dish filled with ultrapure water. The coverslip
floated on the air-water interface and the solution spread out from the coverslip to the air-
water interface. After the dispersion of the solution, the coverslip sank to the bottom of
the Petri dish. A drop of 2% (w/v) sodium dodecyl sulfate solution in water was added to

further group the nanospheres into an ordered monolayer. The nanosphere solution was
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Neurons are particularly useful as sensing elements as the electrical activity can be
monitored in response to chemical influences in the culture environment, and so the
networks can be organized on the microelectrodes for optimal contact. Moreover, the
ability to isolate neurons has always been a challenge for biologists, as they aggregate
once cultured. Hence, these patterns provide the opportunity to study the communication

between neurons in a well-controlled architecture.

Finally, immunofluorescence staining was used to image synaptic markers. We could
also visualize the cell body by using nuclear staining, which provided an indication of
where they were located and the number of cells/channel. Both synaptic markers,
synaptophysin and PSD-95, were visible as fluorescent puncta along the projections and
around the cell bodies (Figure 4.11). These are synaptic sites and are indicative of
neuronal communication. There is no preferential location for the synapses, as the

projections all along the channels display the same behaviour.

4.3.5  Spine localization in isolated neuronal projections

Different micropatterning techniques have recently been developed for in vitro neural
studies.*®*® However, it is still challenging to isolate the projections of connected
neurons. In this study, we combined the cell micropatterning with atomic force
microscopy to investigate the localization of spines in isolated projections of cortical
neurons. Atomic force microscopy has the ideal spatial resolution to probe small features
with sub nano-scale dimensions. It is especially useful for biological samples in which
the small structures cannot be easily probed using conventional fluorescence
microscopies. The isolated projections of neurons are clearly shown in Figure 4.12. By
decreasing the number of cells, the probability of having single isolated neurons
connected together through their projections is increased (Figure 4.12 A-C). Figure 4.12
A and D show the 2D AFM images of isolated neuronal projections with 1 and 1.5
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and finally, the isopropyl alcohol (IPA) and acetone were purchased from Sigma Aldrich
and used as received. 1 um polystyrene microspheres (10% w/w) were purchased from
ThermoScientific Co (California, US). Sodium dodecyl sulfate, 4-nitrothiophenol (4-
NTP) (80% purity) and 4-mercaptophenylboronic acid (90% purity) were obtained from
Sigma-Aldrich (Missouri, US).

5.2.2  Fabrication process of FC-patterned platform

Microscope coverslips were cleaned in Nanostrip' ™ for 5 min and rinsed thoroughly with
de-ionized (DI) water prior to use. The fabrication process, as outlined in Figure 5.1, was
performed in four main steps. This includes NSL using an interface method,
photolithography, plasma polymerization, followed by a lift-off process. NSL using the

interface method was previously described in detail. >’

Patterning of the plasmonic platform using optical lithography employed a patterned
photoresist mask to protect regions of the plasmonic substrate. A positive photoresist was
spin-coated onto the cleaned plasmonic substrate, with a thickness of approximately 500
nm, as measured by atomic force microscopy.’> For the smaller features in range of 5 pm
or less, use of a thinner layer of photoresist led to sharper patterns. The photoresist was
then soft-baked at 115 °C for 1 min to evaporate the solvent, followed by baking in an
oven at 90 °C for 20 min. It was then exposed to ultra-violet light through a chrome mask
that had the desired pattern designed on it. For this purpose, a Karl Suss MA6 contact

mask aligner (Suss MicroTech) was used for 8 s at an intensity of 12 mW cm™.
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Figure 5.1 Schematic illustration of the fabrication process for the FC-patterned

plasmonic platform.
The exposed photoresist was then removed by developing in Microposit MF-319

developer for 1 min. It was then washed with DI water and dried under nitrogen. The
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photoresist mask left on the surface is a replication of the original optical mask.
Subsequently, the plasma deposition of the fluorocarbon polymer was carried out using a
deep reaction ion etching instrument, and inductively coupled plasma (ICP) reactor,
(Alcatel 601E). The source power and substrate bias were set to 1,800 and 80 W,
respectively. The feed gas supplied was C4Fg, controlled at a flow of 150 scem [standard
cubic centimeters per minute] with a total process time of 20 s at a temperature of 20 °C.
The photoresist-patterned plasmonic platform fabricated on coverslips were mounted
onto silicon wafers for the plasma deposition and were subsequently removed prior to the

lift-off process.
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Figure 5.2 AFM topography of A) a node and B) a channel of a hexagonal grid-like
FC-patterned substrate on glass coverslip. C) Cross section of the indicated area in
B determining the thickness of FC film of 60 £ 5 nm.

A uniform layer of approximately 60 + 5 nm (see Figure 5.2) of fluorocarbon polymer
was deposited on the plasmonic platform. Finally, the protective photoresist was
removed by a lift-off process in a photoresist solvent (NANO™ Remover PG) for 10 min
at 80 °C, followed by sonication in the solvent for 30 s. The sample was then rinsed

thoroughly with isopropyl alcohol and dried under nitrogen. The final architecture of the
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substrate is a thin fluoropolymer film (60 £+ 5 nm) with regions wherein the

nanotriangluar plasmonic platform is revealed.

5.2.3  Functionalization of the platform

A stock solution of 10 M 4-nitrothiophenol (4-NTP) in ethanol was prepared. This
solution was then diluted to 10" M. From this solution, two 40 uL aliquots were drop
casted onto the surface of a substrate that had been placed into a Petri dish. A clean
coverslip was then gently placed onto the top of the substrate to sandwich the uniformly
dispersed solution between the substrate and a coverslip. The Petri dish was covered with
parafilm and left in the refrigerator to functionalize the surface for 24 hours. After 24
hours, the coverslip was removed, and the substrate was dipped 5 times in 3 beakers of
ethanol and then dried under nitrogen. 4-Mercaptophenylboronic acid (4-MPBA) was
also dissolved in ethanol to form a 10 mM solution for functionalization of the platform

as the Raman reporter for glycan study with the same procedure as 4-NTP.

5.24  SERS setup

The SERS measurements were performed using a Horiba Jobin-Yvon Labram HR Raman
microspectrometer equipped with a 600 grooves/mm grating and a 632.8 nm excitation.
The intensity was set to 1 mW at the sample. A microscope objective of 100X, 0.9 N.A.
was used for all experiments. The pinhole of the spectrometer was opened to 200 pm. An
acquisition time of 30 s with 5 accumulations was used for spectra shown in Figure 5.6.
SERS maps ranged in size from as small as 5 pm % 5 um to as large as 30 um x 30 pm. A
step-size of 1 um was used for the SERS maps as this corresponds to the approximate
size of the laser spot. For the construction of the SERS map shown in Figure 5.4, the
acquisition time of each individual spectrum was set to 1 s. An acquisition time of 10
second/spectrum is used for all the other SERS maps. SERS mapping was conducted on

15 cells for each cell line for statistical purposes.
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5.25 ARM
AFM images were collected with a Bioscope Catalyst instrument (Bruker), operating in
contact mode. A silicon cantilever with a spring constant of 40 N m™ and an oscillating

frequency of 325 kHz (NSC-15, Micromasch) was used.

5.2.6  Scanning electron microscopy (SEM)
SEM images were obtained using a LEO Zeiss 1530 (Zeiss, Oberkochen, Germany).

Prior to imaging, substrates were coated with a 5 nm thick layer of osmium.

5.2.7  Cultures of HEK, C2C12, and HelLa cells

HEK 293, C2C12, and HeLa cells were maintained in Eagle’s Minimal Essential Medium
(MEM, Invitrogen). They were then supplemented with 2 mM glutamine (used just for
C2C12), 50 ug mL™" gentamicin (Invitrogen), and 10% Fetal Bovine Serum (Invitrogen).
The cultures were kept in an incubator at 37 °C, 5% CO,, 100% humidity, and were
passaged every 3 days by trypsinization (0.25% trypsin-EDTA, Invitrogen). The cells
were seeded onto the patterned substrates at a density of 8x10° cells/dish and incubated

for 48 h before fixation.

5.2.8  Cultures of neuronal cells

Cortical neuron cells (CD-1 strain mice, 14-15 day embryonic age) were also used.
Primary cortical neurons were dissociated in Hank’s balanced salt solution (HBSS) and
plated in Neurobasal™ media supplemented with 0.5 mM L-glutamine, 2% B, and 0.8%
N, supplements, and 50 units mL™' penicillin-streptomycin (Invitrogen). Cultures were
then plated onto the patterned surfaces at a density of 1x10° cells/dish. The cultures were
incubated at 37 °C for 14 days. The media was also changed every 2-3 days. Animal
handling protocol was in accordance with Western University (The University of Western

Ontario) Animal Care Committee. All of the cell lines and cortical neurons were fixed
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using a solution of 4% paraformaldehyde and sucrose prepared in phosphate buffered

saline (PBS, pH 7.4, Invitrogen).

5.3 Results and discussion

5.3.1  Characterization of FC-patterned plasmonic substrates

Patterning over the plasmonic platforms was performed in hexagonal grid-like (Figure
5.3 A-F) and triangular arrays (Figure 5.3 G-I). The FC-patterned plasmonic platform
provides multiple organized sensing nodes that can be tailored, depending on the
application. For example, triangular patterns can provide single isolated cells for further
biological sensing applications as shown in this work and the organized hexagonal grid

like channels can be utilized for interconnected cells such as neurons.

Figure 5.3 shows that sensing windows are surrounded by the thin FC polymer film
(thickness of 60 + 5 nm; see Figure 5.2). The typical sizes of the features are limited to
few microns in photolithography. Here we demonstrate in the hexagonal grids that it is
possible to fabricate features as small as 4 pm as shown by the width of the channels in
Figure 5.3 C-E. In the case of the triangular patterns, Figure 5.3 G-I shows that the
plasmonic platforms are homogeneously distributed within the FC-polymer patterned
regions. Here, the Au nanotriangles serve two purposes. First, the Au surface of the
structures can be used for functionalization with a Raman reporter for a target molecule.
Second, the bow-tie assemblies of nanotriangles serve as nanoscale antennas confining
EM fields in the hot spot regions formed by the facing nanotriangles. Such localized
enhancement of the EM field is critical to further enhance the Raman signal, providing
monolayer sensitivity as well as surface detection of cells placed on nanotriangular

plasmonic platform.



