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Abstract:
We introduce a “non-noble meta

Ill

based SERS active nano-biosensor using a self-assembled 3D hybrid
nickel nanonetwork. A tunable biomolecule detector fabricated by a bottom-up approach was
functionalized using a multiphoton ionization energy mechanism to create a self-assembled 3D hybrid
nickel nanonetwork. The nanonetwork was tested for SERS detection of crystal violet (CV) and
glutathione (GSH) at two excitation wavelengths, 532 nm and 785 nm. The results reveal indiscernible
peaks with a limit of detection (LOD) of 1 picomolar (pM) concentration. An enhancement factor (EF) of
9.3 x 10® was achieved for the chemical molecule CV and 1.8 x 10° for the biomolecule GSH, which are
the highest reported values so far. The two results, one being the CV molecule proved that nickel
nanonetwork is indeed SERS active and the second being the GSH biomolecule detection at both 532 nm
and 785 nm, confirm that the nanonetwork is a biosensor which has potential for both in-vivo and in-
vitro sensing. In addition, the selectivity and versatility of this biosensor is examined with biomolecules
such as L-Cysteine, L-Methionine and sensing GSH in cell culture medium which mimics the complex
biological environment. The functionalized self-assembled 3D hybrid nickel nanonetwork exhibits
electromagnetic and charge transfer based SERS activation mechanisms.

Keywords: Self-assembled; 3D nickel nanonetwork; SERS activation; nano biosensor; Glutathione;

Crystal Violet; L-Cysteine; L-Methionine;

1. Introduction:
The development of functionalized nanomaterials has attracted considerable interest in the field of

diagnostics and bio sensing because nanometer-scale materials offer several properties that bulk
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materials lack2. A significant challenge in bioanalytical sensing is the development of highly sensitive
platforms that overcome the limitations of conventional sensing techniques, which include
electrochemical®™, piezo-electric®, and thermometric sensing’. With the increasing usage of gold
nanoparticles, optical sensing techniques, such as UV-Vis spectroscopy, resonance elastic light
scattering, fiber optics sensing, and spectrofluorometric sensing, have gained much attention in
biomedical science because of their increased sensitivity, improved spatial resolution, and throughput

1% Among the various optical sensing mechanisms, surface enhanced Raman scattering

capability
(SERS) is most valuable owing to its non-invasive nature, higher sensitivity, and broad range of excitation
wavelengths with various nanomaterials. SERS enhancement offers unique spectral molecular
fingerprint data from the interaction area with limited photo bleaching, reduced background
interference, auto fluorescence, and high sensitivity, as compared with other optical detection
techniques such as fluorescence and electrochemical sensing’’. Numerous semiconductor-based
nanomaterials, such as TiO,, ZnO, graphene, and CuTe, have been reported to be SERS platforms, but
their enhancements (~10>-10%) are relatively weak compared to enhancements provided by SERS
platforms based on noble transition metals (~10°-10%%*'%"*. Noble-metal monolayer-coated
semiconductor hybrid nanostructures with varying morphologies have also been used as SERS substrates

14-16

for multi-analyte detection Noble-metal-based nanomaterials have demonstrated superior

properties in terms of increased SERS sensitivity by the tuning of their optical absorption properties,

17,18

band gap, and excitation Bohr radius ™. This has enabled detection at very low concentrations of

analytes and has even led to the possibility of single molecule detection with SERS enhancement factors

1921 Therefore, most current

ranging from ~10° to 10" by using noble-metal-based nanomaterials
research is devoted to developing either noble metals or noble-metal-coated semiconductor
nanomaterials as SERS active substrates.

Noble metals exhibit localized surface plasmon resonance (LSPR) when excited by photons. Apart from
SPR, charge transfer resonance and hotspots are also hypothesized to contribute towards SERS

enhancement in both semiconductor and metal-based nanostructures®’*®

. Investigations have also
revealed that nanostructure morphology plays a pivotal role in inducing SERS exertion. Noble metal
nanostructures, including nanostars, nanofilms, nanocarpets, nanorods and hollow or solid nanocubes,

2225 However, noble metal and semiconductor—

have been synthesized for investigation in this direction
noble-metal hybrid nanomaterials have several limitations making them undesirable for a variety of
biomedical applications. Noble-metal-based substrates are often synthesized using chemical reduction,

oxidation, or physical deposition processes, which lead to poor biocompatibility and thereby severely
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limit their use as biomolecular sensing materials®. As a result, the need for “non-noble metal” based
SERS active nanostructured material with strong biocompatibility is of utmost importance for bio-
sensing applications. In this regard, nickel nanomaterials have received considerable attention. Being a
prime magnetic transition material with excellent biocompatibility, nanoscale nickel is extensively used

2728 However,

as contrast agents for MRI diagnosis, hyperthermia, and cancer therapeutic applications
results reveal that nickel nanowires synthesized by electrochemical process are Raman insensitive
because of the inherent characteristics of nickel. Interestingly, gold coated nickel nanowires fabricated
by the same method are noted to be Raman active®.

Some studies have prepared nickel-based nanostructures for SERS with conventional fabrication
techniques, including galvanic displacement, redox transmetalation, and electrochemical synthesis.
Sanjanlal et al. used the galvanic displacement technique to fabricate nickel nanowires and nanocarpets
coated with noble metals (Au, Ag) for facilitating SERS sensing of trace analytes®. Similarly, Manoj et al.
demonstrated the Raman detection of methylene blue analyte by using composite Ni/Ag nano flowers
fabricated by redox transmetalation®'. By adopting an electrochemical technique, Bayata et al. reported
the fabrication of a honeycomb template with nickel nanowires self-assembled inside anodic aluminum
oxide. A thin layer of gold was deposited on the honeycomb. In these experiments, the SERS was found
to be enhanced by the gold nanoparticles. The nickel nanostructures acted as a carrier of the gold
nanoparticle and a platform to attract and adhere biomolecules, and they in no way assisted in actively
inducing Raman scattering. Thus, these highly anisotropic nanomaterials fabricated using solution-based
methods are dependent on the use of noble metal coatings such gold and silver to accomplish SERS
enhancement at 532 and 785 nm?. Hence, there is a significant incentive to fill the need of SERS active
nickel-based nanostructures, which will further the development of optical-based detection nano-
biosensor platforms and reduce the reliance on noble metals as SERS activators.

In this research, we developed a nano-biosensor using a functionalized hybrid nickel nanonetwork for
biomolecule sensing and detection. The self-assembled 3D hybrid nickel nanonetwork is functionalized
by multiphoton ionization induced by a high-energy femtosecond laser. The nanonetwork can activate
Raman detection of crystal violet (CV) and glutathione (GSH) molecules at 1 pM (~1 x 10™2M)
concentrations at two excitation wavelengths, 532 nm and 785 nm. An enhancement factor of 10°, a
level not observed before even with noble metal monolayer coatings, is seen here. This extends the limit
of detection (LOD), making the self-assembled 3D hybrid nickel nanonetwork a promising “non-noble
metal” based candidate for chemical and biomolecular sensing. The 3D hybrid nickel nanonetwork

proposed here could open up new vistas in the field of nano-biosensors.
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2. Materials and Methods:
2.1 Materials:
Commercially available Nickel 200 sheets (3 mm thickness) having 99% nickel were used in all

experiments. The surface was subjected to gradual mechanical polishing using SiC grit sandpaper (240-
600) and later ultra-sonically cleaned in 100% acetone and ethanol for a duration of 15 min each to
remove all embedded particle inclusions during polishing.

2.2 Preparation of Crystal Violet Substrate:
Crystal violet dye was selected because of its large Raman cross-section, and it is used often for testing

Raman scattering. A stock solution of CV was prepared from anhydrous powder purchased from Sigma
Aldrich to an initial concentration of 1 M and sequentially diluted to 1 x 10°M, 1 x10°M, 1 x 10° M,
and 1 x 10™ M with ultra-pure water for experimentation.

2.3 Preparation of Glutathione Substrate:
L-Glutathione reduced powder was purchased from Alfa Aesar, and a stock solution was prepared using

ultrapure water to 1 M concentration. A series of dilutions were made later using ultra-pure water to 1 x
10°M, 1 x 10° M, 1 x 10° M, and 1 x 10> M concentrations and kept in a refrigerator maintained at
4°C covered with metal foil to protect it from direct light.

2.4 Preparation of L- Cysteine Substrate:

L-Cysteine hydrochloride powder was purchased from Sigma Aldrich and a series dilution of 1ImM and
1uM concentration was prepared with ultrapure water for experimentation.

2.5 Preparation of L-Methionine Substrate:

L-Methionine powder was purchased from Alfa Aesar and a series dilution of 1mM and 1uM
concentration was prepared with ultrapure water for experimentation.

2.6 Preparation of complex biological substrate:

Biological cell culture medium DMEM-F12 medium was purchased from Gibco Life technologies.

2.7 Preparation of GSH with complex biological substrate:

The prepared L-Glutathione stock solution is diluted to 1x10°M concentration using ultrapure water and
further diluted to prepare 1uM concentration of GSH solution. A 10uL of this solution is then added to
1ml biological cell culture DMEM-F12 medium to prepare a complex biological GSH solution.

2.8 Multiphoton lonization Procedure:
A diode-pumped Yb-doped fiber laser from Impulse series (Clark - MXR) having a central wavelength of

1030 nm and an average power of 16 W was employed for fabricating the self-assembled 3D hybrid
nickel nanonetwork. To do this, an ultra-short pulsed laser (UPL) system having a varying laser pulse

interaction time of 214 fs to 1428 fs with a laser pulse repetition rate between 4 and 25 MHz was made
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to interact with the prepared nickel samples. The samples were mounted on x-y-z precision stages to
steer the incoming laser beam. To maximize the effectiveness of the fabrication, some of the processing
parameters were kept constant. The laser pulse interaction time was fixed at 214 fs, average power at
16 watts, and dwell time at 5 ms, which is the time spent delivering laser the pulses to a single point on
the specified sample. Based on earlier studies using Clark-MXR Impulse series laser, a laser spot size of
1.02 um was used for the creation on the 3D nanostructure. An array of ablation points was created on
the target sample to obtain a workable quantity of 3D nanostructures. EzCAD software and a
galvoscanner were deployed for the plotting. The experimental setup and fabrication procedure are
presented in the inset of Figure 1. The ionization energy was varied in order to obtain the self-assembled
3D nanonetwork. The experimental parameters employed are listed in Table S1 along with their labels:
Cuboidal, Spheroidal-Cuboidal, and Spheroidal nanonetworks.

2.9 Scanning Electron Microscope:
The fabricated nickel specimens were evaluated initially using an environmental scanning electron

microscope (ESEM; Quanta FEG 250). To evaluate and study the effects induced by the multiphoton
ionization energy on the fabricated 3D nanonetwork, a high resolution scanning electron microscope
(HRSEM; Hitachi S5200) was employed. A carbon copper grid was used to collect the nanonetwork, and
demangetized using a Neodymium magnet before examination. Then, an HRSEM\EDX attachment from
Oxford Instruments was used to primarily analyze the elemental composition of the synthesized
nanonetwork.

2.10 AFM Analysis:
To examine the oxide phases and morphological variations in the synthesized self-assembled 3D

nanonetwork, an atomic force microscope (AFM; ND-MDT, Russia) was used. A prefabricated gold-
coated silicon cantilever tip with a spring constant of 15 N/m is employed in both the contact and non-
contact mode at a scan rate of 0.05 Hz each to acquire images at a scan area of 100 x 100 um.

2.11 X-Ray Diffraction:
To quantitatively and qualitatively identify the oxide phase concentration, an X-ray diffraction (Phillips

powder XRD) was employed with Cu K-a radiation (A = 1.54054A) at 40 KV and 40 mA with a 29 scanning
speed of 0.025° min™ scanning a range from 30°-80°. Rietveldt analysis was carried on the acquired
spectra, and crystallite size measurements of the nickel and nickel oxide nanoparticles formed within
the 3D nanonetwork were estimated using the Scherrer equation.

2.12 Raman Spectroscopy:
The synthesized specimens were analyzed using a Bruker Senterra Dispersive Raman Microscope fitted

with a multi-wavelength laser system (532 nm and 785 nm). An appropriate laser irradiation power of 5
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and 10 mW is used with a standard collection time of 10 s with three repetitions. These parameters
were chosen based on a previous trial and error method to reduce spectrum noise. A 50x objective was
used to tightly focus the laser on the sample surface. All spectra are baseline corrected and normalized
to laser power. The supporting information section describes the procedure that was used to determine
the analytical enhancement factor (EF) value of the nickel nanonetwork.

2.13 Statistics:
All experiments were carried out thrice, and the data points were averaged, unless otherwise

mentioned. The error bars represent standard deviation.
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47 Figure 1: Functionalized 3D hybrid nickel nanonetwork fabrication on nickel biochip with dual
49 wavelength Raman activation for GSH and CV detection

3. Results and Discussion:
52 3.1 Synthesizing Interdenominational Self-assembled 3D Hybrid Nickel Nanonetwork:
53 The formation of self-assembled 3D nanostructures synthesized using ionic condensation has been

previously investigated®’. When a laser beam shines on a solid target, the material absorbs the photon

56 energy. The absorption depth for metals is usually several tens of nanometers, which is a very small
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volume. Femtosecond lasers with extremely short pulse durations exhibit peak power as high as
gigawatts. The small volume of material under irradiation absorbs the energy in a very short time, and
thus undergoes a swift transformation from an initial cold solidified state to a high energy plasma state,
where time-dependent ionization and material recombination occurs®?. At the interface of the plasma
and ambient atmosphere, more complicated chemical reactions occur between the ionized species and
surrounding atmosphere molecules. This involves the formation of oxides and compounds having
specific material properties (morphology, size, and oxide phase). Here, it is expected that the
synthesized species, in the form of ions, atoms, or clusters, would strongly react with oxygen molecules
in air to form Ni/NiO droplets, which are quenched rapidly. Because of the high kinetic energy of the
expanding plasma, larger cooler droplets will be ejected out of the plasma, forming a self-assembled 3D
hybrid nickel nanonetwork. By varying the laser parameters, the temperature of the plasma can be
varied, which in turn alters the size, morphology, and composition of the formed 3D nanonetwork.
Therefore, the properties of the 3D nanonetwork can be tuned to a certain extent.

3.2 Structure, morphology, and physical property analysis of the synthesized nanonetwork:

The controllability of the synthesized 3D self-assembled hybrid nickel nanonetwork on the nickel surface
is demonstrated in the inset of Figure 2. Two types of particle shapes were observed, spherical particles
and cubic particles, as shown in the inset of Figure 2. Nanonetworks generated by an ultra-short pulsed
laser (UPL) are known to vary in size depending on the experimental conditions®. In addition, it was
observed here that cuboidal particles were smaller in size, while most of the larger particles exhibited a
spherical shape. The average particle sizes consistently decreased with increasing dwell time (number of
incident laser pulses).

AFM contrast studies were carried out to analyze the height and phase composition of the synthesized
3D hybrid nickel nanonetwork. In comparison to the SEM images shown in the inset of Figure 2, the AFM
images remain relatively uniform regardless of the 3D nanonetwork. It is worth noting that the sharp-
edged nickel nanonetwork imaged in the insert of Figure 2 appears to be smooth in the AFM scan.
Although, the AFM scan revealed areas of varying density of nanofibrous structures, the scan did not
reveal the surface morphology of the 3D nickel nanonetwork. Thus, it is increasingly difficult to image
the 3D flexible nanonetwork by using AFM and absorption/excitation of SERS. This uncertainty gets
compounded with complex geometries observed in cuboidal and spheroidal-cuboidal nanonetwork SEM

images, as shown by the cubic-shaped nanoparticles in the inset of Figure 2.
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a4 |Figure 2: Synthesis of 3D nickel nanonetwork on nickel substrate using multi-photon ionization
45 mechanism and subsequent Raman self-activation. The multiphoton ionization created cuboidal,
46 spheroidal-cuboidal and spheroidal morphology nanonetwork

47 Constructive interference between the incident and reflected light can enhance the electro-magnetic

49 effect with no apparent change in the plasmon resonance. The plasmon width and red shifting are
sensitive to the size and morphology of the suspended nanonetwork®. Therefore, the flexibility of the
52 3D nanonetwork with the suspended nanoparticles is affected by the network depth and porosity. The
54 AFM height scans in the inset of Figure S1(A) shows that the cuboidal nanonetwork is denser than the
56 spheroidal nanonetwork. The topographic image revealed that the interacting forces between the AFM

tip and nanonetwork are not magnetic and involve the combined effect of electrostatic and Van der

60 9
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Waals interactions. The XRD spectrum from the inset of Figure S1(C) shows a significant line broadening,
which is a characteristic phenomenon of nickel/nickel oxide nanoparticles. The spectrum clearly shows
that the nanonetwork is of a crystalline nature. The crystallite size was estimated from the XRD pattern
using by Scherrer’s equation, where the shape factor K = 0.9, X-ray wavelength of Copper (Cu) Ka = 1.54
A, Bragg diffraction angle is 8, and B is the FWHM of the respective diffraction peak. The average
crystallite size of the synthesized self-assembled 3D hybrid nickel nanonetwork was found to be
approximately 50 nm, which is much larger than that observed from the TEM images in the inset of

Figure 2.

The energy dispersive X-ray (EDX) analysis using FESEM on individual nanoparticles detected only
elemental nickel and oxygen exclusive of substrate signals. The ratio of Ni and O is almost 1:1,
supporting the formation of NiO. Further analysis did show that the composition remained consistent
irrespective of particle size and shape. The line EDX images in the scanning—transmission (STEM) mode
for the selected nanonetwork are showcased in the inset of Figure 3C. The XRD diffraction patterns of Ni
and NiO appear to be in simple cubic and rhombohedral structures, with elemental Ni present in a
significant amount. The reflection peaks for Ni is indexed entirely to face-centered-cubic (fcc) structure
{space group: Fm3m (225)} of Ni nanocrystals having unit cell dimension: a = 3.5234 A. Three peaks at 2°
=44.5,51.9, and 76.5 correspond to the diffraction from the {111, 200, 220} facets, respectively, and the
peaks at 2° = 37.28, 43.28, 62.88, 75.28 and 79.48 correspond to the diffraction from the {111, 200, 220,
311, 222} facets, respectively.

3.3 Self-assembled nanonetwork material properties and SERS Enhancement:

As shown in the inset of Figure 3, the Raman spectrum of crystalline Ni-NiO shows several bands in the
probed region above 400 cm™. There are four peaks, 65 cm™, 1333 cm™, 1775 cm™ and 2300 cm™. The
peaks around 65 cm™, 1333 cm™, and 2300 cm™ can be assigned to the 1st magnon (1MO), 2nd (2MO),

and 4th (4MO) mode vibrations based on the literature **#

. The 3rd-magnon mode identified at 1776
cm™ in the inset of figure 3A is consistently observed for a cuboidal nanonetwork and has never been
reported in the existing literature.

Similarly, the peak found at 490 cm™ is assigned to the one-phonon longitudinal optical (LO) and
transverse optical (TO) mode of NiO, based on previous research by Ghandhi et al.*®, and the peak at
870 cm™ is assigned to the two-phonon (2LO) mode based on the literature . The first order Raman

scattering peak at 490 cm™ is slightly diminished and shifted when compared with the second order

peak found at 870 cm™, implying a high nickel to nickel oxide vacancy concentration.

10
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41 nanonetwork morphology along with inactive nickel substrate at A) 532 nm Raman laser excitation B)
785 nm Raman laser excitation and C) compositional analysis of corresponding nickel nanonetworks
3.4 Raman scattering effect of CV on Nickel nanonetwork:

45 Crystal violet is a common cationic dye with a symmetric molecular structure. The native bulk nickel

substrate has no response to the presence of the CV dye. However, the dye-coated nickel nanonetwork
48 evidently showcased the characteristic peaks for the associated dye at concentrations ranging from 107
50 M to 10> M. The SERS response to CV dye, enhanced by the nickel nanonetwork at the 532 nm
wavelength of the Raman laser, is shown in the inset of Figure 4. The spectrum obtained have relative
53 shifts in the peak positions and intensity owing to strong surface reactions induced between the

55 interacting CV dye molecule and nanoparticles present within the nanonetwork. This in turn translates

57 to the selective enhancement of dye peaks, which are not observed with other nanomaterials. The

60 11
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Raman spectra of CV detected through the nanonetwork are shown in the inset of Figure S2. In general,
the vibrations of the central carbon (C+) phenyl bonds are assigned from 100-400 cm™ and phenyl
vibrations are above 400 cm™. Yamada et al. used single crystalline metal oxide (e.g., NiO and TiO,)
substrates and observed enhanced Raman response of pyridine. The observed results indicate the
dependency of the characteristic Raman intensity peaks of pyridine on metal oxides employed for SERS
enhancement. The Raman spectrum of a given sample varies depending on the type of metal oxide
adopted™®. The efficiency of the charge transfer process completely depends on the vibronic coupling of
the conduction and valence bands induced by NiO nanoparticle chains. When the dimensions of the
synthesized nickel nanonetwork become comparable to the size of the Bhor radius, quantization occurs.
This in turn forces a weak Raman response at energy transition levels in conduction, valance bands, and
vibronic coupling.

Both millimolar and micromolar concentrations of CV dye induced Raman response until 1700 cm™. A
sudden shift is observed in the Raman spectra collected at nano and picomolar concentrations with
active peaks beyond 3000 cm™. The peak observed at both 900 cm™ and 3200 cm™ show aromatic (C—H)
group in the out-of-plane bend and stretch mode type molecular vibrations. This strong Raman
response in both

modes have never been reported. Lombardi and Birke asserted that an enhancement factor above 10*
cannot solely result from charge transfer. The enhancement factor achieved here is in the order of 10°.
The strong enhancement observed here could be a combined effect of the charge transfer and “hot
spot” 2.

3.5 Realizing biomolecule detection on nickel biochip:

GSH is an abundant non-protein-based thiol source with an intracellular concentration of ~10 mM
present in most mammalian cells*. Glutathione levels present in cells can be related to specific diseases,

41,42

such as cancer, Alzheimer, and Parkinson’s, as well as diseases caused by aging™™~"". A variety of

screening methods have now been developed to detect GSH levels, for instance, electrochemical

#75 colloidal-particle-based colorimetric assays®, enzyme linked

analysis, fluorescence spectrometry
immunosorbent assay (ELISA), and UV/vis spectrometry. These methods however vyielded limited
sensitivity with only uM and nM limit of detection (LOD) performed on substrates with the constraint of

conducting an external analysis and quantification®®°

. On a substrate, GSH has a natural tendency to
promote the aggregation of noble metal nanoparticles, which usually result in a stronger
electromagnetic effect. Therefore, SERS emerged recently as a new method of GSH detection on

substrates. Metal colloids such as gold and silver are generally considered to have better SERS

12
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enhancement with high reproducibility and manipulability. However, owing to colloidal aggregation

induced by the analytes, spectra were highly un
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millimolar to picomolar concentration for 532 nm Raman laser irradiation at A) Cuboidal nanonetwork
B) Spheroidal-Cuboidal nanonetwork C) Spheroidal nanonetwork

The capability of the self-assembled 3D hybrid nickel nanonetwork for GSH biomolecule detection was
tested. Figures 5 and S3 highlight the concentration profile of GSH where the response of GSH increases
as the concentration decreases from the millimolar to picomolar range. The strongest spectra intensity
was observed at picomolar concentrations for 532 and 785 nm Raman laser excitations. The detection
limit of GSH biomolecule was at least 1 pM. A few of the most prominent bands for GSH biomolecule
were observed between 890 and 3300 cm™ for the 532 nm Raman laser wavelength in the inset of
Figure S3. In

general, it is expected that most of the collected Raman spectra and SERS of polypeptides can be
assigned based on their corresponding spectral amino acids™.

Thus, those bands for GSH biomolecule may be associated with vibration modes of the sulfur atom
present in the amino acids cysteine (Cys). The intensity of these Raman bands at different
concentrations of GSH and the large enhancement for C-S stretching modes indicate that the sulfur
atom present in GSH interacts strongly with the nickel nanonetworks. The strong spectral peaks of GSH
appear around 3400 cm™ for the 532 nm Raman laser excitation, representing O—-H vibrations of
carboxylic acids. The obtained signal-to-noise (SNR) ratio is 8.75, which is lower than that (SNR = 3)
reported by Larsson et al. and Deregowska et al., who used a colloidal gold substrate as a primary source
to enhance Raman peaks*">.

The Raman laser irradiation at 785 nm significantly enhanced the carboxyl group vibrations at 910 and
1320 cm™. The carboxylate groups can be assigned to the C—=COO' stretching vibrations and symmetry,
respectively. Meanwhile, the bands originating from the N-terminal group are only present at picomolar
concentrations for the 532 nm Raman laser irradiation in the spheroidal-cuboidal nanonetwork. This
weak band at 1055 cm™ is first assigned to the amino group, suggesting that GSH interacts with the
nickel nanonetwork and not only through the carboxylate group, as suggested earlier by Meng Lv et
al.*®, but other functional groups may also interact with Ni/NiO. The band appearing at 1633 cm™ can be
assigned to the first amide vibration. Their relative Raman intensity peaks are consistently weakly

observed in all concentrations of GSH from the inset of Figure S3 and in Table S2.
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The sharp corners and edges of the cuboidal nanoparticles in the 3D network provided many sites that
readily trap the analyte molecules. These aggregated molecules form “hot spots,” and this subsequently
translates to large SERS enhancement factor per surface molecule. It is well-established that these “hot
spots’’ contribute to SERS, and the enhancement due to the self-assembled nanostructures is about five

>758 Although self-assembled

orders of magnitude higher than that induced by isolated nanoparticles
nanostructures have been widely studied, the fabrication of controllable and reproducible “hot spots”
remains a major challenge. Recently, He et al. demonstrated high SERS enhancement by fabricating
arranged silver nanoparticles and gold nanorods embedded in polyvinyl alcohol (PVA) nanofibers
through electrospinning™.

The SERS spectrum at picomolar concentrations of GSH is strong and presented a variety of peaks up to
4000 cm™. In contrast, other methods normally generated only few weak Raman excitation peaks if
active at picomolar concentrations. The high sensitivity of the 3D hybrid nickel nanonetwork can be
attributed to the multiple E-field enhancements from nanoparticle crevice gaps, and to the mutual
charge transfer between the dye molecule and the nanoparticle. For example, single crystalline Ag
nanocubes generated using the polyol method yielded a 10° fold enhancement of rhodamine 6G analyte
owing to a large number of generated Ag nanocubes acting as hotspot®®. When compared to the
traditional approach of using noble metal with gap plasmonics for SERS enhancement, the hybrid nickel

nanonetwork provided multiple “hot spots”, leading to increased peaks of the spectrum.

3.6 Establishing nano-biosensor sensitivity and limit of detection:
Most established approaches (physical and chemical) employ prolonged incubation of target molecules

8981 This entire

and heating of the synthesized SERS platform to enhance the sensitivity and selectivity
process is eliminated with the 3D hybrid nickel nanonetwork, thereby providing instantaneous
detection. The 3D nickel nanonetwork was used to test glutathione concentration varying from 1 mM to
1 pM. The characteristic intensity peak of GSH is observed at 3300 cm™, and at 1600cm™ for CV for the
532 nm Raman laser excitation, as shown in the inset of Figure 6 and in Table S2. The cuboidal
nanonetwork demonstrated the strongest enhancement at all GSH biomolecule concentrations from 1
mM to 1 pM. The spheroidal nanonetwork presented the least enhancement at higher (1 mM) dye
concentrations but did not show any enhancement at both uM and nM GSH concentration suggesting
that the enhancement observed at mM is due to analyte saturation only. However, a moderate

enhancement was noticed at 1 pM GSH concentration indicating that the enhancement is due to charge

transfer mechanism.
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42 Figure 6: Limit of detection (LOD) established for Raman intensity plots of activated 3D hybrid nickel
43 nanonetwork with different concentration profiles of A) Crystal Violet (CV) and B) Glutathione (GSH).
44 Enhancement Factor (EF) of C) CV molecules at 1600 cm™and D) GSH molecules at 3300 cm™ for
45 different concentration profiles.

However, the spheroidal-cuboidal hybrid nanonetwork, which showed moderate enhancement at

48 higher (1 mM) GSH biomolecule concentrations, presented the least enhancement at 1 pM, compared
50 with the cuboidal and spheroidal nanonetwork. This reduced enhancement at high (1 mM)
52 concentrations is influenced by a variety of factors, such as the nanomorphology and material oxide
phase composition of the nickel nanonetworks. Jiwon Lee et al. reported 10 pM sensitive GSH
55 biomolecule detection by varying the noble metal composition present in the nanostructure, thus

57 implying the significance of material
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Figure 7: Functionalized Raman activation of synthesized nanonetwork with L-Cysteine (L-Cys)
biomolecule for 532 nm Raman laser irradiation for Cuboidal nanonetwork, Spheroidal-Cuboidal
nanonetwork and Spheroidal nanonetwork A) 1mM and B) 1uM concentration at 532 nm Raman laser
irradiation.

composition in biomolecule sensing and enhancement®. Similarly, Guan et al. reported only a

micromolar sensitive GSH biosensor using cuboidal gold nanoparticles®.
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Nevertheless, the nickel nanonetworks synthesized here could sense GSH biomolecules up to
concentrations of 1 pM with an enhancement factor on the order of 10°. To the best of our knowledge,
this is the highest enhancement factor reported thus far with Raman spectra detection for GSH at
concentration as low as 1 pM using non-noble-metal nanomaterials.

3.7 Accomplishing L-Cysteine and L-Methionine detection on nickel nano chips:

In order to show versatility of the nickel nanobiosensor synthesized, aqueous solutions of L-Cysteine (L-
Cys) and L-Methionine (L-Met) biomolecules were tested individually on nickel nanobiosensor
synthesized at 532 nm Raman laser excitations. Cysteine is responsible for stabilization of secondary
protein structures and functions as a powerful antioxidant protecting the body against radiation, while
Methionine aids in initiating the process of translation as messenger RNA*". The inactive native nickel
substrate did not induce any Raman activity. However, the synthesized nickel nanonetwork induced
strong SERS spectra response on each amino acid/biomolecules observed at both 1 millimolar and 1
micromolar concentrations which are presented in the inset of Figure 7 and 8. The collected spectra for
L-Cys and L-Met are unique with enhancement/activation of bands exclusive to the biomolecule tested.
Most prominent bands for L-Cys biomolecule was observed at 681, 877, 1423, 1638, 2578, 2960 and
3427 cm™ for 532nm Raman laser wavelength at both 1mM and 1M concentration highlighted in the
inset Figure 7. The series of bands observed at 681 cm™, 877 cm™ and 1423 cm™ are assigned to C-S, C-C
stretching vibration and CH, bending vibration pertaining to L-Cys based on the work by Podstawka et
al®. In addition, a series of sharp and strong bands were also observed at 1638, 2578 and 2960 cm™. The
band at 1638 cm™ can be assigned to carbonyl C=O asymmetric stretching vibration, while S-H
stretching vibration can be assigned at 2578 cm™ and lastly C-H stretching vibration assigned at 2960 cm’
! as earlier reported by Pawlukojé¢ et al®®. The nanonetwork distinctively induced sharp S-H stretching at
2578 cm™ within 6 cm™ signifying the complete absence of hydrogen bonding as reported by Edsall et
al®®. Additionally, broad band was observed at 3427 cm™ which can be assigned to NH; asymmetric
stretching vibration of L-Cys.

Likewise, SERS spectra of L-Met activated on nickel nanonetworks presented discernable peaks at 641,
704, 880, 1426 and 2929 cm™ is presented in the inset Figure 8. Based on the work by Podstawka et al**,,
the band at 641 and 704 cm™ are assigned to both carboxyl COO and C-S symmetric stretching
vibrations. The bands at 880, 1426 and 2929 cm™ is assigned to CH, rocking, CH, bending and CH,
asymmetric stretching vibrations respectively from Zhu et al and Pandiarajan et al®”®®, The strong peak

at 2929 cm™ assigned as CH, asymmetric stretching vibrations had difference in peak height exhibited
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with L-Met for millimolar and micromolar concentrations. Also, the broad bands at 3233 and 3421 cm™

can be assigned to stretching modes of N-H and NH; vibrations of L-Met®.
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Figure 8: Functionalized Raman activation of synthesized nanonetwork with L-Methionine (L-Met)
biomolecule for 532 nm Raman laser irradiation for Cuboidal nanonetwork, Spheroidal-Cuboidal
nanonetwork and Spheroidal nanonetwork A) 1mM and B) 1uM concentration at 532 nm Raman laser
irradiation.

3.8 Accomplishing GSH sensing in complex biological environment detection on nickel nano chips:

Cell culture medium contain all the elements that cells need for growth, sustained maintenance in
laboratory environment mimicking real body conditions. The aim of this study is to find the selectivity of
synthesized nickel nanonetwork in sensing GSH in complex biological environment. The SERS response
to complex biological environment on nickel nanonetwork and inactive nickel substrate is presented in
the inset of Figure 9A. Both the nanonetwork and inactive nickel substrate produced equal Raman
response to the complex biological environment. Nevertheless, when 1 uM concentration of GSH
biomolecule when added to this complex biological environment, it induced an idiosyncratic Raman
response to the already synthesized nickel nanonetwork. A strong spectral peaks were noticed at 3416

cm™ for all nickel nanonetworks at 532 nm Raman laser excitation along with other peaks contributed by
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46 4. Conclusions:
47
48 In summary, we have introduced a tunable “non-noble metal” based SERS active nano-biosensor chip
gg for biomolecule detection using self-assembled 3D hybrid nickel nanonetworks. The nickel biochip
o1 synthesized with tunable physiochemical characteristics was functionalized by multiphoton ionization
52
53 nanomaterials synthesis. With this nanobiosensor, Raman spectra were obtained for detection of CV dye
54
55 molecules and GSH molecules at two Raman excitation wavelengths, namely 532 nm and 785 nm. The
gs results showed a limit of detection of one picomolar (1 pM) for both GSH and CV with an enhancement
58
59
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factor of 1.8 x 10° and 9.3 x 10%. The versatility of this nanobiosensor was examined with biomolecules
such as L-Cys and L-Met at 1mM and 1uM concentrations. In addition, the selectivity of the biosensor is
now reported using 1uM concentration of GSH in a cell culture medium which mimics complex biological
environment. This is the first time a “non-noble metal” based ultra-sensitive nano-biosensor platform
was demonstrated. With high sensitivity and strong signal output at 532 nm and 785 nm excitations, this
approach is promising for both in-vitro and in-vivo sensing applications.

5. Associated Content:

Supplementary information

Electronic supporting information (ESI) includes the following: Raman enhancement factor calculation,
Table S1 - Compares laser parameters with synthesized nanonetwork nomenclature, Figure S1 -
represent AFM height and phase analysis on synthesized nanonetwork, XRD spectrum of synthesized
nanonetwork with corresponding Reitveld refinement, Figure S2 - show activated nickel nanonetwork
interaction with crystal violet CV at 532 nm and 785 nm Raman excitation, Figure S3 - represent
activated nickel nanonetwork interaction with Glutathione biomolecule at 532 nm and 785 nm Raman
excitation, Table S2 - Raman excitation comparison based on nanonetwork composition vs GSH dye
concentration. Table S3 - Comparison of the proposed method with other methods for biomolecule
detection, Table S4 - Comparison of the proposed SERS based nano-biosensor with other SERS
biosensors. Table S5 — Laser parameters with corresponding synthesized nanonetwork image and
Energy Dispersive X-ray image of observed nanonetwork
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