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Glancing angle deposition (GLAD) is a technique for the fabrication of sculpted micro- and nanostructures under the

conditions of oblique vapor flux incident and limited adatom diffusion. GLAD-based nanostructures are emerging platforms

with broad sensing applications due to their high sensitivity, enhanced optical and catalytic properties, periodicity, and

controlled morphology. GLAD-fabricated nanochips and substrates for chemical and biosensing applications are replacing

conventionally used nanomaterials due to their broad scope, ease of fabrication, controlled growth parameters, and

hence, sensing abilities.
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1. SPR-Based Detection

Surface plasmon resonance is a powerful analytical method for detecting the high sensitivity of biomolecules and is based

on plasmonic materials’ optical properties. The SPR method has shown great promise with large sensitivity for

biomolecular applications , especially for real-time biomolecule interaction, protein action, antigen, and nucleic acid

detection . SPR-based sensors are useful for label-free detection because of the very high sensitivity of the surface

plasmon polaritons (SPP) to changes in the local environment in the measurement of both refractive indices and dielectric

constants . SPR-based biosensors possess the advantage of high versatility and can be tailored for the detection of a

vast number of analytes since this type of detection does not demand any special characteristic of the analyte, such as

fluorescence properties or absorption or scattering bands. Additionally, SPR-based bio-detection does not require

analytes or biomolecules to possess fluorescent or radioactive labels.

The primary sensing phenomenon in SPR is related to propagating surface plasmon polaritons. A surface plasmon

polariton (SPP) is an electromagnetic wave propagating at the metal–dielectric boundary. The electromagnetic field of an

SPP confined at the metal–dielectric interface decreases exponentially in both metals and dielectrics . The dielectric

constant of the propagating surface plasmon wave is highly sensitive to changes in the local refractive index of the

dielectric. This property is the underlying principle of SPR biosensors. Metal-binding molecules or the recognition element

attached to the surface of the metal capture the analyte, resulting in a change in the local refractive index at the metal

surface. This change in the local refractive index creates a change in the propagation constant, which can be easily

measured using various methods112. Figure 1 shows the underlying mechanism followed during SPR sensing using the

Kretschmann configuration.

[1]

[2][3][4]

[5][6]

[7]



Figure 1. Schematic of SPR-based detection of biomolecules using Kretschmann configuration. The dip in the resonance

peak shifts due to the change in the refractive index.

Recently, new strategies, such as the generation of frictional charges using triboelectric surfaces, have been employed to

detect and generate localized surface plasmon resonance (LSPR) wavelength shifts in large-area Au nanostructured

surfaces . These LSPs with frictional charges, using current methods such as spectroscopic and triboelectric

measurements, have shown a complex interplay of bioconjugation and bio-complex detection. These budding strategies,

combined with GLAD-fabricated nanostructures, can be employed for enhanced biosensing detection and applications.

GLAD-fabricated metallic thin films facilitate the development of SPR- and LSPR-based biosensors, possessing the

advantage of a considerable increment in sensitivity. These nano-sculptured thin films have been theoretically and

experimentally demonstrated to possess high SPR sensitivity . Additionally, their periodicity, gap, etc., can be tailored

in a desired way, hence the binding of bioanalytes and sensitivity enhancement .

2. SERS-Based Biosensing

Surface-enhanced Raman scattering (SERS) is the enormous amplification of Raman signals from molecules by several

orders of magnitude when adsorbed on metal colloidal nanoparticles or a rough metal surface, discovered in 1974 by

Fleischmann et al. . The detection of analyte molecules, even at a single-molecule level, can be realized by

employing the SERS technique, which expands its practical applications . SERS has found applications in various

fields, including the detection of trace chemicals  such as dye molecules, food additives,  and pesticides,  and in

bioanalysis, medical diagnosis,  the detection of biomolecules,  cancer diagnosis,  in vivo molecular probing in

live cells,  and explosives detection . SERS substrates are the nanostructured platform that supports plasmon

resonance and amplifies Raman signals  and are broadly classified as random morphology or ordered/periodic

SERS substrates. Random morphology SERS substrates (which include roughened electrodes, metallic silver and gold

colloids, and metal-island film on a planar substrate) are inhomogeneous and are not highly reproducible . Periodic

arrays of metallic nanostructures (using nanolithography and other physical vapor deposition techniques) can overcome

this issue by providing uniform and controlled morphology of SERS substrates .

SERS has become a powerful chemical and biological sensing technique due to its excellent sensitivity and specificity.

Uniform and highly reproducible SERS substrates with batch-to-batch reproducibility that have a SERS signal variation of

less than 15% can be fabricated using the GLAD technique . Various pathogen species or even strains can be

differentiated using SERS multivariate statistical analysis. Therefore, extrinsic detection using Raman labels is more

widely explored.

3. Fluorescence-Based Biosensing

Fluorescence is a short-lived kind of luminescence’, created as a result of electromagnetic excitation caused when light

energy is absorbed in a short wavelength and then emits light at a longer wavelength . Fluorophores or fluorochromes

are molecules that show fluorescence. Fluorophores emit energy in the form of light radiation or sometimes dissipate in

the form of heat. The basic concept of biosensing using a fluorophore involves the coupling of target recognition with

some change in the fluorescence of the reporter molecule. Different types of fluorescence biosensors can be proposed

based on the nature of the sensing and binding elements . The change in the intensity of fluorophores attached to the

recognition element is susceptible to the local environment and is monitored directly. This change in the fluorescence

intensity may be due to a shift in fluorophore–biomolecule interactions  or fluorophore–target molecule interactions, for

example, the interaction of single-stranded DNA protein binding . The primary advantages of fluorescence-based

biosensors are their simplicity, ability to detect smaller ligands, availability of many donors and acceptors, convenient

transducing optical signals, and suitability for short distances. Metallic nanostructures are known to enhance the

fluorescence of fluorophores . The fluorophores interact with the plasmonic field at the metal surface, increasing

the local field and enhancing fluorescence intensity . The metallic structures are known to increase the local

electric field and the radiation decay rate up to a factor of 1000 . The sensitivity of fluorophore detection due to

combined local field increments and increased photostability is enhanced by 10  . Metallic nanostructures are

employed for enhanced fluorescence detection of DNA , protein microarrays , pathogens, cancer cells , and

single species in tissue samples . However, enhanced fluorescence detection using chemical method-based metallic

nanoparticles is limited due to the inhomogeneity of the structure and non-proportion of fluorophore interaction with metals

that provide enhancement. Plasmonic fluorescence enhancement by PVD-deposited metal nanostructures tends to

provide increased enhancement due to the formation of periodic arrays over a large surface area. Controlled growth

parameters and deposition rates may offer a large array of nano-columns with different shapes, sizes, periodicity, and
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interparticle separation, which can be regulated on the metal surface. Other applications of fabricated metal

nanostructures in enhanced fluorescence-based bio-detection are discussed.

4. Colorimetric- and Wettability-Based Detection

Sensing based on the change in color and surface wettability has also been realized on GLAD substrates, especially

plasmonic metallic arrays. Silver has the highest reflectance among all metals, at over 97% throughout most of the visible

region and about 99% in the IR region. Pure silver looks shiny and whitish, as seen by the naked eye. However, silver

nanoparticles exhibit a plasmonic effect with a very high extinction coefficient, and plasmonic absorption lies in the visible

range and varies with particle size and shape, interparticle separation, and the refractive index of the surrounding medium

. A homogenous colloidal solution of nanoparticles of a particular size scatters a specific light wavelength, making them

promising for different colorimetric visual readout sensors. Such properties of metal nanoparticles enable them to be

exploited in various analytical tools, e.g., absorbance or fluorescence spectroscopy. Colorimetric-based assays have been

developed by illustrating changes in the color associated with the aggregation of noble metal nanoparticles .

However, the employment of GLAD-fabricated silver nano-columnar thin film in such sensing applications is limited. The

pristine aligned AgNR array fabricated by GLAD in a high vacuum looks bright due to the multiple scattering and

multimode localized surface plasmon. In addition to optical-based sensing, these nanorod substrates have also been

studied for gas and biosensing by exploiting their novel characteristic colorimetric properties. The chemistry between

silver and sulfur has been studied by different groups . Graedel et al. extensively explored the reaction between

silver- and sulfur-containing gaseous molecules and found out the dependence of the reaction rate on relative humidity.

After that, Chen et al. demonstrated using AgNP films as H S gas sensors. According to their findings, the reaction

between AgNPs and H S gas follows a first-order reaction rate law and is proportional to the 1.3 power of the H S gas

concentration . This relationship was used to determine the H S gas concentration under ambient conditions. The

intensity of the LSPR peak of the AgNP’s films decreases and exhibits a shift upon exposure to H S gas. Though they

have several applications in art conservation, AgNPs are used to detect the emission of H S from degraded materials,

e.g., aged wool fabrics, rubbers, etc., under ambient conditions. A GLAD-fabricated AgNR array was employed as an H S

gas sensor by Gahlaut et al. .

GLAD-fabricated sculptured thin films have been extensively used for chemical and biosensing, especially exploiting their

LSPR and SERS properties. However, for colorimetric- and wettability-based applications, only a few reports are

available; therefore, there is a gap yet to be filled. In recent years, considering the vast possibility of tuning the porosity of

GLAD-fabricated substrates, there is enormous scope for surface-wetting modification in a wide hydrophilic to the

superhydrophobic range. Some studies have been carried out on anisotropic wetting and water droplet evaporation on

nano-columnar thin films for self-cleaning and the Leidenfrost effect . Wettability-based sensing could be a

promising method for the detection of analytes. Gahlaut et al. demonstrated a GLAD nanorod array of silver for H S gas

sensing by observing a rapid and drastic change in the water-wetting property of the array. As-grown AgNR arrays were

found to be hydrophobic with a contact angle of 128°. Exposure to H S gas led to the formation of Ag S on the surface of

the AgNR array and resulted in the enhancement of wettability with a water contact angle of 60° . They also presented

a novel method of bacterial viability detection using the wetting behavior of the AgNR array and further discriminated

antibiotic resistance in bacterial species . The AgNR array was reutilized as Ag-Ag S nano-heterostructures for various

energy and environmental applications, e.g., water purification, hydrogen evolution, and antibacterial activity . All these

novel applications of nano-sculptured thin films grown via oblique-angle deposition signify promising future scope in

various domains.

5. Molecular Imaging

The complex biological processes in the cell and its microenvironment can be visualized using a molecular technique.

Using this technique, the internal mechanisms of living systems can be visualized. Additionally, certain specific molecules

can be studied, and the pathways related to the molecules can be unveiled . Disease progression and drug intervention

can be effectively analyzed using imaging. The resolution and noise-to-sound ratio (NSR) challenge molecular imaging. To

improve both of these features, the design and development of probes used in imaging in nanoscale regimes have a

promising future . Contrast materials show unique physical and chemical properties in the nanoscale zone, and this

feature is exploited in this molecular imaging. Different chemical and biological methods are used to fabricate NPs in the

molecular imaging technique. However, the fabrication cost and the complexity of its preparation have limited its use in

biomedical applications. This current section will discuss the GLAD-based fabrication of NPs and their application in

different molecular imaging applications .

[41]

[42][43][44]

[45][46][47]

2

2 2
[47][48][49]

2

2

2

2
[50]

[51][52][53][54]

2

2 2
[50]

[55]
2

[56]

[57]

[58]

[59][60]



6. In Vivo Application of GLAD

Biomimicking and biomaterial synthesis are new necessary fields in biomedical research. They have an enormous and

substantial effect on healthcare, as new materials provide novel properties that can be used in prosthetics and drug

carriers . Biomaterials with an anisotropic composition are currently used in drug delivery for cancer treatment, as

biomarkers, bactericidal agents, tissue engineering, and vaccine development . Due to their multi-applicability,

anisotropic NPs are currently in demand. They have varied in composition, functionality, shape, and size on the different

surfaces of single NPs . With this vast diversity, various in vivo applications are possible. Janus particles (JP) and

patchy particles are the types of NPs used for such applications .

JPs or patchy particles are asymmetric colloidal particles with more than one composition and chemical modification at

different sites . Due to their multicomposition, JPs can be used for binding with specific molecules and probes .

Various methods are used for fabricating JPs, including physical deposition, chemical routes , electrochemical methods

, microfluidics , electrohydrodynamic methods, and lithography .

As the position of the substrate and the angle can be varied using the GLAD setup, this vapor flux deposition method is

used for obtaining different geometries required in Janus particles . The thickness and geometric structures can be

controlled by adjusting the flux rate and rotation of the substrate . Xuan et al.’s group designed self-propelling Janus

micromotors whereby GLAD was used for depositing Pt at a specific angle over the Si microparticles. Further, the

micromotors were modified with biotin so that the charged organic dyes could be transported while maintaining the fast

speed of the micromotor. This showed the efficacy of Janus particles in drug delivery applications .

Peng et al. combined both top-down and bottom-up fabrication techniques to prepare nanomotors, polymeric vesicles

deposited with Pt, showing very high drug-loading efficiency. The Janus polymersome nanomotor showed enhanced

permeability and retention (EPR) enhancement and released the encapsulated cargo in a controlled manner under

external stimuli .

Tejeda-Rodriguez et al. and his group reported making a Janus nanomotor with the capsid from a plant virus on one

hemisphere and Pt on the other hemisphere. The Janus viral nanomotor was found to carry and deliver the

chemotherapeutic drug tamoxifen to breast tumor cells. The drug release was controlled by a pH-shift mechanism. As the

capsid was a biomaterial, it showed an immense advantage over other materials; moreover, surface modification was

easy to achieve in this case.

Zhiguang et al.’s group made an extraordinary development in this area by designing micro propellers that can penetrate

the delicate vitreous humor of the eye and can perform drug delivery in the retina. The helical magnetic micro propellers

were fabricated using GLAD. Ni was deposited onto the Si nanoparticles at an oblique angle. Then, Si was sequentially

deposited upon rotation, forming a helical structure. Further, inspired by the sticky liquid layer found on the carnivorous

Nepenthes pitcher plant, a non-toxic silicone oil, and fluorocarbon coating was used as a slippery surface. Under the

influence of a magnetic field, the coated micro propellers showed controlled movement and could reach the retina within

half an hour .

GLAD is a versatile and cheap fabrication method which has future potential in the fields of drug delivery and biomolecule

transportation. Further research could be conducted on its use as a cargo transporter and gene delivery system. As a

simple and cheap fabrication method, GLAD could be explored for various in vivo applications in biological fields. Minimal

exploration has been done in this field.

7. Optical and Electrochemical GLAD-Based Sensors

Though GLAD-based biosensors are vastly employed in various sensing systems such as gas sensors , optical

sensors , and electrochemical sensors , most of the work that has been conducted and reported employs optical and

electrochemical systems due to the high porosity, plasmonic nature, and more excellent diffusion properties of these

metallic nanostructures. Plasmonic metals such as Ag, Au, Cu, and Pt exhibit high plasmonic resonance in the optical

region. The formation of dense electromagnetic hotspots among these nanostructures further increases their sensitivity as

optical biosensors. A comparative study highlighting GLAD-based optical and electrochemical biosensors' advantages,

LOD, and limitations are shown below (Table 1).

Table 1. Comparative study of GLAD-based optical biosensors and electrochemical biosensors.
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GLAD-Based Optical Biosensors GLAD-Based Electrochemical Biosensors

1.The aspect ratio and morphology of the nanostructures are
tuned and optimized to improve sensitivity to a variety of
optical properties (fluorescence, absorption, etc.).

1. An electrode surface is coated with biological sensing
material for potentiometric, amperometric, or
conductimetric measurements .

2. Enhanced sensitivity is provided by the plasmonic nature of
metals such as Ag, Au, Cu, and Pt.

2. Involves the modulation of electrical properties such as
potential, current, or impedance associated with the
interaction of biomolecules with the working electrodes

.

3. By forming electromagnetic hotspots, GLAD-based
nanostructures significantly improve optical spectroscopy
(Raman, fluorescence, and infrared) and plasmon resonance
sensing .

3. High porosity, large exposed areas, and excellent
diffusion properties make GLAD-based metallic
nanostructures excellent electrochemical sensors .

4. LOD ~ 1 fM 4. LOD ~ 1 µM 

5. Nanostructures must be optimized to match optical
measurements, must possess high sensitivity, and require
trained personnel to operate 

5. Comparatively low sensitivity, costly instruments, and
trained personnel necessary for their operation .
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