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Abstract 

 

Early diagnostics on biological liquids is one of the most prioritized topics in 

modern biomedical research, such as early diagnostics of cancer, as it allows for a better 

prognosis for the patient. Several objects can be chosen as biomarkers for early diagnostics, 

such as specific proteins and circulating tumor DNA, circulating tumor cells or the recently 

discovered  extracellular vesicles. Extracellular vesicles are nanosized objects with a lipid 

bilayer and containing proteins and nucleic acids from the parental cells, that are released 

by cells and may be found in diverse biological liquids.  The disease-specific extracellular 

vesicles appear in a bloodstream earlier and in a higher concentration that circulating tumor 

cells, and can provide more multifaceted information about the parental cell than single 

molecules. Thus, extracellular vesicles are perspective for early diagnostics.  

However, their utilization require instrumentation for their isolation from biological 

liquids, and then detection and/or analysis. For that, their feature of a complex structure 

becomes a disadvantage, raising a need for a sensor capable to handle such type of objects. 

To address this issue, the goal of the present project is to explore hollow-core 

microstructured optical waveguide (HC-MOW) opportunities for multifaceted 

characterization of complex fluids. In particular, the examples of such fluids used in the 

work are macromolecule structures as model analytes and then extracellular vesicles. HC-

MOW possess a unique optical structure for light waveguiding, than can be used as a 

multiwavelength refractive index sensor, Raman scattering sensor and other. Previously, 

these sensing modalities were explored separately, and the goal of the present project is 

reached by using combinations of several sensing modalities in the HC-MOW. Namely, 

it’s implemented in the following ways:  SERS substrate fabrication and the corresponding 

layer deposition control in HC-MOW; and 2-in-1 multispectral refractometry and Raman 

spectroscopy for complex macromolecular objects, namely protein-copolymer complexes 

and microbubbles and the finally extracellular vesicles. 

Initially, it was shown that compared to measuring a larger volume drop on a planar 

substrate, the use of HC-MOW allows to increase the intensity of the observed Raman 
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scattering with a lower probe volume used, and different analytes provide different 

intensity improvement (fiber enhancement). This fiber-enhanced Raman is then combined 

with other sensing techniques. The first of these is building a SERS substrate in the HC-

MOW, providing SERS sensing and layer deposition control during fabrication. However, 

the developed SERS sensing in HC-MOW didn’t demonstrate a significant enhancement 

compared to previously reported values and turned out to be not that stable in liquid 

solution. The method of 2-in-1 multispectral refractometry and Raman spectroscopy 

demonstrated to be more promising, with linear dependencies of Raman peak intensity and 

refractive index on concentration and their sensitivities estimated, and an upper detection 

limit for highly scattering microbubbles was found. 

These findings lead to a perspective of using HC-MOW for diagnostics on 

biological liquids for diagnostic needs. Moreover, it can be used for characterization of 

ultrasound contrast agents in real-time, specifically of protein-copolymer microbubbles 

and their parent complexes. 
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Chapter 1. Introduction 

 

Diagnostics in the early stages of diseases, especially cancer, is a critical area of 

research in biomedicine. Biomarkers in biological fluids, such as proteins, circulating 

tumor cells, and extracellular vesicles (EV) have been investigated as potential indicators 

for early disease detection[1,2]. Discovered only a few decades ago, EV are nanosized 

structures consisting of a lipid bilayer containing proteins and nucleic acids derived from 

cells. They are released into various biological fluids and provide valuable information 

about the parent cells by the proteins and nucleic acids they have received from the parent 

cells[3–6]. Compared to circulating tumor cells, disease-specific EVs appear earlier and at 

higher concentrations, making them promising candidates for early diagnostics[7]. 

However, the effective utilization of EVs for diagnostic purposes requires suitable 

instrumentation for their isolation, detection, and analysis, given the intricacies of their 

complex structure[8,9]. This makes their complex structure a disadvantage, so a sensor 

capable of handling this type of object is needed. Multimodal sensing for multifaceted 

liquid object characterization may be beneficial not only for EV, but also for other 

biological objects and complex synthesized structures. 

Microstructured optical waveguides (HC-MOW) [10] are axis-symmetrical structures 

providing waveguiding on either photonic bandgap or inhibited coupling effect[11,12] – 

the phenomena depends on inner wall thickness. Our scope of interest is in the inhibited-

coupling HC-MOW. Due to the provided light guiding as in the Fabri-Perot resonator[13], 

these waveguides may be used in a number of ways, as presented in: for multiwavelength 

refractive index [14], absorption on inner walls[14,15], Raman[16–18] and SERS (Surface-

Enhanced Raman Scattering)[15,19,20] sensing. A number of HC-MOW applications for 

sensing are known, including sensing of biological objects[21–23], inter alia extracellular 

vesicles[24].  

The goal of the present project is to explore hollow-core microstructured optical 

waveguide (HC-MOW) opportunities for multifaceted characterization of complex fluids. 
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Figure 1-1. Hollow-core microstructured optical waveguides (HC-MOW) applications 

for sensing considered in the present work 

Previously, the exploration of these sensing modalities used to be separate. This 

project explores the potential for integrating various sensing modalities using antiresonant 

HC-MOW, with the goal of enabling comprehensive characterization of complex fluids. 

The novelty of combination of several sensing modalities in HC-MOW to analyze 

complicated liquid analytes is suggested in the following way: SERS substrate fabrication 

and the corresponding layer deposition control in HC-MOW; and 2-in-1 multispectral 

refractometry and Raman spectroscopy for complex macromolecular objects, specifically 

protein-copolymer complexes/microbubbles and extracellular vesicles. The extracellular 

vesicles are taken because of their perspectivity for diagnostics, meanwhile protein-

copolymer complexes and microbubbles made of them are, from one hand, models of 

biological solutions, and from another hand the microbubbles are used as ultrasound 

contrast agents and may benefit from a robust way of their real-time characterization. Thus, 

the potential of HC−MOW for diagnostic needs is estimated. 

Therefore, the project tasks are the following: 
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1) To estimate the applicability of the present HC-MOW for improved Raman 

spectroscopy; 

2) To implement SERS in HC-MOW, combining the Raman sensing capabilities 

with layer deposition control; 

3) To estimate 2-in-1 refractive index and Raman sensing capabilities for protein-

copolymer complexes and microbubbles; 

4) To assist extracellular vesicles isolation using Raman spectroscopy; 

5) To apply the developed 2-in-1 refractive index and Raman sensing for 

extracellular vesicles. 

This set of tasks leads to the following thesis structure: Chapter 2 provides literature 

review on HC-MOW, their present and perspective applications, as well as determines the 

gap in using HC-MOW for extracellular vesicles sensing. The next chapters are 

experimental, supported by Chapter 3 describing the methods used in the work. initially 

explored schematically summarizes analytical methods used for sensing in the present 

work with particular analytes they are applied to, thus describing visually what is discussed 

in future chapters. Chapter 4 provides invesigation of Raman scattering in HC-MOW, 

which benefits from light confinement and waveguiding, resulting in fiber-enhanced 

Raman spectroscopy (FERS). In the present work, Raman scattering was initially explored 

on bulk media, specifically solutions of the Raman-active dye Rhodamine 6G (R6G) [25] 

and protein BSA[26], to demonstrate FERS and compare performance across disparate 

liquids. Drawing from the results of Chapter 4, this study considers two avenues for 

combined sensing modalities in HC-MOW are considered. First, Chapter 5 describes the 

development of SERS substrate in HC-MOF [25], benefiting both from fiber enhancement 

and the capability to control layer deposition. Secondly, Chapter 6  and Chapter 7 detail 

two-in-one sensing of multispectral refractive index and Raman scattering  
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Figure 1-2. Combinations of analytical methods and analytes used in the 

experimental part of the present work 

 

of liquids in HC-MOW[27], that is of interest for multicomponent systems with complex 

spectra. Chapter 6 demonstrates this 2-in-1 sensing on protein-copolymer complexes, and 

Chapter 7, namely paragraph 7.2, leads to sensing extracellular vesicles, preceded by 

paragraph 7.1 describing  Raman spectroscopy application for extracellular vesicles 

isolation. 

 

Chapter 2. Literature review 

2.1. Hollow-core microstructured optical waveguides (HC-MOW)  

2.1.1. HC-MOW work principle and classification 

Microstructured optical waveguides (MOWs) is a novel class of optical fibers 

developed in the 1990s. Here, the light is guided through a complex microstructure, which 

in most cases contains air channels running along the entire waveguide length [28]. 

According to the structural architecture, MOWs may be classified to solid-core (SC) and 

hollow-core (HC) MOW. Meanwhile light guiding in a core of a SC-MOW may be based 

on conventional total internal reflection, as the core possesses a RI greater than cladding 

structures, it is not the case for HC-MOWs, as here the core is air or filled by gas or liquid, 

that implies a refractive index typically lower than surrounding glass. The light propagation 

in the core of HC-MOW depends on modes allowed for propagation in the cladding, which 
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in their turn in fact depend on the first inner wall thickness: in case of wall with thickness 

up to 150 nm, the mechanism is photonic bandgap (PBG) guiding; otherwise, with greater 

wall thickness, the mechanism is inhibited coupling (IC) guiding [12,29]. IC waveguides 

are also referred as broadband, or anti-resonant waveguides (ARF). According to structure, 

ARF include, in order of their development and optimization: Kagome, negative curvature, 

single-ring revolver waveguide, conjoined-tube and nested anti-resonant nodeless 

waveguides [12,21]. Also, chirped HC-MOWs were presented, whose cladding 

microstructure is formed by layers of holes, arranged in correspondence with a certain 

law[30,31]. 

From a computational point of view, fibers can be illustrated by a propagation diagram 

built on a numeric solution of Maxwell’s equations [32]. The implementation for photonic 

crystal fibers is presented in Figure 2-1. In this diagram, axes are the dimensionless 

quantities βΛ and ωΛ/c, where Λ is the interhole spacing and c is the speed of light in 

vacuum. The diagram shows the frequency and axial wave vector component  ranges where 

light is unable to propagate, or evanescent. When keeping optical frequency constant, the 

maximum possible value of is determined by kn = ωn/c, where n is the refractive index of 

the region under consideration. Light is free to propagate when β < kn, and is evanescent 

when β > kn. For photonic crystal fibers, this diagram represents a band-edge or “finger” 

plot. In black regions, light is evanescent, including the regions with β < k (free light 

propagation in vacuum), that provides a theoretical approval of light guidance in a silica-

air structure. 
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Figure 2-1. Propagation diagram for a triangular lattice of air channels in silica glass 

with 45% air-filling fraction. region (1), light is free to propagate in every region of the 

fiber [air, photonic crystal (PC), and silica]. In region (2), propagation is turned off in 

the air, and, in (3), it is turned off in the air and the PC. In (4), light is evanescent in 

every region. The black fingers represent the regions where full two-dimensional 

photonic band gaps exist. Guided modes of a solidcore PCF (see schematic in the top 

left-hand corner) form at points such as Q, where light is free to travel in the core but 

unable to penetrate the PC. At point P, light is free to propagate in air but blocked from 

penetrating the cladding by the PBG; these are the conditions required for a hollow-core 

mode. From P. Russel, 2003 [32]. Reprinted with permission from AAAS. 

 

Below the work principles for the mentioned above subtypes of hollow-core fibers, 

namely PBG and AR waveguides, are briefly discussed. They are also illustrated and 

compared by their modal content on Figure 2-2. 
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Figure 2-2. Modal content representation of optical waveguide with different guiding 

mechanisms: (a) total internal reflection; (b) photonic bandgap; (c) antiresonant, or 

inhibited coupling waveguide. Reproduced from Debord et al.[29] 

 

Photonic bandgap (PBG) Waveguide work principle 

In case of PBG, the cladding wall is thin enough (50-150 nm) and not to support modes 

for a certain range of wavelengths and propagation constants. Light in the core in those 

ranges (modes not supported in cladding) is not able to couple with cladding modes and 

guides in the core with low losses [33]. To get a PBG HC-MOW,  the core geometry and 

refractive index must be so at least some of its supported modes lie in the cladding PBG 

range, i.e. are not allowed to propagate in the cladding; in this case, the core modes cannot 

leak out because there is no cladding mode to couple to [29]. After filling the PBG 

waveguide with an analyte, the bandgap position shift is determined as [34]: 

 (2-1) 

where  is an initial wavelength of the bandgap position,  and  are refractive 

indexes of low index (hollow) areas before and after filling,  is refractive index of the 
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walls. On Figure 2-3, the transmitted power of a broadband supercontinuum light source 

after passing the PBG waveguide is presented. Light gray is for an empty waveguide, and 

dark gray is for a waveguide filled with D2O. 

However, to provide a broadened PBG transmission, the holes may be filled 

selectively: the hollow core is filled with a liquid, meanwhile hollow capillaries in the 

cladding remain air-filled[16]. Such filling configuration is called liquid-core waveguide.  

 

 
Figure 2-3. (a) Transmitted power spectra of the 1060 nm waveguide using a SC source. 

The spectra were taken before and after filling the holes of the PBG waveguide with 

liquid D2O (light and dark grey areas respectively). The vertical lines define the location 

of the new shifted bandgaps as predicted by the index scaling law. The arrows mark the 

position of the respective transmission peaks. Reprinted with permission from 

[Antonopoulos 10.1364/OE.14.003000] © The Optical Society. (b) Transmission spectra 

of an empty and liquid-core PBG waveguide. Reprinted with permission from Yan et al. 

[16]. Copyright 2017 American Chemical Society. 

 

Inhibited coupling waveguide work principle 

When inhibited coupling is the light guiding mechanism, the antiresonant reflecting 

optical waveguide (ARROW) model is commonly used to analytically describe its 
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behavior. The light propagation here is described similar to a Fabri-Perot resonator on 

parallel plates, with transmission spectrum with minima whose positions are described by 

the following equation[13,35]:  

 (2-2) 

where j is an integer describing the capillary mode order (j = 1, 2, 3, …), n1 indicates RI of 

an analyte filling the capillaries, n2 is the RI of the waveguide material, and d describes its 

capillaries wall thickness.  

This formula indicates that the transmission spectrum of the waveguide can be 

influenced by changing the wall thickness, or, when MOW is already manufactured, by 

applying various layers to the walls. Moreover, the refractive index of the substance inside 

the waveguide can also affect its transmission spectrum. These characteristics make 

microstructured optical waveguides suitable for measuring the refractive index of 

substances[14]. Also, additionally increasing wall thickness by functionalizing inner 

surface, e.g. by layer-by-layer technique, a set of HC-MOW with different minima 

positions may be obtained from HC-MOWs with initially identical parameters, as 

demonstrated in Figure 2-4. This may be beneficial for measuring refractive index 

dispersion curve. 
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Figure 2-4. Optical characterization of HC-MOWs functionalized by layer-by-layer 

technique. a, b Transmission spectra in the visible (400–900 nm) and near-infrared (900–

1500 nm) ranges, respectively. Note the different scales along the x axis for (a) and (b). 

Reproduced from Ermatov et al [14]. 

 

2.1.2. HC-MOW fabrication 

The previous sections described how the spectral properties of microstructured 

waveguides are determined by the geometry of their cross-section, physical dimensions 

and material. The complexity of the waveguide geometry, the chosen material, as well as 

the potential field of application, determine the advisability of choosing one or another 

method of its production. Existing technologies for manufacturing microstructured 

waveguides can be divided into two classes: single-step and two-step (Figure 2-5). In the 

first case, the process allows to obtain a finished fiber in one step directly from the source 

material (rod of the selected material or melt). Such methods include mold casting, 3D 

printing, and direct extrusion from a die. Multistage methods involve making a waveguide 

preform on a macro scale in one of the possible ways and pulling the preform into the 

waveguide of the desired size. The most well-known multi-step method is stack-and-draw. 
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Figure 2-5. Methods of fabrication of hollow microstructured waveguides. Reproduced 

from [36] 

 

One-step methods of manufacturing hollow microstructured waveguides 

 

Casting/moulding 

This method consists in pouring the selected material into a prefabricated mold 

consisting of an outer tube and the bars attached to it at the ends, which form the structure 

of the waveguide. The method allows the creation of waveguides of only limited length 

and relatively simple geometry. On the other hand, the method can have potentially high 

repeatability and accuracy of manufactured waveguides depending on the quality of the 

mold. The method is very suitable for creating waveguides from biodegradable and 

biocompatible materials. Thus, the authors [37] presented a similar cheap, simple, and 

versatile technology for the fabrication of biocompatible and biodegradable agarose-based 

structured optical fiber. The fiber is obtained by pouring food agar into a mold with stacked 

rods, forming a solid core surrounded by air holes (500 μm diameter), where the refractive 

index and fiber geometry can be changed by choosing the composition of the agarose 
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solution and mold design, respectively. These waveguides are suitable for in vivo imaging, 

light delivery, sensing, sensing.  

 

3D printing 

In recent years, additive technologies have become widespread in the field of 

microstructural waveguide fabrication. Currently, there are several different types of 3D 

printers, each with its own unique capabilities and limitations. Each of the technologies has 

its own disadvantages and advantages, which determine the technically possible limits of 

the finite dimensions of the waveguides and the choice of material.  

The most common types include the following:  

- Fused Deposition Modeling (FDM) - FDM printers use thermoplastic filament 

that is melted and extruded layer by layer to create a 3D object. This is the most common 

and most affordable type of 3D printer. 

- Stereolithography (SLA) - SLA printers use a laser to cure liquid resin into a solid 

form layer by layer. These printers can produce high-resolution, highly detailed parts, but 

they can be more expensive and difficult to use than FDM printers. 

- Digital Light Processing (DLP) - DLP printers use a projector to layer-cure liquid 

resin into a solid form. These printers are similar to SLA printers in resolution and detail, 

but they can be faster and more affordable. 

- Selective Laser Sintering (SLS) - SLS printers use a laser to sinter (or fuse) 

powdered materials (such as nylon or metal) into a solid object. This technology produces 

highly detailed parts with excellent mechanical properties, but it can be more expensive 

and difficult to use than other types of 3D printers. 

3D printing is more commonly used to make macro-sized waveguide preforms for 

subsequent reattachment, which will be discussed in more detail below. However, the 

possibility of creating waveguides in one step using 3D printing also exists. In [38] the 

fabrication of an antiresonant hollow waveguide for the terahertz range using an affordable 

FDM 3D printer is shown. The waveguide shell consists of semi-elliptical tubes, which is 

difficult to reproduce with other waveguide fabrication methods.  A waveguide of similar 

Администратор
Squiggly

Администратор
Note
are

Администратор
Strikeout



31 
  

structure was also fabricated using 3D printing from photosensitive resin by the authors 

[39].  

Polymer waveguides of high precision, complex geometry and minimal dimensions 

can be fabricated by 3D two-photon lithography, as shown by Betroncini et al. [40]. In 

two-photon lithography, a focused laser beam induces highly localized polymerization of 

the photopolymer. The writing laser is a near-infrared femtosecond fiber laser with a pulse 

duration of 100 fs, a wavelength of 780 nm, and a repetition rate of 80 MHz. The system 

uses galvanometer mirrors to control the beam. 3D printing was performed layer by layer. 

With a layer thickness of 0.2 μm, a scanning speed of 10 mm/s, and a laser power of 13.5 

mW, the total fabrication time for the entire structure printed on a 210 μm fiber was about 

25 minutes. This is followed by removal of excess polymer and complete polymerization 

in the developer machine. To demonstrate the capabilities of this technology, the authors 

repeated the designs of various waveguide designs described in the literature, and also 

made a three-section polarizing beam splitter directly on the end of a commercially 

available waveguide.  

The main disadvantage associated with the use of 3D printing methods to 

manufacture waveguides in one step is the roughness of the longitudinal surfaces of the 

manufactured waveguides due to the layer-by-layer technology, which leads to increased 

losses in light propagation. Also, the maximum possible length of the waveguide (several 

tens of centimeters) and the speed of fabrication are significantly limited. 

 

Preform-less extrusion 

In direct extrusion, the material is melted and then extruded directly into the desired 

shape through a die. This simplifies the production process and reduces the number of 

steps. However, it should be noted that direct extrusion can also have some disadvantages 

in terms of controlling the homogeneity of the material and ensuring dimensional 

consistency. In general, the choice between using or not using a preform in the extrusion 

process will depend on the specific requirements of the application and the desired 

properties of the final optical waveguide. 
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Extrusion dies are typically made of stainless steel on CNC machines. In Ebendorff-

Heidepriem et al.[41] shows the ability to fabricate complex geometry 3D printed dies in 

Cr-Co-Mo and titanium capable of withstanding the high temperature (560-600 °C) and 

high force (20 kN) that occur during lead-silicate glass extrusion. Since 3D printing dies 

have a rough surface, it is necessary to polish the inner surface at the die outlet to ensure 

the quality of the produced fiber.  

Cordeiro et al. [42] demonstrate the feasibility of using a commercial, low-cost 

desktop extruder to produce optical fibers with complex microstructures directly from 

thermoplastic polymer pellets, Zeonex and ABS. The process does not require the use of a 

tower to draw the optical fiber and saves time, energy, and space. Various fiber geometries 

(hexagonal lattice solid core, suspended core, and hollow core) have been successfully 

fabricated. To demonstrate the feasibility of easy fabrication of doped MOF using this 

method, rhodamine B-doped ABS fiber was extruded. Among the undoubted advantages 

of the described method is the potentially infinite length of the fabricated waveguide. The 

method is also versatile, as it makes it easy to produce waveguides of different geometries 

by changing the nozzle. Although the method described has been tested on polymeric 

materials, the authors believe that in the future it will also be possible to use it to 

manufacture waveguides from glass-like materials.  A similar technology was described 

by Talataisong et al. [43]. The authors paid attention to the disadvantages of the process: 

improperly selected temperature and extrusion speed lead to the formation of air bubbles 

in the thickness of the waveguide material, which deform the structure; the instability of 

polymer flow leads to roughness of the waveguide surface. 

 

Two-step methods for manufacturing hollow microstructure waveguides 

 

These methods of fabrication of microstructured waveguides consist of two steps: 

fabrication of the waveguide preform of the required geometry in the macro size from the 

selected material and re-pulling in the similarity of the preform to the required dimensions. 

Drawing in similarity is mathematically described as follows: 
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2 2
0 Bn xD V d V , (2.1) 

where D0 is the initial size of the preform (diameter, diagonal length of a hexagonal 

package or its size along double apothem); Vn is the speed of delivery into the furnace; VB 

is the speed of drawing; and dx is the resulting size of the element [44].  

It is worth noting that several deformations of holes in the waveguide structure can 

occur during the re-tensioning process: destruction of holes, expansion of holes (relative to 

the outer diameter of the fiber), enlargement of holes (relative to their original size) and 

changes in hole shape, such hole deformations can lead to significant changes in optical 

properties of the fiber, such as operating wavelength, confining loss, guiding properties, 

etc. [45]. Denisov et al. [46] demonstrated the importance of maintaining stable 

temperature to obtain long microstructures with unchanged parameters, additional 

adjustments for the geometric structure transformation should be considered when drawing 

light guides with large hole diameters. The authors have shown methods of fabrication of 

long (more than 1200 m) waveguides with both stable and varying along the length 

parameters. 

Depending on the method of preform manufacture, several basic two-step methods 

of waveguide fabrication can be distinguished: stack-and-draw, molding/casting and draw, 

drilling and draw, 3D-printing and draw, extrusion and draw. 

 

Stack-and-draw 

The Stack and Draw method is one of the most common methods of creating 

microstructured waveguides. It involves stacking tubes and rods made of glass or polymer 

of the same or different sizes in a package of the required geometry, and then pulling the 

structure to create a preform on a macro scale. If necessary, alternate drawing of several 

elements of the structure of intermediate sizes from capillaries of large diameter, then from 

the received elements the whole structure is formed. Capillaries and rods are stacked 

manually or with a computer-controlled stacking device, if the design allows it, which 

ensures precise alignment of the tubes and the distance between them. After stacking, this 

package is pulled into a macro-size preform using a heat source, such as an oven, to soften 
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the material and create tension. A schematic representation of the drawing process is shown 

in Figure 2-6. As the material is drawn, the tubes fuse together to form a strong structure 

with air holes. The resulting preform is then re-pulled in a similar fashion to the waveguides 

of the desired size. This intermediate re-drawing is an important step because it avoids a 

drastic change in scale from the capillary package to the final waveguide [47]. 

  This technology allows the creation of unique structures both in terms of the 

geometrical arrangement of the elements and in terms of the dimensional series. The 

advantage of the stacking method is also that it can be used for any material, regardless of 

the melting temperature. Prefabricated capillaries and prefabricated rods with minimum 

tolerances are also now available and can be used to assemble the preform, making the 

process easier and increasing the accuracy of the fabricated waveguides. 

This technology allows the creation of unique structures both in terms of the 

geometrical arrangement of the elements and in terms of the dimensional series. The 

advantage of the stacking method is also that it can be used for any material, regardless of 

the melting temperature. Prefabricated capillaries and prefabricated rods with minimum 

tolerances are also now available and can be used to assemble the preform, making the 

process easier and increasing the accuracy of the fabricated waveguides. 

However, the stack-and-draw method has some drawbacks. One of the biggest 

challenges is ensuring the uniformity and repeatability of the stacking process, which is 

difficult to achieve with manual stacking. Another problem is to ensure homogeneity of 

initial capillaries and rods, which always have some variation in size, which further leads 

to disturbance of the waveguide structure in the drawing process [22]. Air holes can 

become severely deformed due to unbalanced pressure during extraction. Therefore, 

drawing conditions such as drawing temperature, drawing speed, and tension must be 

optimized and carefully controlled to achieve the desired microstructure [46,48]. 

Jasion et al. [49] developed a model that recreates the drawing process of waveguides. 

The model predicts the parameters and geometry of the waveguide during the drawing 

process, and selects optimal internal capillary tube sizes and gaps between them, which can 
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significantly improve fiber fabrication performance, especially in research environments 

where different structures are often drawn and drawing parameters are often unknown.  

Despite these challenges, the stack and draw method remains a popular method for 

creating microstructure waveguides because of its versatility and scalability. With further 

improvements in materials and fabrication techniques, it is likely that this method will 

remain a key tool for creating microstructured hollow-core waveguides in the future. 

Despite these challenges, the stack and draw method remains a popular method for 

creating microstructure waveguides because of its versatility and scalability. With further 

improvements in materials and fabrication techniques, it is likely that this method will 

remain a key tool for creating microstructured waveguides in the future. 

 
Figure 2-6. Schematic representation of the MOW manufacturing process (a) and MOW 

drafting unit (b): (1) billet feeding mechanism into the furnace; (2) furnace; (3) computer 

control; (4) drafting chain mechanism. Adapted from [31] 

 

Extrusion and draw 

Earlier in the one-step waveguide fabrication methods, the method of waveguide 

fabrication by direct extrusion was described. This method is essentially the same. By 

direct extrusion through a die, a preform of the desired geometry is produced. The preform 

is then stretched in a similar fashion to the desired dimensions. This method is mainly used 
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when working with soft glass and bypasses some of the disadvantages of the stack and 

draw method.  The work Gattass et al. [50], which demonstrates chalcogenide glass anti-

resonant waveguides fabricated through this technique. Extrusion was performed using a 

specially designed vertical glass extruder with a stainless-steel plunger and sleeve. The 

preforms produced by this method proved to be highly symmetrical with well-defined 

characteristics. The authors also showed the ability to control the final geometry of the 

waveguide by changing the internal pressure in the preform during the drawing process. 

 

3D-printing and draw 

Earlier in the one-step waveguide fabrication methods, the method of making a 

waveguide by 3D printing was described. This method is essentially the same. Using 3-D 

printing, a preform of the required geometry is made. The preform is then pulled in 

similarity to the required dimensions. A detailed review by Chu et al. [51]. Luo et al. [52], 

on the topic of using 3D printing technology to fabricate microstructure waveguide 

preforms from various types of plastics and glass. In general, the authors write about the 

prospects of these technologies, as they allow the creation of waveguides with such 

geometry, which cannot be repeated by the stack and draw method. On the other hand, the 

most common and cheap 3D printing technique FDL does not provide sufficient accuracy 

required in the production of waveguides, and methods based on light curing, although they 

provide the necessary printing quality and resolution, are much more expensive.  

Separately, it should be noted that the production of silica preforms using additive 

technologies is currently possible in two ways. The first method consists of combining 

silica and organic substances to produce a resin, which is then used to create preforms by 

light curing methods. This production method has a very high resolution, but an additional 

purification process is required due to the presence of organics. The second method is the 

direct sintering or melting of silica powder using a laser. Currently, waveguides 

manufactured by these methods have a significant level of loss due to the presence of 

micro-bubbles, micro-cracks caused by uneven voltage distribution during unwinding, 
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sintering or cooling, streaks between layers during printing, unremoved organic substances 

and purity of raw materials.  

 

Molding and draw 

This method is based on casting a waveguide preform using a mold/mold with the 

desired cross-sectional profile of the waveguide, made in macro scale. The mold is filled 

with the selected material (glass, plastic, etc.) and then allowed to harden and solidify. At 

the same time, it is necessary to control the uniformity of filling of the mold for the absence 

of air pockets, bubbles and other defects. The preform is then removed from the mold, 

polished and trimmed to the desired length. The preform is then stretched to the desired 

dimensions using a stretching mechanism. The specifics of the process may vary depending 

on the material, the design of the waveguide and the molding or casting equipment used.  

Yamamoto et al. [53] showed a low-loss waveguide fabrication process based on 

the slurry casting method. High-purity SiO2 powder, which is produced by thermal 

oxidation of silicon chloride, is used as a starting material. The required amount of SiO2 

powder, organic binder, dispersing agent and distilled water are mixed by ball milling. The 

resulting suspension is poured into a metal mold. A stainless steel wire with the desired 

outside diameter is placed in that mold to create air holes in the preform. After the organic 

binder hardens, the wires are removed and the preform is released from the mold. The 

resulting preform is dried thoroughly to prevent cracking. The dried preform is then 

calcined to remove organic chemicals by oxidation at high temperature. The calcined 

preform goes through a cleaning step to remove metallic impurities and OH, and then is 

sintered at 1400°C. The sintered preform has the desired microstructure. 

Wu et al. [54] demonstrated the fabrication of a chalcogenide glass preform by 

casting. The mold was made of silica capillaries strung on hexagonal silica guides, with 

the desired hole distribution. After casting and annealing, the silica tube and capillaries that 

are inside the MOF preform are removed using a diamond tool and soaking in 40% 

concentrated hydrofluoric acid.  

 

Администратор
Highlight

Администратор
Note
I am not sure wha you mean by this...

Администратор
Squiggly

Администратор
Note
on

Администратор
Squiggly

Администратор
Note
a

Администратор
Squiggly

Администратор
Note
left

Администратор
Squiggly

Администратор
Note
and ensure

Администратор
Squiggly

Администратор
Note
were

Администратор
Squiggly

Администратор
Note
were



38 
  

Drill and draw 

Making optical waveguides by drilling involves using a laser or mechanical drill to 

create channels in the glass or plastic rod. The size and spacing of these holes are carefully 

controlled to ensure efficient light transmission through the waveguide. Once the drilling 

process is complete, the proforma can be further processed to improve its performance, 

such as polishing. This technique is quite versatile and allows the creation of complex 

geometries. However, the drilling process does present some challenges. For example, it 

can be difficult to maintain the accuracy of drilled holes over a large area, and it can be 

difficult to maintain consistent hole diameters and depths. In addition, debris can build up 

during the process that can damage the waveguide or interfere with the light passing 

through it. To overcome these difficulties, careful control of the drilling process and 

postprocessing steps is necessary. 

Wu et al. [54] showed the fabrication of preforms for chalcogenide glass 

microstructure waveguide by drilling is shown. The equipment consists of two main parts: 

a drill bit for drilling and an accurate x-y platform for controlling the position of the air 

holes. After drilling, the inside surface of the air holes is polished. After drilling is 

complete, the preform must be annealed again at a temperature slightly below the glass 

transition temperature for 5 h and then cooled slowly to room temperature. The authors 

have shown that the method based on mechanical drilling allows to obtain different 

structures of waveguides, from simple to the most complex, and the method can increase 

the transmission of the obtained waveguides in comparison with stack and drowe, as there 

are no inhomogeneities in the places of contact of capillaries.  

 

 

2.1.3. HC-MOW wall modification 

Before discussing fiber modification, some main knowledge from theory of chemical 

bonding is provided. There are three main classes of chemical bonds: electrostatic bonds, 

covalent bonds, and metallic bonds [55,56]. There are several types of electrostatic bonds, 

including ionic bonds, hydrogen bonds, dipole-dipole interactions, and Van der Waals 
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forces. These bonds differ in their binding energy and the nature of their interaction. Ionic 

bonds are the strongest type of electrostatic bond and form when one or more electrons are 

completely transferred from one atom to another. This results in one positively charged ion 

and one negatively charged ion, which attract each other due to their opposite charges. 

Ionic bonds have very high binding energies and are very strong. Hydrogen bonds are a 

type of attractive force formed between a hydrogen atom covalently bonded to an 

electronegative atom (such as nitrogen or oxygen) and another electronegative atom. 

Hydrogen bonds are weaker than ionic bonds and have lower binding energies but are still 

strong enough to play important roles in biological systems. Dipole-dipole interactions 

occur when two polar molecules interact with each other through their partial charges. This 

force is weaker than both ionic and hydrogen bonds and has intermediate binding energies. 

Van der Waals forces are the weakest type of electrostatic bond and result from fluctuations 

in the electron density of molecules. These forces can be attractive or repulsive and their 

strength is highly dependent on the distance between the interacting atoms or molecules. 

Overall, the strength of chemical bonds varies widely depending on the specific type of 

bond involved. Covalent and ionic bonds are the strongest with high binding energies, 

while hydrogen and dipole-dipole bonds are intermediate, and van der Waals interactions 

are the weakest with lower binding energies. This detailed description of the types of 

chemical bonds is provided to demonstrate that the types of chemical bonds are retained in 

the fiber and that all types of interactions can also be preserved.  

The modification of the walls of MOFs can be categorized into two types: modification 

of the inner capillaries and modification of the outer surface [57–61]. These types of 

modifications are typically achieved through the same methods. However, the interaction 

of functional groups occurs either with the guided light or with the evanescent field 

respectively. Modification is done by attachment of small molecules, or polymers, or 

nanoparticles to the hollow core fiber wall.  

One of the main purposes is attachment of antibodies or reactive molecules to the glass 

surface. Since the majority of them do not typically adhere directly to the glass, it is 
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essential to build a structure on which the molecules can be bound using chemical or 

physical functionalization [62,63], that will be described below. 

One of the most popular chemical methods is grafting, that means using oxide surfaces 

for linking functional molecules [64–66], polymers [67], or metals [68]. There are various 

attachment chemistries available for grafting: phosphonates, carboxylates, catechols, 

alkenes, alkynes, and amines. The most stable modification of silica surface by these 

groups can be obtained by silanization procedure, providing covalent bonding [69,70]. 

Here, hydrolysis of silane generates silanols that covalently attach to hydroxyl groups on 

the surface [71]. This allows the use of diverse functional groups for further attachment of 

sensing molecules or surface passivation. The silane layer density significantly depends on 

the surface density of hydroxyl groups on the fiber’s surface, that may be improved by 

plasma or acid treatment for hydroxyl activation [72]. After that, silanes can be deposited 

from liquid or gas phase. In case of silane colution, dipping the freshly activated glass fiber 

into liquid leads to complete silane coating in minutes to hours [60,73,74]. To sum up, the 

wide range of organic molecules required for fiber functionalization cannot be strongly 

adsorbed onto the fiber surface, hence a preliminary modification is needed, such as 

silanization.  

Another chemical method for surface modification is based on electrostatic interaction, 

typically using charged polymers like polyelectrolytes (PE). One polyelectrolyte or a stack 

of oppositely charged PE may be used. The latter approach is called the Layer-by-Layer 

(LbL) assembly method, and it is one of the popular methods for hollow fibers 

modification. LbL was originally developed for the preparation of nanoscale films [75] and 

then was adapted to modify MOF [14,57,76–78]. Depositing layers of charged polymers 

like polyelectrolytes (PE) from a solution which follows a layer-by-layer process 

[10,14,57,79] make a good sorption of polymers on the surface. The first PE layer is 

deposited with a charge that opposes the intrinsic surface charge of the substrate, then the 

surface is rinsed, and a subsequent PE layer with the opposite charge is deposited. The 

process can be repeated several times to stack layers on any substrate, resulting in an 

increased PE functional group density on the sensor surface. Alternatively, a volume-doped 
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polymer layer can be deposited which can both create a safeguard coating and functionalize 

the fiber to the target species. Therefore, LbL functionalization may be provided for a 

number of purposes. 

Physical functionalization is a term used to describe attaching sensor molecules to the 

surface through forces other than chemical bonds. From the other side, as physical methods 

are less reliant on the surface molecules, be employed on a broad range of substrates, 

including metals, polymers, carbon nanotubes, and glass [80–82].  

The deposition of nanoparticles opens up wide possibilities for using fibers as high-

precision sensors. It can be provided by various chemical methods [83–86] . Nanoparticles 

absorbed to the surface may either form self-assembling NP monolayers [87,88] or provide 

chaotic distribution. NP deposition as a step-by-step process, as an additional linking layer 

between the fiber wall and nanoparticles is needed. If all bonds present in the resulting 

multilayer are chemical ones, the structure is strong enough and can be broken ultimately 

by another chemical reaction. For instance, the linking layer may be silanes, such as (3-

mercaptopropyl)trimethoxysilane (MPTMS), that ensures uniform distribution of gold or 

silver nanoparticles [89]. Another type of the linking layer is polyelectrolytes: their charged 

surface can attach nanoparticles due to electrostatic forces. Nanoparticles can be embedded 

in a polymer coating adsorbed on the wall and deposited using the LbL method, as was 

demonstrated for gold [90] and magnetite [77]. In addition to the described methods of NP 

deposition, the interaction between the wall and nanoparticles can be further enhanced by 

annealing [19], as the elevated temperature provides mutual diffusion. 

Development of layer deposition protocol plays a crucial role in modification outcome. 

Therefore, the main typical protocol features are reviewed below. In most studies [57–

61,76–78,83,91–98], the modification of MOFs involves depositing one or more layers of 

various materials onto their surface. This process usually consists of the following steps, 

with some possible variations: Firstly, the non-modified empty waveguide is thoroughly 

cleaned to eliminate any potential contaminants both inside and outside. This cleaning 

procedure may involve a combination of techniques such as plasma treatment, washing the 

waveguide interior and/or exterior with DI water or different solutions, and high-
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temperature heating for a certain duration followed by gradual cooling. As a result, the 

pretreatment removes any impurities from the fiber surface, breaks existing bonds with 

organic molecules and/or inorganic materials, and coats the surface with hydroxy groups, 

which makes further modification easier. Secondly, the MOF surface is activated using a 

specific substance to facilitate adhesion of the material to be deposited. This is an optional 

intermediate step that may be employed when a more complex chemical modification is 

required. The final step is the deposition of the functional layer. 

In practice, the second and third steps are executed using one of several methods. For 

instance, when modifying the inner wall of the waveguide, the material solution can be 

delivered inside using capillary forces [78], which is the simplest experimental option but 

has the limitation of limited liquid elevation inside the capillary. Alternatively, the whole 

waveguide can be dipped into different solutions [78], thereby modifying not only the 

interior but also the outer walls of the MOF. A more complicated approach involves 

delivering the liquid inside the capillary using a syringe [57,58], which enables filling even 

relatively long waveguides but lacks precise control over the rate of solution supply into 

the MOF, potentially affecting the uniformity of the applied layer. Using different types of 

pumps [14,92,99] for solution pumping through the waveguide allows for the control of 

the flow rate and adjustment to the required values. To ensure the uniform application of 

material to the surface, it is recommended to create a sealed, hermetic connection between 

the waveguide and the tubes used for solution supply, to prevent air bubbles from entering 

the MOF. 

Thus, wall modification of microstructured optical fibers is provided in most cases 

with chemical methods, refers to the process of altering the optical fiber's internal or 

external surface through chemical reactions. This is done to integrate additional 

functionalities into the fiber or enhance its existing properties for various sensing 

applications. The modification process can involve coating the surface with a functional 

layer or creating an entirely new structure on it through various chemical techniques like 

LbL deposition, atomic layer deposition, silanization and others. The chemical wall 

modification of microstructured optical fibers can provide advanced sensing capabilities 
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such as enhancing the sensitivity, selectivity, and dynamic range of the fiber, making it 

potential for various tunable applications in the fields of chemical sensing, biosensing, 

environmental monitoring, and biomedical applications. 

 

2.1.4. HC-MOW applications for sensing 

Unique design features of microstructured optical fibers, namely the presence of a 

hollow core and waveguide envelope channels, lead to specific guiding regimes. This 

phenomenon possesses great potential for using in sensing systems. The guiding exists 

when the refractive index of the core is low compared to the effective refractive index of 

the shell. In a hollow-core microstructured waveguide, the light tightly confines in a low 

RI core because of the photonic bandgap formed by cladding or on the anti-resonant 

reflectance, as was discussed in the section 2 [100] 

One limitation in terms of the principle of light propagation is the need to contrast the 

refractive index of the substance filling the core and shell channels of the waveguide with 

the substance from which the waveguide is made. Since the refractive index of gaseous 

substances is close to 1, the development of sensors for gaseous substances seems to be a 

particularly promising task. On the other hand, microstructured waveguides made, for 

example, from glasses with a high refractive index can be successfully used to create 

sensors for liquid media. 

Microstructured waveguides offer highly efficient interaction between light and 

analytes in longitudinal dimensions. The use of hollow core waveguides provides to trap 

the minimum sample volume at very low concentration into a long optical path with tight 

optical confinement has been shown to enhance the analyte-light interaction by orders of 

magnitude, resulting in improved sensitivity and selectivity of biochemical sensors [101]. 

The transmission wavelength band of the waveguides can be tuned to the required 

wavelength range by changing the dimensions of the internal microstructure. For example, 

HC-MOF can be manufactured from fused silica, which exhibits minimal fluorescence 

even at deep-UV wavelengths, and with structure dimensions such as to allow high UV 

transmission [102]. 
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The waveguides provide the interaction between the light and with the fluid/gas or the 

substances carried in the fluid/gas (including chemical macromolecules and biomolecules) 

to generate a specific light signal response. Then efficient and rapid measurement of 

biochemical quantities can be achieved due to combined with various sensing mechanisms 

such as molecular absorption, fluorescence detection, refractive index, Raman scattering 

[103,104], etc. 

Sensors based on HC MOF offer superior performance and practicality making them 

an ideal choice for a wide range of sensing applications. They allow for enhanced long path 

analyte-light interaction, are portable, immune to electromagnetic interference, easy to use, 

and are relatively inexpensive to produce on a large scale. Furthermore, MOF-based 

sensors have additional advantages such as ultra-low sample and reagent consumption, 

making them more effective [100,101,103–105]. In addition to biochemical sensing, 

hollow core microstructured optical waveguides can be widely employed in the sensing of 

various physical parameters such as temperature, strain, curvature, displacement, liquid 

level, and mechanical force, fully exploiting the intrinsic advantages.   

 

Refractive index and layer deposition sensing  

Liquid sensing, based on the detection of changes in the refractive index (RI) of the 

measured medium, is one of the most important applications of HC-MOW. This makes it 

promising for environmental monitoring, food and beverage quality control, and 

biomedical diagnosis in a label-free and real-time manner. In contrast to conventional 

waveguides with a solid core, HC-MOW offer a completely hollow core that, when a 

sample is pumped into it, can enhance the interaction with the guided light in the core 

region. This enables greater sensitivity and control over the sensing, and potential to avoid 

cross-sensitivity to other factors by isolating samples from the external environment.  

Wang et al. [106] proposed a fiber optic refractive index sensor based on the ARROW 

(anti-resonant reflecting optical waveguide) and mode interference, which offers both high 

sensitivity and large dynamic range for detecting refractive index changes in chemical and 

biological applications. The use of hollow-core fiber provides a natural microfluidic 
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channel for the liquid sample, simplifying the complexity of RI measurement. The 

ARROW mechanism allows for strong interaction between the guided light and the liquid 

sample in the microfluidic channel, while the mode interference generates evanescent 

fields that modulate the resonance wavelength of the fiber. The proposed sensor overcomes 

the tradeoff between sensitivity and dynamic range by utilizing different refractive index 

sensitivities of ARROW and mode interference. The experimental results demonstrate a 

high refractive index sensitivity of 19014.4 nm/RIU for mode interference and a large 

dynamic range from 0.04 RIU for ARROW. This paper provides a promising solution to 

the challenge of achieving both high sensitivity and large dynamic range in fiber optic RI 

sensors. 

Chen et al. [107] presented a highly sensitive waveguide sensor based on a liquid 

infiltrated modal interferometer in a hollow-core waveguide is presented. The sensor is 

specifically designed for refractive index and temperature sensing applications. It is 

constructed by splicing a section of hollow-core waveguide filled with high refractive 

index liquids between single mode waveguides, which results in changes in the 

transmission properties of the hollow-core waveguide. The infiltration of liquids also 

introduces modal interference, which allows for highly accurate sensing of temperature and 

refractive index changes. The sensor exhibits high sensitivity to temperature change, with 

a maximum sensitivity of -1.4 nm/°C observed in the temperature range from 22°C to 36°C. 

Additionally, the sensor shows a spectral shift towards longer wavelengths as the ambient 

liquid refractive index increases, with a highest sensitivity of 884 nm/RIU achieved around 

an RI value of 1.448. This liquid infiltrated hollow-core waveguide interferometer is a 

simple and cost-effective method for highly accurate temperature and refractive index 

sensing. 

Zhao et al. [108] proposed a novel liquid sensing method using a cascade of traditional 

single-mode fiber (SMF) - hollow-core fiber (HCF) - photonic crystal fiber (PCF) - SMF 

structure, which simultaneously forms a reflected Fabry–Perot interferometer and a 

transmitted Mach–Zander interferometer. The HCF is filled with ethanol, which exhibits 

sensitivity to temperature changes. By monitoring the reflected and transmitted spectra, 
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simultaneous measurement of temperature and refractive index (RI) changes can be 

achieved. A significant advantage of this method is that the two spectra do not interfere 

with each other, simplifying the demodulation process and avoiding the need for complex 

fast Fourier transform and matrix computation. The proposed method shows high 

sensitivities for both temperature and RI, with values of up to 0.454 nm/°C and 178.7 

nm/RIU, respectively. 

Liu et al. [109] introduced an ultra-compact and highly sensitive liquid refractive index 

sensor employing cascaded Fabry-Perot (FP) cavities with an in-fiber mirror inscribed in 

single-mode fiber (SMF) using femtosecond laser technology. To allow the liquid to enter 

or leave the hollow-core cavity, two micro-holes are drilled on the side wall of the HCF by 

femtosecond laser micromachining. The design of the device provides an enhanced and 

precisely controllable amplification factor for the Vernier effect, which yields an ultra-high 

refractive index sensitivity of -73417.9 nm/RIU. This sensitivity is approximately 73 times 

greater than that of the fiber FPI sensors without using the Vernier effect. The device is 

simple to fabricate and features good repeatability. 

Zheng et al. [110] proposed a new high-linearity liquid sensing method using an 

analyte-filled defect hollow core Bragg fiber (DHCBF). This method employs a resonant 

wavelength induced by transverse coupling between core and defect modes to detect 

changes in refractive index (RI) of the liquid analyte. The researchers were able to improve 

the linearity of the sensor significantly by optimizing the structural parameters of the defect 

layer, thus enlarging the dynamic measurement range. By using an analyte-filled DHCBF 

with a low RI-contrast cladding, they demonstrated a high-linearity RI sensor with a 

sensitivity of 2062 nm/RIU and an adjusted R-Square value of 0.99967 in the measurement 

range of 1.324 to 1.432. This new sensor achieved higher sensitivity and a larger dynamic 

range compared to those based on standard hollow-core fibers.  

Recently, Alam et al. [111] presented a highly sensitive biosensor based on HC-MOF 

for detecting low-index liquid analytes, with a focus on detecting plasma concentration in 

blood samples. The authors demonstrate how variations in plasma concentration in blood 

can change the transmission spectra of HC-MOFs due to the photonic bandgap mechanism. 
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They use a finite element approach to explore the biosensor's performance, and it is shown 

that the biosensor is an effective way to detect changes in blood plasma. The authors 

investigate various HC-MOF structures with varying numbers of cladding rings and a 

hollow core filled with a liquid sample to detect various concentrations of blood plasma. 

They measure changes in the bandgaps and transmission spectra of the proposed HC-MOFs 

to study the biosensor's performance over a wide variety of analyte refractive indexes. The 

article reports that an ultra-sensitive HC-MOF biosensor for detecting blood plasma has 

been developed, and it has an average spectral and amplitude sensitivity of 8928.57 

nm/RIU and 1.21 dB/RIU, respectively.  

Gao al. [112] proposed and experimentally demonstrate an optofluidic anti-resonant 

reflecting guidance using hollow-core photonic crystal fibers (HC-PCFs) for the precise 

measurement of liquid refractive index (RI). By fabricating micro-channels with 

femtosecond laser micromachining, a Fabry-Perot resonator is formed between the hollow 

hole and cladding, which changes its resonant condition with the RI change of the liquid 

sample. This change can be detected through the wavelength shift at the dip wavelength in 

the transmission spectrum, allowing for a sensitivity of up to 1328 nm/RIU in the RI range 

of 1.345 to 1.363.  

Finally, Ermatov et al. [14] introduces the concept of in-fiber multispectral optical 

sensing (IMOS) as a highly efficient and cost-effective method for real-time detection of 

liquid biological samples. IMOS is based on antiresonant HC-MOW to detect spectral 

shifts in the transmission spectrum caused by the presence of a bioanalyte, as demonstrated 

in Figure 2-7. By coating the capillaries of HC-MOW with polymer nanofilms and this 

providing additional spectral shifts, IMOS can measure the refractive index at up to 42 

wavelengths, with a sensitivity of up to ~3000 nmRIU−1 and a figure of merit (FOM) 

reaching 99 RIU−1 in the visible and near-infra-red spectral domains. IMOS offers a unique 

advantage over other optical biosensors, providing simultaneous measurement of a 

bioanalyte’s RI over a wide spectral domain in real-time. The practical performance of 

IMOS has been demonstrated by measuring the concentration and RI dispersion of bovine 

serum albumin (BSA). The accuracy of BSA concentration measurement achieved by 
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IMOS matches that of standard tests on albumin. The production of functionalized HC-

MOWs is simple and cost-effective. 

 
Figure 2-7. Performance of IMOS for BSA dissolved in deionized water in static mode. a) 

Transmission spectrum evolution with increasing BSA concentration for the non-modified 

HC-MOW. b) Optical dispersion of BSA in a water buffer with different concentrations. 

Coloured points: extracted from the shifts in the minima and the peak centroids of the 

fiber transmission spectra; solid line: their Sellmeier fits. The stars mark RIs measured 

by the Abbe refractometer, provided for comparison. c) Calibration relating the 

concentration of BSA and RIs of the BSA-water solution at different wavelengths. The RIs 

of BSA are extracted from the Sellmeier fits of the experimental points (see Table 1S). d) 

The positions of the longest-wavelength minima as functions of RI extracted from (a) and 

(b). The error bars are smaller than the data points. Reproduced from Ermatov et al. 

[14].  

 

Администратор
Note
Do you have permission from the publisher to reproduce this figure? 

Администратор
Note
Numbers are impossible to see clearly



49 
  

Raman and SERS sensing  

Raman sensing 

Raman spectroscopy is a powerful technique used to analyze the vibrational properties 

of molecules. Additionally, Raman spectra is unique for every substance (so it is often 

referred as “fingerprint”), that enables possibility to qualify and quantify substances 

[113,114], making Raman spectroscopy a great tool for biomedical application [115]. In 

conventional Raman spectroscopy, a sample is irradiated with a laser, and the scattered 

light spectum is analyzed to determine the vibrational frequencies of the sample's 

molecules. However, Raman signal intensity is often weak (as around 1 of 107 photons 

scatters inelastically), making it difficult to detect low concentrations [116]. 

One of the ways to slightly improve Raman intensity is fiber-enhanced Raman 

spectroscopy (FERS): HC-MOF can enhance the intensity of Raman scattering signal 

observed by confining the laser light and the gas or liquid sample in a small volume, 

increasing the interaction length between them and guiding the scattered light directly to 

the detector [17,117]. The reviews of Markin et al. [118]  and Ding et al. [17] 

comprehensively describe the use of microstructured optical fibers in Raman spectroscopy 

and demonstrate applicability of both PBG and antiresonant fibers for that. Furthermore, 

plasmonic nanostructures may be added to HC-MOF to provide surface enhanced Raman 

scattering (SERS) to improve Raman intensity even more. The variety of approaches to 
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Raman scattering in a hollow-core fiber is presented in Figure 2-8. 

 
Figure 2-8. Raman and surface-enhanced Raman spectroscopy (SERS) with HC-MOW: 

(a) Raman scattering; (b) label-free SERS; (c) label-based SERS. Reproduced with 

adjustments from Markin et al.[18].  
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A bare HC-MOF enhances observed Raman signal intensity for 1-2 orders of magnitude 
compared to liquid in a form of a drop on a plain surface or filling a cuvette [25,119–

121], thus providing improved detection sensitivity. Khetani et al. [121] explored Raman 
signal amplitude dependence on fiber length, and for a backscattering Raman signal 

collection configuration, PBG fiber and heparin-serum analyte got a maximum 
enhancement of 90 times at 8 cm fiber length. However, these values may be affected by 

analyte (light absorption, viscosity, surface tension) and fiber (loss) properties. Liquid 
analytes that were probed for Raman scattering in HC-MOF include e.g. heparin in serum 

[121], glucose [120], antibiotic moxifloxacin [119]. 
The simplest way to perform Raman sensing of liquid with HC-MOF is to fill both 

core and cladding holes by the analyte. However, a PBG fiber has a disadvantage connected 

with a narrow band gap in cladding modes and hence propagating core modes. To expand 

a spectral range for Raman sensing, the cladding holes of the HC-MOF may be sealed, so 

the liquid fills ultimately the hollow core [119,122]. This type of fiber is referred as liquid-

core PCF. 

Along with liquid substances, HC-MOF is applicable for Raman analysis of gases 

composition for medical, environmental, industrial, purposes [11,117]. So, the analysis of 

human breath can disclose health issues such as malabsorption syndrome [123] and detect 

natural isotopes [124]. 

 

SERS sensing 

However, as Raman scattering possesses low signal intensity [116], the bulk fiber 

enhancement may not be sufficient to detect low concentration. Besides, multi-component 

systems (solution, gas) complicate the analysis of results. These difficulties can be 

overcome by the effect of plasmon resonance on metal (typically gold or silver) 

nanostructures, that dramatically enhance Raman signal from molecules in their vicinity 

by amplifying both incident and inelastically scattered light. Such amplification technique 

is referred as SERS (Surface Enhanced Raman Scattering) and may result to 106 – 1011 

enhancement factor [125]. As demonstrated in Figure 2-8b, plasmonic nanostructures for 

SERS in HC-MOF may be implemented either by in a form of solution of nanoparticles 

(colloids) mixed with an analyte [20,122,126–133]. Technologies for wall modification of 

HC-MOF are discussed in Section 3.2.1. Plasmonic nanoparticles may be label-free and 
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mixed with the analyte in a non-specific way [20,122,126,128,130–134] or provide 

targeted binding to particular molecules and contain Raman reporters as labels [135,136]. 

To gain greater enhancement for SERS in HC-MOF, authors implement a number of 

improvements, such as: in the case of colloidal suspensions of plasmonic nanoparticles, the 

use of anisotropic nanoparticles (nanorods, nanostars, nanotriangles, etc.) allows higher 

enhancement compared to spherical nanoparticles [137,138]; tuning the laser excitation 

wavelength close to the absorption peak of the colloid to excite surface plasmons more 

actively [129]; tuning the  laser excitation wavelength in the electronic absorption band of 

the analyte to obtain resonance Raman scattering to achieve several more orders of signal 

enhancement [126]. 

Furthermore, an indirect SERS reporting, or label-based SERS, is demonstrated in 

Figure 2-8c and may be implemented to overcome a problem of a weak Raman scattering 

of the analyte or when providing molecule detection in a complex sample such as blood. 

Indirect SERS reporting assumes colloidal SERS nanoparticles with Raman reporter 

molecules on their surfaces, possessing a relatively strong Raman signal [118,139]. 

Simultaneously, these SERS nanoparticles are functionalized with targeting ligands to 

molecules of interest. Such complex structures are called SERS nanotags. If the molecules 

of interest are previously absorbed on the HC-MOF inner wall, then the SERS nanotags 

will be captured via targeting ligands and provide signal from Raman reporters meaning 

that the molecules of interest are detected. Dinish et al. firstly demonstrated SERS detection 

of one cancer protein (EGFR) from a cell lysate [135] and then expanded the approach to 

multiple detection of three biomarkers using SERS nanotags with different targeting 

ligands and proteins [136]. 

 

2.2. Biomarkers used for medical diagnostics. Extracellular vesicles 

2.2.1. Biomarkers for medical diagnostics 

The accurate detection and diagnosis of cancer in the very early stages of its 

progression is highly important to increase the probability of achieving a successful 

treatment. Recently, liquid biopsy has emerged as a minimally invasive approach that can 
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potentially be used in medicine for early diagnosis and monitoring of patient’s health. This 

approach is based on the reliable detection of tumor markers circulating in biological fluids 

using various techniques. Recently, identification and quantification of circulating tumor 

cells (CTC), circulating tumor DNA (ctDNA), and extracellular vesicles (their subtype 

called exosomes) have attracted particular attention for early cancer detection. Their size 

and time of appearance are compared in Figure 2-9. 

 

Figure 2-9. Markers for diagnostics. Adapted from He et al.[7] 

 

CTC is one of FDA-approved liquid biopsy methods with relatively high specificity 

that allows performing in vitro examination by cell culturing as well as phenotypic and 

genotypic analysis. On the other hand, CTC’s complex heterogeneity, low abundance (1–

10 cells/10 mL of peripheral blood of cancer patients [7]), and difficulty to develop an 

enrichment technology in order to achieve a high limit of detection (LOD) present a 

challenge for CTC to be a single, universal, and reliable approach for cancer diagnostics in 

its early stages. Quantification and analysis of ctDNA present in cancer patient's blood is 

another Food and Drug Administration (FDA)-approved liquid biopsy method that can 

become a supplement to conventional biopsies due to its high sensitivity and easy access 

to genomic information of the patient. Access to such information allows the selection of 

the most appropriate treatment and to monitor its effectiveness in real-time. In addition, it 
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was shown that ctDNA levels often correlate with tumor burden [140]. However, ctDNA 

has a short half-life in blood (~2 h) [141] and can interfere with cell-free DNA (cfDNA) 

that is not related to the tumor [142]. Similar to CTC, current FDA-approved ctDNA assays 

have low LOD at ~25 copies/mL [143] making its detection and ability to obtain a detailed 

molecular profile a difficult task. Although detection of CTC and ctDNA can become 

highly effective approaches for cancer diagnosis, the mentioned challenges impact the 

feasibility of their implementation for diagnosis especially at the initial stage of cancer. In 

this respect, analysis of extracellular vesicles (EV) circulating in the patient's body may be 

an innovative and promising method for the diagnosis of cancer and solving the most 

important problems of sensitivity, specificity, and reliability of currently available 

diagnostic methods. 

 

2.2.2. Extracellular vesicles for diagnostics 

Extracellular vesicles are nano- and microsized objects with a lipid bilayer produced 

by biological cells. Due to their biogenesis, EV may be divided to three subtypes, as 

demonstrated in Figure 2-10: microvesicles (ectosomes), that are produced by direct 

outward budding of the cell membrane; exosomes, that are produced by firstly inward 

budding of the cell surface region, then they are processed inside the cell and finally 

released outside; and finally apoptotic bodies that are the result of cell fragmentation after 

death [5]. 
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Figure 2-10. Types of extracellular vesicles. Adapted from Kalluri et al.[5] 

Due to a multistage process of formation inside the cell, represented in Figure 2-11, 

exosomes are the EV that are most enriched with cellular footprint, such as a variety of 

proteins and nucleis acids and thus the most informative about the parental cells and hence 

represent the most interest for diagnostics. However, isolation of only exosomal fraction 

from overall EV solution is intricate due to ectosomes with intersecting size distribution. 

Therefore, sometimes an overall fraction of EV with size 40-160 (200) nm is referred as 

exosomes, although this is not technically right and should be referred as extracellular 

nanovesicles (ENV) [144]. 
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Figure 2-11. Exosome biogenesis. Reproduced from Kalluri et al.[5] 

Extracellular nanovesicles (ENVs) are minor components of plasma. Their 

quantitative and qualitative patterns are still poorly understood, but the emerging biological 

significance of ENVs is attracting growing scientific interest. It is now assumed that the 

population of circulating vesicles mediates the interaction of anatomically distant cells 

[145], and this population is extremely heterogeneous [146]. As evaluated by the original 

technology of cryo-electron microscopy of vesicles labeled with gold particles, plasma 

contains membrane formations of various morphologies, including spherical vesicles with 
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a diameter of 30–1000 nm, tubular vesicles with a length of 1–5 m, and membrane 

fragments up to 6–8 m, with the former accounting for >95%, the latter accounting for 

<5%, and the third accounting for <0.5% of the entire population [147]. Moreover, 1 μL 

of plasma includes approximately 5 x 105 spherical vesicles and 2 x 103 tubular vesicles 

[147]. Other studies have presented quite different results of plasma ENV quantitation. For 

example, the concentration of plasma nanovesicles measured by nanoparticle tracking 

analysis (NTA) varied from 1011 to 1012 particles per mL [148]. Nanoflow cytometry 

(nFCM) allowed the detection of 107 to 1013 exosome-like vesicles per 1 mL of plasma, 

depending on the method applied for isolation [149]. When ENVs were isolated by the 

standard ultracentrifugation procedure, the concentration of plasma ENVs differed by 2–3 

orders of magnitude [148,149]. Such obvious discrepancies in the quantification of plasma 

ENVs may reflect the imperfection of both the isolation methods and the calculation 

technologies. The isolation of nanovesicles from plasma is indeed a nontrivial task that has 

led to the development of many methods [150,151]. The current approaches can be 

generally divided into two main groups: methods based on specific physical properties of 

ENVs and methods based on the chemical characteristics of the vesicular membrane. The 

first group of methods includes ultracentrifugation as a “gold standard” [152], with various 

modifications (speed, time, gradient density medium) and ultrafiltration. More advanced 

approaches are based on microfluidic effects and nanoparticle flow fractionation 

phenomena [153]. The second group of methods is based on more or less specific binding 

of the components of the vesicular membrane with various ligands, including protamines , 

aptamers [154], antibodies [155], etc. This interaction leads either to the “fixation” of 

vesicles to a solid matrix or to the formation of multi-vesicular complexes, which are easily 

precipitated by low-speed centrifugation. The first group of methods makes it possible to 

obtain fairly pure ENV preparations from plasma, but these methods are relatively 

laborious and associated with losses of vesicles during the isolation process. The methods 

of the second group have one common drawback—there is no known vesicular marker that 

would be presented exclusively on ENVs and on all ENVs. Therefore, ENVs isolated by 

any of the affinity methods represent a certain fraction. 
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To date, numerous methods have been developed to isolate, detect, and characterize 

exosome-like vesicles. The most common protocol that is considered to be a gold standard 

for isolation of exosomes is differential centrifugation, which includes three main steps: 

low speed centrifugation during a short time period; high speed centrifugation with 

extended time period to remove cell debris and microvesicles; and ultra-high speed 

centrifugation, or ultracentrifugation (UC), at forces of 100,000 g or greater to precipitate 

exosomes[156]. An additional centrifugation step, using sucrose or iodixanol to form a 

density gradient, can be coupled with differential centrifugation to further purify the sample 

from contaminants [157]. Size-exclusion chromatography [158], immuno-affinity capture 

[159], filtration [160,161], polymer-based precipitation [162], field-flow fractionation 

[163], and different combinations of these methods [160,164] have been introduced in 

recent years to reduce the cost and time needed for exosome isolation and achieve high 

yield and purity of exosome samples. Microfluidic technology is yet another new and 

effective technique for the non-invasive separation of exosome-like vesicles preserving the 

structure and composition of intact exosomes [165,166] with the ability to process and 

characterize exosomes by using immunolabeled entities simultaneously [167–169]. At 

present, the enzyme-linked immunosorbent assay (ELISA) is the gold standard for 

exosome quantification using their membrane proteins, such as CD63, CD9, and CD81 

[167–169]. Although ELISA provides rapid analysis of exosomal membrane proteins with 

relatively low cost, it is difficult to capture all subpopulations of exosomes containing the 

protein of interest and perform fast analysis of multiple samples. 

To enhance efficiency in the quantification and multiplex detection of exosomes, 

optical methods have been developed. While nanoparticle tracking analysis (NTA) 

[170,171], dynamic light scattering (DLS) [172], and flow cytometry (FC) [173] can be 

used to obtain the size distributions and concentrations of exosomes in the fluid samples, 

fluorescence microscopy is used for in vitro imaging and tracking of exosomes labeled by 

specific fluorophores [174,175]. Surface plasmon resonance (SPR) provides quantitative 

information about exosomes attached to the surface of the SPR sensor with an exosome 

specific antibody [176]. 
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2.3. Summary 

On the one hand, among the variety of biological markers present in liquid biopsy, 

recently discovered nanosized extracellular vesicles (EV) released by cells hold great 

interest for early diagnostics. 

On the other hand, HC-MOW can be used as a sensor for liquids. The thickness of the 

first inner wall thickness determines the type of light propagation in HC-MOW. If the 

thickness is less than 150 nm, the mechanism is photonic bandgap (PBG) guiding; 

otherwise, with thicker wall thickness, the mechanism is inhibited coupling (IC) guiding. 

Other names for IC are broadband, or anti-resonant fibers (ARF). This type of waveguide 

is the most promising for sensing applications because multimodal sensing can be 

organized based on a combination of several techniques: a multi-wavelength refractive 

index sensor, a sensor with layer deposition control, a fiber-enhanced Raman scattering 

sensor, a SERS sensor. Combining several sensing modalities could allow for multifaceted 

characterization of complex fluids. The examples of such fluids are synthesized 

macromolecule structures, complexes, and extracellular vesicles. The latter leads to a 

perspectivity of using HC-MOW in the diagnosis of liquid biopsies.  

The aim of this study is to narrow the gap between HC-MOW and EV by developing 

multifaceted liquid sensing approaches. This will be accomplished by first testing a model 

dye in HC-MOW, followed by macromolecular nano- and microsized structures, and 

ultimately EV. 

 

Chapter 3. Research Methodology 

3.1. Sample Synthesis and Characterization 

3.1.1. Chemical reagents used 
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Bovine serum albumin (BSA), N−vinyl−2−pyrrolidone (NVP), acrylic acid (AA), 

2,2′−azobis (2−methyl propionitrile) (AIBN), 1−octadecanethiol (ODT) are all purchased 

from Sigma−Aldrich (Germany). 1,4−dioxane is purchased from Chimmed (Russia). 

The copolymer of poly (N−vinylpyrrolidone−co−acrylic acid), labeled as P(VP−AA) 

throughout the manuscript, is synthesized similarly to Estifeeva et al.[177]. Briefly, NVP 

and AA are dissolved in 1,4−dioxane with desired amounts, AIBN and ODT are added to 

the mixture, followed by sealing the vial and keeping it for 3 h at 70 °C. After the synthesis, 

a copolymer is purified by dialysis with the membrane cut−off 0.5 kDa and freeze−dried. 

The same set of methods is used to assess the properties of the resulting amphiphilic 

copolymer as in[177–179]. The P(VP−AA) copolymer used in the manuscript shows a 

molecular weight of 18 kDa with 9.7 mol %. of AA units randomly distributed in the chain 

structure. 

Polyethyleneimine (PEi, MW 750,000), chloroauric acid (HAuCl4, 1% aqueous 

solution), and trisodium citrate (Na3C6H5O7, 1% aqueous solution) were purchased from 

Sigma Aldrich. For PEi dilution and sample wash, deionized water (18 MΩ*cm, Millipore) 

was used. For HC-MOW pump coating, a peristaltic pump (Shenchen) and a flexible 

silicone tube with an inner diameter of 1mm were used.   

 

3.1.2. Gold nanoparticles synthesis and characterization 

AuNP seeds, which are an aqueous solution of AuNPs with tetrakis-(hydroxymethyl)-

phosphonium chloride (THPC) as simultaneously a reducing agent and stabilizing ligand, 

were synthesized as described previously [180], with gold concentration 1 mg/mL. Three 

months passed between the seed preparation and their utilization in the current experiment, 

therefore their size increased due to Ostwald ripening. Larger AuNPs stabilized by citrate 

in an aqueous solution were synthesized by a modified Turkevich method [181], with gold 

concentration 0.2 mg/mL. Both types of AuNPs were imaged by transmission electron 

microscopy (TEM) and their size distribution was estimated using dynamic light scattering 
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(DLS), as demonstrated in Figure 1. TEM images were taken on a Zeiss M912 Omega 

transmission electron microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) 

at an operating voltage of 300 kV.  DLS  analysis was provided on Zetasizer Nano ZS 

(Malvern Panalytical), with 3 measurements for each sample. 

 

3.1.3. Nanoscale visualization using SEM 

SEM observations were carried out without a metal coating using JEOL JSM-7200F 

FE-SEM. The hollow-core microstructured waveguides (HC-MOWs) were analyzed at 30 

keV accelerating voltage using SE-detector. For the observation of the SERS-active 

substrates on glass slides, a beam deceleration function and charge-free scanning mode was 

used. To reduce the charging phenomenon the beam was decelerated in the vicinity of the 

specimen to 1.5 keV (gentle-beam mode). To use the low acceleration voltage the sample 

was biased to 2.0 kV. SEM images were taken by using an upper detector (UED) with the 

backscattered electron mode.   

 

3.1.4. UV-mediated gold reduction 

As a UV light source, Camelion LH26-FS 26W light bulb was used, with an emission 

spectrum centered at 365 nm. Samples were placed approximately 3 cm under the vertically 

mounted bulb, so that power density on the sample measured at 365 nm was 4.3 mW/cm2.  

 

3.2. Measurement Setups 

3.2.1. HC-MOW transmission spectroscopy 

To verify the adsorption of functional materials onto waveguide capillaries, the optical 

transmission of functionalized waveguides was measured, since the formation of 

nanocoating leads to the growth in the effective thickness of capillary walls and shifts in 

the waveguide transmission windows towards longer wavelengths [14].  
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The optical setup used in our experiments was described by Ermatov et al. [14]. The 

output light of a broadband halogen lamp (Thorlabs SLS201L, 360–2600 nm) was initially 

collimated (Thorlabs F220SMA-532) and then focused by a 10× objective (Olympus) to 

the HC-MOW input. The other 10× objective (Olympus) was used to collect the transmitted 

light, which was further guided to a compact CCD spectrometer (Thorlabs CCS100) 

operating in the extended wavelength region (200–1000 nm). All of the transmission 

spectra were initially normalized to the spectrum of the  lamp and then to its maximum 

value [14]. Positions of minima were calculated using a centroid function. 

 

3.2.2. Confocal Raman microscopy 

For all samples, Raman measurements were provided on Raman spectrometer 

LabRAM HR Evolution (HORIBA France SAS, France), with a diffraction grating 600 

lines/mm, objective Olympus MPlan 10x, 633 nm laser at 12 mW power. The detector used 

is a nitrogen-cooled Symphony OE. 

 A backscattering signal was used while focusing on the center of the waveguide end 

face, with an optical axis parallel to waveguide. 

All spectra were corrected for baseline using built-in Labspec 6 software. For mean +- 

standard deviation representation, 5 measurements of the same sample were averaged.  

 

Chapter 4. HC-MOW application for Raman spectroscopy of liquid samples 

In this chapter, application of HC-MOW to Raman spectroscopy is described. For that, 
the analytes in the form of aquaeous solutions of two molecules were taken: a relatively 
small organic molecule R6G (479 Da[182]) and a much larger biological molecule 
BSA(66.5 kDa[183]). 

This chapter is a combination of the material published by the author in two research 
articles: 

a) In part with R6G, [25] A.A. Merdalimova, P.G. Rudakovskaya, T.I. Ermatov, 

A.S. Smirnov, S.S. Kosolobov, J.S.Skibina, P.A. Demina, B.N. Khlebtsov, A.M. 

Yashchenok, D.A. Gorin, SERS Platform Based on Hollow-Core Microstructured Optical 

Waveguide: Technology of UV-Mediated Gold Nanoparticle Growth. Biosensors, 2022, 
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12, 19. https://doi.org/10.3390/bios12010019 (IF=5.519, Q1). All Raman measurements 

and data curation was provided by the thesis author. 

b) A part with BSA, [26] A. Merdalimova, V. Vorobev, R. Barmin, A.Aleksandrov, 

D. Terentyeva, T. Estifeeva, S. German, V. Chernyshev, O. Maslov, Y. Skibina, 

P.Rudakovskaya, D. Gorin, Two-in-One Sensor of Refractive Index and Raman Scattering 

using Hollow−Core Microstructured Optical Fibers for Colloid Characterization. Colloids 

Surfaces B, 2023 (under revision, submission number COLSUB-D-23-02310). Raman 

measurement supervision and all data curation were provided by the thesis author, 

supported with measurements implemented by Artem Aleksandrov. 

The experimental setup for Raman measurements in HC-MOW is demonstrated in 

Figure 4-1 [27]. The HC−MOW is fixed vertically by a waveguide clip. The waveguide 

bottom end is dipped in the liquid that fills the cavities inside via capillary forces. The 

objective of Raman spectrometer is focused to the center of the liquid in the top waveguide 

end. Raman signal is collected in a backscattering mode. 
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Figure 4-1. A setup for Raman scattering measurement in a HC−MOW. One end of 

HC−MOW is dipped in the analyte, so the liquid fills the whole waveguide, and the 

objective of the Raman spectrometer is focused to the liquid surface on another 

waveguide end. The signal is collected in a backscattering mode, so the initial 

narrow−band laser irradiation (depicted on the left plot) and Raman scattered signal 

(depicted on the right plot). 

 

4.1. Rhodamine 6G aqueous solution 

Firstly, Raman spectra of R6G on a drop on a planar substrate and in the HC-MOW[25] 

were compared. The spectra are demonstrated on Figure 4-2. One may conclude that using 

HC-MOW is beneficial for Raman intensity: R6G with concentration 0.2 mM is 

distinguishable in HC-MOW, meanwhile, it wasn’t on planar slides; if to calculate 

“waveguide analytical Raman enhancement factor”, taking into account signal amplitudes 

and concentrations, 50x enhancement was obtained. This may be explained by a larger 

effective volume of analyte undergoing Raman scattering due to waveguiding properties 

of HC-MOW. Meanwhile, the large height of liquid analyte in HC-MOW is provided by a 

sample volume of around 1.1 μL in the hollow core with 2.5 cm length. 
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Figure 4-2. Raman spectrum of Rhodamine 6G (R6G) on a drop on a planar substrate 

and in the HC-MOW. Reproduced from [25] 

 

4.2. BSA aqueous solution 

Next, one of the simplest and popular model biological analytes, BSA, is taken as an 

analyte. Compared to R6G, it possesses much greater molecular weight, and at 

concentrations applicable for optical sensing and close to physiological values (dozens of 

mg/mL) BSA is more dense and possesses greater refractive index, viscosity and is prone 

to drying on air, obtaining a crust on the surface. 

Figure 4-3a demonstrates Raman spectra of BSA measured in the HC−MOW 

presented in Figure 4-1. Raman spectra BSA peak assignments for BSA are presented in 

Table 4-1. In selecting the peak that is best for simple univariate tracing, without additional 

peak shape fitting, the preferred one should possess a relatively high amplitude to avoid 

errors from noise. Additionally, a narrow shape is preferred to prevent amplitude distortion 

during software-based background correction and no spectral overlap. Based on these 

criteria, for BSA the peak at 1004 cm−1 was chosen, corresponding to phenylalanine ring 

breathing mode[184,185]. The dependence of the peak intensity on the BSA concentration 

and its linear approximation is demonstrated in Figure 4-3Figure 4-3b; similar measurements 

in a bulk solution and a drop on a planar substrate are demonstrated in Figure 4-3c,d.  
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It is worth noting that for the last two dependencies no signal increase was detectable 

with concentration increase until concentration 20 mg/mL is reached. ANOVA and further 

post-hoc testing (Tukey's HSD) showed that the null hypothesis could not be rejected when 

comparing the 5, 10, and 20 mg/mL concentrations, so the first two concentrations were 

not included in the linear fit. The obtained sensitivities for measurement in a tube and on a 

wafer are 4.53 mL/mg and 2.81 mL/mg, respectively, demonstrating a higher sensitivity of 

Raman measurement in HC-MOW. Therefore, for these linear fittings only 20 mg/mL ang 

higher concentrations are used.  

As a result, for all three line fittings, p−value is less than 0.001, R2 is 0.950 for HC-

MOW and bulk solution, and R2 is 0.757 for the drop. Thus, the Raman peak intensity 

linearly depends on concentration, analogously to RI dependence on concentration.As for 

the sensitivity, that is the line slope in the present plots, it is 6.44, 4,53 and 2.81 for the 

measurements in HC-MOW, bulk medium and in a drop, respectively. Thus, the sensitivity 

in a HC-MOW is 1.4x greater than in a bulk solution and 2.3x greater than in the drop.  

 

Figure 4-3. BSA monocomponent solution Raman spectroscopy measurements: (a) in 

HC-MOW, (b) in a bulk solution, (c) in a drop on a planar substrate. Reproduced with 

adjustments from [26] 
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Table 4-1. Raman peaks assignment for BSA monocomponent solution 

Raman shift 
(cm−1) Corresponding assignment Reference 

622 Phenylalanine phenyl ring breathing,  
Tyrosine C−S stretch [184], [185], [186] 

644 Tyrosine C−S stretch [185,186] 

830 Tyrosine, out−of−plane C−H bond motion [184,186] 

851 Tyrosine, in−plane ring breathing mode, 
Proline, C−C ring stretch [184,186] 

880 Tryptophan aromatic residue [187] 

942 C−C−N symmetric deformation, alpha−helical 
skeletal [185,186] 

1004 Phenylalanine, C−C aromatic ring stretch [185,186] 

1030 Phenylalanine, CH2−CH3 bending, C−C vibration [187] 

1130 C−N stretch [185,186], [188] 

1210 

Phenylalanine, Tyrosine: side chain (Cβ−Cɣ) stretch 
coupled with the in−phase motion of (Cδ1−Cɛ1) 

stretch 
 and (Cδ2−Cɛ2) stretch 

[185,186] 

1240−1350 
Amide III, peptide chain secondary structure,  

coupled C–N stretch and N–H bending vibrations  
of the peptide group 

[184], [187] 

1450 CH2/CH3 deformation [185,186] 

1656 Amide I, stretch vibration of C=O [185,186] 

 

4.3. Summary 

Raman spectra of liquid analytes possess greater intensity of Raman peaks when 

measured in a HC-MOW rather than in a drop. This is in agreement with the previously 

published works [16,189,190]. However, it is worth noting that different analytes provide 

different fiber enhancement. So, in the present experiment R6G demonstrated up to 50x 
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fiber enhancement, meanwhile BSA was capable of just 2.3x enhancement. That may be 

explained by a number of factors, such as: BSA dried crust formation on the surface due to 

long measurement; increased BSA refractive index (will be discussed further in the present 

work) compared to R6G, that leads to less ratio between core and cladding, hence decreased 

reflection and finally decreased waveguiding efficiency. 

However, the established values of fiber enhancement are promising and therefore the 

research is continued on sensing in HC-MOW, using Raman spectroscopy and combining 

it with other methods, as will be elaborated in further chapters. 

 

Chapter 5. SERS substrates based on HC-MOW 

The present chapter aims at developing a novel approach for the easy preparation of 

SERS substrate inside HC-MOW. The results were published in [25] A.A. Merdalimova, 

P.G. Rudakovskaya, T.I. Ermatov, A.S. Smirnov, S.S. Kosolobov, J.S.Skibina, P.A. 

Demina, B.N. Khlebtsov, A.M. Yashchenok, D.A. Gorin, SERS Platform Based on 

Hollow-Core Microstructured Optical Waveguide: Technology of UV-Mediated Gold 

Nanoparticle Growth. Biosensors, 2022, 12, 19. https://doi.org/10.3390/bios12010019 

(IF=5.519, Q1). All surface modification, SERS measurements and data curation was 

provided by the thesis author. 

Firstly, a concept of the present SERS substrate fabrication on glass slides was proved. 

The planar SERS substrates were fabricated by the author using a two-step UV-mediated 

chloroauric acid reduction on gold seeds and compared their SERS enhancement with the 

substrates made by one-step absorption of larger AuNPs.  This comparison demonstrated 

the efficiency of the developed 2-step method. Then the technology was transferred to HC-

MOWs. A method for SERS substrate deposition process control in HC-MOW was 

introduced, based on the change in its transmission spectra. 
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5.1. SERS substrates on planar slides  

5.1.1. Surface modification by plasmonic nanoparticles 

Firstly, SERS active substrates on planar objective slides were fabricated. For that, 

two types of AuNPs were compared: small AuNPs (gold seeds) stabilized with THPC [180] 

and larger AuNPs stabilized with citrate, synthesized by a modified Turkevich method 

[181]. TEM and DLS characterization of these two types of AuNPs are provided in Figure 

1. According to DLS (Figure 5-1), gold seeds have a mean diameter and standard deviation 

of 8.0 nm and 1.4 nm, respectively; AuNPs stabilized with citrate have a mean diameter 

and standard deviation of 33 nm and 11 nm, respectively. However, according to DLS, 

AuNPs stabilized with citrate have a fraction with a size of around 1 nm. TEM image 

(Figure 1b) also contains a few objects much smaller in size than the main fraction. The 

main hypothesis is that they are citrate gold seeds. 

 

 
Figure 5-1. Characterization of AuNPs: (a) transmission electron microscopy (TEM) 

image of THPC gold seeds; (b) TEM image of AuNPs stabilized by citrate (yellow color); 

(c) size distribution histogram of gold seeds stabilized by THPC and AuNPs stabilized 

with citrate (pink color), revealed by dynamic light scattering (DLS). Reproduced from 

[25] 
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To compare Raman and SERS signal, three types of samples were fabricated, as 

illustrated in Figure 5-2: bare glass slide (sample Slide-Bare); glass slide functionalized 

with PEi and citrate-stabilized AuNPs (sample Slide-AuNP); glass slide functionalized 

with PEi and UV-mediated chloroauric acid reduction on gold seeds (sample Slide-Au-

UV). Initially, objective glass slides were taken and etched with plasma to clean the surface 

and to get hydroxyl groups on the glass surface. Then slides were covered with PEi to 

obtain a positive surface charge which is necessary for further efficient electrostatic 

absorption. Then two types of negatively charged AuNPs (stabilized with citrate and with 

THPC) were adsorbed on slides by incubation and thus samples Slide-AuNP and Slide-

Au-Seeds were obtained, respectively. The last step was Slide-Au-Seeds improvement to 

Slide-Au-UV by UV-mediated reduction of HAuCl4 in citrate presence. 

 

 

As it can be noticed from SEM images incorporated into Figure 2, the sample Slide-

Au-Seeds is covered with small AuNPs and in some places with their aggregates. The 

sample Slide-AuNP is covered with larger AuNPs more intensively, although gold mass 

concentration here is of the same order as in Slide-Au-Seeds, and taking into account 

particle sizes, concentration by particle number is even less than for the sample Slide-Au-

Figure 5-2. The fabrication process of SERS-active substrates on glass slides with 
scanning electron microscopy (SEM) images incorporated. The scale bar is 100 nm. 

Reproduced from [1] 
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Seeds. After UV-mediated gold reduction, the obtained sample Slide-Au-UV has a 

significant increase in the size of gold nanostructures on its surface compared to the 

previous state on the sample Slide-Au-Seeds.      

 

5.1.2. SERS measurements 

To prove Raman signal enhancement, R6G as a model Raman reporter was used [191–

193]:  2 μL of 0.2 mM R6G aqueous solution was placed dropwise on the prepared 

substrates. The comparison was provided with R6G spectra measured in Chapter 4.1.  

For a simple substrate comparison, an analytical enhancement factor (EF) was 

calculated as follows[194]: 

, (5-1) 

where  are R6G concentrations during Raman (at a bare substrate) and SERS 

measurements, and   are their intensities, respectively, pairwise for each Raman 

peak considered.  

For a general EF estimation for the substrates, Raman modes at 1362 and 1509 cm-1 

were used, as they correspond to benzene ring stretching and are the most prominent ones. 

The sample Slide-Au-Seeds didn’t demonstrate any signal from 0.2 mM R6G. The sample 

Slide-AuNP formed by 33 nm citrate-stabilized AuNPs demonstrated EF around 0.8*103, 

meanwhile, the sample Slide-Au-UV, using UV-mediated chloroauric acid reduction, 

demonstrated EF 1.3*104.  

Therefore, UV-mediated chloroauric acid reduction on gold seeds demonstrated its 

potential in improving SERS signal, and this approach was adopted to HC-MOW, due to 

the ability of HC-MOW  to integrate signal across the entire length with low-volume 

sensing and to mitigate a problem of sample volume change during measurements 

[15,195,196]. 
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5.2. SERS in HC-MOW 

5.2.1. Fabrication and layer deposition control  

Sample fabrication is illustrated in Figure 5-4. Similar to the technology used for 

slides, firstly HC-MOWs were treated with plasma to clean and to get hydroxyl groups on 

waveguide walls. Then HC-MOWs were functionalized with PEi using a peristaltic pump 

to obtain a positive surface charge which is necessary for further efficient electrostatic 

absorption. Then, using the same peristaltic pump, AuNP seeds stabilized with THPC were 

electrostatically adsorbed, and thus the sample MOW-Au-Seeds was obtained. The last 

step was MOW-Au-Seeds improvement to MOW-Au-UV by UV-mediated reduction of 

HAuCl4 in citrate presence.  

SEM images of the waveguide tip on different steps of the functionalization are 

incorporated into Figure 5-4.   

Figure 5-3. SERS of 0.2 mM Rhodamine 6G on planar plasmonic substrates. Reproduced 
from [1] 
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While developing a novel technology for HC-MOW-coating, it is needed to evaluate 

performance. Layer deposition control using SEM images has several disadvantages. One 

image provides information about just one cross-section at the moment, on the examined 

waveguide tip. As it was demonstrated, the SEM imaging of the tip is not representative 

and waveguides need to be broken up for coating control. Besides that, SEM equipment is 

expensive, its usage is laborious and requires special skills, and is usually not routinely 

available. Furthermore, since most of the commercial waveguides are made of silica and 

Figure 5-4. The fabrication process of SERS-active HC-MOWs with SEM images 
incorporated. Reproduced from [1] 
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its counterparts, an extra deposition of conductive metals required for the proper imaging 

decreases the contrast between waveguide walls and functional coating and does not allow 

resolving nanometer-thin films [197]. An optical setup for transmission spectra 

measurement of HC-MOWs [14] solves this problem: spectral data provide integral 

information about HC-MOW geometry. Moreover, this optical setup is quite compact, is 

quickly mounted from common optical components, and is simple in use. The mechanism 

of light guidance in the employed HC-MOWs can be described by the model of Fabry–

Perot resonances and antiresonances in the wall of the central capillary [13,198]. 

Figure 5-5a demonstrates transmission spectra for a single HC-MOW at all stages of 

the surface functionalization. For quantitative analysis, positions of minima min1...min4 

were chosen, as earlier and later spectral components have lower signal-to-noise ratios, 

which may affect the accuracy of minima position determination. In Figure 5-5b, 

calculations of shifts in positions of transmission minima are presented for all stages of 

layer deposition cumulatively. It is worth noting that these shifts depend on additional 

optical path lengths experienced by a divergent beam inside the HC-MOW, and the optical 

path length depends both on refractive index and layer thickness. However, with 

wavelength increasing, the distance between minima becomes greater in a single spectrum, 

and the same optical path lengths lead to greater shifts in transmission spectra. This 

phenomenon compensates (and even overcompensates) the fact that the refractive index of 

gold in the visible range is mainly decreasing with increasing wavelength [199].  

 

Figure 5-5. Shifts in transmission spectra induced by coatings: (a) transmission spectra of 
a single HC-MOW at all stages of layer deposition, with positions of minima selected for 

analysis labeled as min1...min4 ; (b) shifts in transmission spectra induced to 1 waveguide 
cumulatively by PEi, gold seeds, and UV-mediated chloroauric acid reduction. 
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5.2.2. SERS measurements 

Functionalized HC-MOW demonstrates SERS enhancement with an analytical EF 

around 10x. The analytical EF for the present SERS substrate in HC-MOW is around 10x, 

which is lower than for the SERS substrate with the same fabrication technology but on 

planar slides. The main hypothesis is that although the SERS substrate area reached by 

laser irradiation in HC-MOW is greater than on planar substrate, the efficiency of scattering 

signal collection by an objective is lower in this case. Nanostructured gold coating on inner 

waveguide walls does not only enhance Raman scattering signal but scatters incident 

radiation in multiple directions at the same moment. Therefore, compared to the planar 

substrate irradiation, a smaller part of the generated signal (only backscattered to objective 

aperture) is collected by the Raman spectrometer. This problem may be solved by installing 

a mirror on the waveguide tip opposite to the illumination and signal collection side. 

Furthermore, as could be noticed in Figure 5-6, initially HC-MOWs were chosen so that 

laser wavelength of 633 nm is around the maximum of the waveguide transmission. But 

after UV-mediated gold reduction, the HC-MOW transmission spectrum shifted in such a 

way that 633 nm is around the minimum of the waveguide transmission, which is not an 

optimal choice and further studies are needed on HC-MOWs that possess maximum 

transmission on 633 nm after SERS substrate formation. Also, further improvement of the 

developed technology of gold deposition to HC-MOW may be provided. In particular, the 

developed UV-mediated gold reduction in HC-MOW could be combined with further 

annealing[200]. 
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5.3. Summary 

A technology of a multistep SERS substrate fabrication in HC-MOF using UV-

mediated gold nanoparticle growth and layer deposition control was estimated. Due to HC-

MOW features of light transmission, efficiency of substrate grow on the inner walls may 

be monitored. 

Functionalized HC-MOW demonstrates SERS enhancement with an analytical EF 

around 10x. The analytical EF for the present SERS substrate in HC-MOW is around 10x, 

which is lower than for the SERS substrate with the same fabrication technology but on 

planar slides. The main hypothesis that although the SERS substrate area reached by laser 

irradiation in HC-MOW is greater than on planar substrate, the efficiency of scattering 

signal collection by an objective is lower in this case. Nanostructured gold coating on inner 

waveguide walls does not only enhance Raman scattering signal but scatters incident 

radiation in multiple directions at the same moment. Therefore, compared to the planar 

substrate irradiation, a smaller part of the generated signal (only backscattered to objective 

Figure 5-6. Raman and SERS of R6G in HC-MOW: 1 – bare HC-MOW; 2 – HC-
MOW with UV-mediated chloroauric acid reduction on gold seeds. Reproduced 

from [1] 
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aperture) is collected by the Raman spectrometer. This problem may be solved by installing 

a mirror on the waveguide tip opposite to the illumination and signal collection side.  

Furthermore, as could be noticed in Figure 6-9, initially HC-MOWs were chosen so 

that laser wavelength of 633 nm is around the maximum of the waveguide transmission. 

But after UV-mediated gold reduction, the HC-MOW transmission spectrum shifted in 

such a way that 633 nm is around the minimum of the waveguide transmission, which is 

not an optimal choice and further studies are needed on HC-MOWs that possess maximum 

transmission on 633 nm after SERS substrate formation. Also, further improvement of the 

developed technology of gold deposition to HC-MOW may be provided. In particular, the 

developed UV-mediated gold reduction in HC-MOW could be combined with further 

annealing[200]. 

However, it is worth noting that the UV gold reduction possesses stable adhesion on 

glass slides, meanwhile in HC-MOW the adhesion stability is poor. Therefore, further 

investigations should be made to gain a stable SERS substrate grow in HC-MOW. 

 

Chapter 6. Two-in-one refractive index and Raman scattering sensing  

of colloids in HC-MOW 

In this chapter, the methods of multispectral refractive index and Raman scattering 

sensing in HC-MOW are joined, and used for more complicated structures. The results 

were presented in the paper [26] A. Merdalimova, V. Vorobev, R. Barmin, A.Aleksandrov, 

D. Terentyeva, T. Estifeeva, S. German, V. Chernyshev, O. Maslov, Y. Skibina, 

P.Rudakovskaya, D. Gorin, Two-in-One Sensor of Refractive Index and Raman Scattering 

using Hollow−Core Microstructured Optical Fibers for Colloid Characterization. Colloids 

Surfaces B, 2023 (under revision, submission number COLSUB-D-23-02310). Raman and 

RI measurements and data curation were provided by the thesis author, with analytes 

synthesized by the team of T.Estifeeva, D.Terentyeva, O.Maslov headed by 

P.Rudakovskaya; the scripts for RI calculation were developed by the thesis author and 

V.Vorobyev. 

 
6.1. Methodology of two-in-one measurement in HC-MOW 
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RI sensing is based on the HC−MOW ability to transform a broadband light spectrum 

to a quasi−periodic pattern. The setup for multispectral RI sensing is schematically 

presented in Figure 6-1a. The HC−MOW is fixed horizontally by two liquid cells, 

providing along with a waveguide a hermetic channel for liquid analyte flow introduced 

by a peristaltic pump. Furthermore, an optical setup includes a lamp as a broadband light 

source, whose irradiation is focused to the first HC−MOW tip. The liquid cells have 

transparent borosilicate glass windows to allow light passing. In HC−MOW, different 

modes propagate with different efficiency, therefore the light spectrum after passing the 

HC−MOW differs from initial one and gains a sinusoid−like shape. The positions of 

transmission minima are related to resonant positions in a waveguide, at which modes leak 

effectively. To perceive and analyze the spectrum, the light coming out from the second 

waveguide tip after interacting with the liquid analyte is collected by two objectives and 

sent to the spectrometer input.  
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Figure 6-1. Scheme of the HC−MOW setup for two−in−one refractive index and Raman 

scattering measurements of analytes. (a) A setup for transmission measurement and RI 

sensing in a HC−MOW (adapted with additions from Ermatov et al.[14]). The left 

incorporated graph corresponds to light source spectrum, the right graph corresponds to 

light spectrum after the HC−MOW (grey line for aqueous solution and cyan line for 

BSA@P(VP−AA) [3:1] complex). The scanning electron microscopy image of the 

HC−MOW cross−section is adapted from our previous work.[25] (b) A setup for Raman 

scattering measurement in a HC−MOW. Initial narrow−band laser irradiation is 

depicted on the left plot, and Raman scattered signal is depicted on the right plot, grey 

line for aqueous solution and cyan line for BSA@P(VP−AA) [3:1] complex. Reproduced 

from [26] 

The left inset graph in Figure 6-1a depicts the input spectrum of lamp, while the right 

inset graph shows output transmission spectra after HC−MOW for water (gray line) and 
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BSA@P(VP−AA) complexes with the protein and copolymer ratio of 3:1 and the total 

mass concentration of 50 mg/mL (cyan line), highlighting periodical transmission pattern 

of the HC−MOW for both substances but possessing different positions of transmission 

minima and different intensity patterns for these two substances. HC−MOW structure is 

reflected on the incorporated scanning electron microscopy image adapted from our work 

with a similar HC−MOW.[25] 

The structures used for the study have a diameter of 240 μm of the central capillary 

and a thickness of the first wall of 1.8 − 2 μm. The main part of the light is ~ 87 % guided 

inside the central capillary and approximately ~13 % in the first layer of adjacent 

capillaries. Therefore, it is possible to describe the mechanism of light propagation on the 

basis of the Fabry−Perot resonances model[13,198], and the transmission spectrum of such 

structures has minima with wavelengths described: 

) 

where j is an integer describing the capillary mode order (j = 1, 2, 3, …), n1 indicates 

RI of an analyte filling the capillaries, n2 is the RI of the waveguide material, and d 

describes its capillaries wall thickness. The positions of the minima are estimated using a 

centroid function. 

Thus, the RI of the solution inside the HC−MOW can be determined from the position 

of the minimum in the transmission spectrum of the filled waveguide, the thickness of the 

glass, its RI, and the capillary mode order. 

Firstly, the glass thickness is determined from the transmission spectrum of an 

air−filled HC−MOW. Local minima and their positions are located on the spectra, after 

which, using the least squares method, the thickness of the waveguide walls can be 

determined. The RI of glass at different wavelengths, i.e., dispersion curve for waveguide 

glass was obtained from Noskov et al.[198]. Furthermore, based on the measured 

HC−MOW transmission spectra filled with different solutions, the positions of the local 
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minimum can be found, and from the ratio of their wavelengths, the capillary modes order 

(i.e., j) is obtained for each of the tracked minima. Thus, this procedure provided us with 

the entire set of required data within the model for determination of the RI of the solution 

filling the HC−MOW. For calculations, the RI of glass was interpolated to values 

determined by the positions of the minimum. 

To evaluate RI sensing performance, RI sensitivity (RIS) is estimated, which is the 

ratio of the change in sensor output (in our case, the shift of the resonant wavelength) to 

the variation in RI of the analyte. Equation (6-2) evaluates RIS value as an analytical 

dependence of the wavelength derivative on the refractive index of analyte: 

(6-2) 

For each initial minimum position, it is possible to obtain RI of the material inside 

HC−MOW that will correspond to the shift in the location of the minimum:  

 (6-3) 

This approach allows to calculate the RI of the material inside the waveguide knowing the 

experimental shift in the spectrum, or, on the other hand, to calculate what spectral shift 

should be expected in experimental measurements with a material of known refractive 

index. From this point of view, the lower limit of detection is determined by the 

experimental measurement error, which should be less than the expected spectral shift. 

The experimental measurements conducted in determining the wavelength of the minimum 

reveal an approximate error of 2 nm or less. According to Equation (6-3), this error 

translates to the minimum deviation of the RI value that can be detected using this method 

being approximately 0.001. 

Figure 6-2 illustrates RIS evaluations for a set of capillary mode orders j = 5, 4, 3, that 

correspond to wavelength minima positions further referred as min 1, min 2, min 3. In the 
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RI range described in the manuscript, our RIS value turns to be around 2000 nm / RIU, that 

is consistent with optical RI 2D sensors described in the literature[201,202]. Higher values, 

such as tens of hundreds of nm/RIU, are reported for waveguide SPR sensors, 

interferometer sensors and others setups[201], however, they are more expensive and 

involve  additional complicated fabrication steps compared to our design. Meanwhile, the 

presented sensor on HC−MOW is simply−designed and inexpensive, yet the precision of 

concentration measurement on it (as will be demonstrated in the further text) is less than ± 

5 mg/mL, which is appropriate for certain non−demanding applications where the 

possibility of in−flow measurement is in the first place.  

 

Figure 6-2. Refractive index sensitivity: analytical dependence of the wavelength 

derivative on the refractive index of analyte for a set of capillary mode orders j. 

Reproduced from [26] 

The setup designed for Raman scattering is presented in Figure 6-1b. The HC−MOW is 

fixed vertically by a waveguide clip. The waveguide bottom end is dipped in the liquid that 

fills the cavities inside via capillary forces. The objective of Raman spectrometer is focused 

to the center of the liquid in the top waveguide end. Raman signal is collected in a 

backscattering mode. 
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To assess the two−in−one RI and Raman sensing capabilities of the HC−MOW setup, 

BSA and P(VP−AA) monocomponent solutions are measured with a set of varied 

concentrations. Corresponding RI and Raman scattering measurements of BSA aqueous 

solution are demonstrated in Figure 6-3. 

Figure 6-3a shows transmission spectra of BSA monocomponent solutions measured 

in the HC−MOW setup presented in Figure 6-1a. To calculate RI values, firstly a 

transmission spectrum of an empty HC−MOW is used to estimate the particular wall 

thickness d for an individual waveguide, according to the Equation (6-1). The obtained 

thickness values are 1.8 − 2 μm, which is consistent with the estimation from scanning 

electron microscopy images.  Furthermore, with the calculated precise value of the wall 

thickness, the same Equation (6-1) is used for RI estimation of liquid solutions introduced 

into the waveguide based on the transmission spectra. For that, the wavelength positions 

corresponding to transmission minima are determined and named min 1, min 2, min 3, 

corresponding to wavelength ranges around 500, 600, 800 nm, which in their turn refer to 

capillary mode orders 5, 4, 3, respectively. Thus, RI values for these wavelengths are 

calculated according to Equation (6-1) and presented in Figure 6-3b. As the wavelength 

increases from min 1 to min 3, the RI values decrease, which is consistent with a typical 

dielectric dispersion curve in the visible optical region.[203,204] For each minimum, RI 

dependence on concentration is approximated with a linear regression. For all three 

minima, R2 values are 0.999 and p−values are less than 0.05 (with the highest value of 

0.003), so the RI dependence on concentration is linear and statistically significant for all 

three regions. Therefore, the present method is applicable for indirect BSA concentration 

measurement.  
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Figure 6-3. BSA monocomponent solution RI and Raman spectroscopy measurements. (a) 

Transmission spectra of HC−MOW with BSA aqueous solutions with concentrations of 10, 20, 

40, and 60 mg/mL compared to DI water demonstrate 3 spectral regions (min 1, min 2, min 3) 

with anti−resonant minima positions, that can be used to extract RI values. (b) Linear 

dependence of the corresponding RI values of BSA aqueous solutions extracted from the 3 

anti−resonant minima positions on the BSA mass concentration. (c) Raman spectra of 

HC−MOW with BSA aqueous solutions with concentrations of 10, 20, 30, 50, 75 and 100 

mg/mL provide a set of characteristic Raman peaks. Raman peaks assignment for BSA 

monocomponent solution is presented in Table S1. (d) Linear dependence of the corresponding 

Raman peak intensities at 1004 cm−1 Raman shift of BSA aqueous solutions. Reproduced from 

[26] 

 

As was mentioned earlier in this chapter, the minimum deviation of refractive index 

that can be detected is 0.001 RIU. According to the built linear regressions, the line slopes 

are 2.47 × 10-4 RIU × mL/mg, 2.88 × 10-4 RIU × mL/mg, and 2.35 × 10-4 RIU × mL/mg 

Администратор
Squiggly

Администратор
Note
resonance

Администратор
Squiggly

Администратор
Note
resonance

Администратор
Highlight

Администратор
Note
No need to reproduce figures published in a journal -- use your original figures/plots...

Администратор
Highlight

Администратор
Note
???



85 
  

for min 1, min 2, min 3, respectively, that corresponds to maximum 4.25 mg/mL deviation 

of concentration of BSA.  

Figure 6-3c demonstrates Raman spectra of BSA monocomponent solutions measured 

in the HC−MOW setup design presented in Figure 6-1b. Raman spectra BSA peak 

assignments for BSA are presented in Table 4-1. Choosing the peak that is the most 

convenient for simple univariate tracing (without additional peak shape fitting), the one 

preferred possessing relatively high amplitude to avoid high error due to noise, narrow 

shape to avoid amplitude distortion during software−based background correction, and 

absence of spectral overlap. Based on these criteria, for BSA the peak at 1004 cm−1 is 

chosen, corresponding to phenylalanine ring breathing mode.[184,185]  The dependence 

of the peak intensity on the BSA concentration and its linear approximation is demonstrated 

in Figure 6-3d. For the line fitting, R2 is 0.950 and p−value is less than 0.001, so the Raman 

peak intensity linearly depends on concentration, analogously to RI dependence on 

concentration. The slope of the fitted line corresponds to a sensitivity of 6.44 mL/mg for 

BSA in HC-MOW. 

Similarly to BSA, RI and Raman spectroscopy measurements for P(VP−AA) are 

provided in Figure 6-4. Figure 6-4a shows transmission spectra of P(VP−AA) 

monocomponent solutions measured in the HC−MOW setup presented in Figure 6-1a. For 

RI extraction, wavelength positions corresponding to transmission minima are determined 

and named min 1, min 2, min 3, corresponding to wavelength ranges around 500, 600, 800 

nm and capillary mode orders 5, 4, 3, respectively. RI for these wavelengths are calculated 

according to Equation (6-1) and presented in Figure 6-4b. For each minimum, RI 

dependence on concentration is approximated with a linear regression. For all three 

minima, R2 values are 0.999 and p−values are less than 0.001, so the RI dependence on 

concentration is linear and statistically significant for all three regions. Therefore, the 

present method is applicable for indirect P(VP−AA) concentration measurement.  

According to the built linear regressions, the line slopes are 2.21 × 10-4 RIU × mL/mg, 

2.08 × 10-4 RIU × mL/mg, and 2.25 × 10-4 RIU × mL/mg for min 1, min 2, min 3, 
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respectively (all sensitivity estimations are summarized in Table S3), that corresponds to 

maximum 4.8 mg/mL deviation of concentration of P(VP−AA). Thereby, both BSA and 

P(VP−AA) demonstrated linear dependence of the measured refractive index on 

concentration, with deviation below 5 mg/mL. 

Figure 6-4c demonstrates Raman spectra of P(VP−AA) monocomponent solutions 

measured in the HC−MOW presented in Figure 6-1b. A full table of peak assignments for 

P(VP−AA) is provided in Table S2. Looking for the most prominent peaks, for P(VP−AA) 

the ones at 938 cm−1 are chosen.

 

Figure 6-4. P(VP−AA) monocomponent solution RI and Raman spectroscopy 
measurements. (a) Transmission spectra of HC−MOW with P(VP−AA) aqueous 

solutions with concentrations of 10, 20, 40, 60 and 100 mg/mL compared to DI water 
demonstrate 3 spectral regions with anti-resonant minima positions (min 1, min 2, min 
3), that can be used to extract RI values. (b) Linear dependence of the corresponding RI 

values of P(VP−AA) aqueous solutions extracted from the 3 anti-resonant minima 
positions on the P(VP−AA) mass concentration. (c) Raman spectra of HC−MOW with 

P(VP−AA) aqueous solutions with concentrations of 10, 20, 40, 60 and 100 mg/mL 
provide a set of characteristic Raman peaks. Raman peaks assignment for P(VP−AA) 

monocomponent solution is presented in Table S2. (d) Linear dependence of the 
corresponding Raman peak intensities at 938 cm-1 Raman shift of P(VP−AA) aqueous 

solutions on the P(VP−AA) mass concentration. Linear dependences at the peak 
intensities of 1234 cm-1 and 1428 cm-1 are presented in Figure S3. Reproduced from [2] 
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(С−С ring breathing mode and C−C stretch), 1234 cm−1 (corresponds to C−C stretch, C−H 

bending in acrylic acid unit) and 1428 cm−1 (corresponds to pyrrolidone ring (CH2 

scissor)).[205–208] The dependence of the peak intensity at 938 cm−1 on the P(VP−AA) 

concentration and its linear approximation is demonstrated in Figure 6-4d. For the line 

fitting, R2 is 0.958 and p−value is less than 0.001, so the Raman peak intensity linearly 

depends on concentration, similarly to RI dependence on concentration and to 

dependencies obtained for BSA.  

Therefore, the nest shep of the research is two−in−one characterization of multicomponent 

colloid systems of BSA and P(VP−AA), highlighting the ability to extract RI values in a 

set of spectral regions and observe characteristic Raman peaks of each compound. RI 

values and considered Raman peaks have linear dependence on component concentration. 

Next, the capabilities of two−in−one characterization for resulting BSA@P(VP−AA) 

nano−sized complexes and corresponding micron−sized MB are evaluated. 

 
6.3. BSA@P(VP-AA) structures 

6.3.1. Characterization 

The synthesis route of BSA@P(VP−AA) complexes and MB is presented in Figure 

6-5a and similar to our previous report[177]. Briefly, initial compounds are dissolved in 

aqueous solution with desired protein: copolymer ratios of 3:1, 5:1, and 10:1 and at the 

total mass concentration of 50 mg/mL to produce complexes (BSA@P(VP−AA) [3:1], 

BSA@P(VP−AA) [5:1], and BSA@P(VP−AA) [10:1], respectively). Next, each complex 

solution with protein: copolymer mass ratios of 3:1, 5:1, and 10:1, that equals to molar 

ratios 1:1.5, 1:1, 2.3^1 is sonicated to produce MB (labeled as [3:1] MB, [5:1] MB, and 

[10:1] MB, respectively). Figure 6-5b highlights that the surface tension values of 

BSA@P(VP−AA) [3:1] aqueous solution are lower than BSA aqueous solution at the same 

total mass concentration, that promotes stable MB synthesis[209]. The mass concentration 

of 50 mg/mL is the most preferred one for stable BSA or HAS based MB synthesis[210]. 
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Therefore, all complexes and MB used in the present work are produced at the total mass 

concentration of 50 mg/mL as the optimal concentration for MB synthesis. 

After the synthesis, [3:1] MB demonstrated a higher mean diameter of 4.7 μm, 

compared to moderate values of 3.2 μm for [5:1] MB and 3.0 μm for [10:1] MB. The MB 

concentration is ranging from (2.0 ± 0.5) × 108 MB/mL for [3:1] MB to (1.0 ± 0.4) × 1010 

 
Figure 6-5. Synthesis and characterization of BSA@P(VP−AA) complexes and microbubbles. 

(a) Intact compounds (BSA and P(VP−AA)) are mixed initially with the protein: copolymer 
mass ratios of 3:1, 5:1, and 10:1, mixed at 50 oC for an hour to produce BSA@P(VP−AA) 

complexes with corresponding ratios. After that, aqueous solutions of complexes are 
sonicated to produce BSA@P(VP−AA) MB. Inlet confocal microscopy image of [3:1] MB is 
adapted from Estifeeva et al.[60] (b) Surface tension of BSA@P(VP−AA) [3:1] complexes 

compared to monocomponent BSA solution measured as a function of the total mass 
concentration of components in the aqueous solution. Values for [5:1] and [10:1] complexes 

are presented in Figure S3. (c) Extinction spectra of BSA@P(VP−AA) complexes and 
corresponding MB synthesized at the protein: copolymer ratio of 3:1. Reproduced from [2] 
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MB/mL for [10:1] MB. Observed trends are consistent with the previous report of our 

group[177]. 

6.3.2. Two-in-one sensing 

Figure 6-5c demonstrates the extinction spectra of BSA@P(VP−AA) [3:1] complex 

and corresponding [3:1] MB produced with the total mass concentration of 50 mg/mL and 

highlights the absence of absorbance for the complex in the visible wavelength range. In 

contrast, a significant light scattering is observed for air−filled MB in the same spectral 

range, that can be analyzed by the Lorenz−Mie theory[211]. However, both spectra 

demonstrate that the BSA characteristic peak at 280 nm, confirming the presence of BSA 

in both systems[212,213]. Similar observations can be found for all produced complexes 

and MB with protein: copolymer ratios of [3:1], [5:1] and [10:1] at sets of different total 

mass concentrations, as presented in Figure 6-6.  

Raman spectra of the obtained BSA@P(VP−AA) complexes and corresponding MB 

are presented in Figure 6-7. In Figure 6-7a, high concentrations are evaluated: 91 mg/mL 

for P(VP−AA) monocomponent solution, 250 mg/mL for BSA monocomponent solution, 

and 273 mg/mL: 91 mg/mL for BSA@P(VP−AA) [3:1] complex, respectively. Therefore, 

clear Raman peak designation is observed, and Raman fingerprint of BSA@P(VP−AA) in 

a 3:1 complex represents peaks from both BSA and P(VP−AA). In Figure 6-7b, all 

BSA@P(VP−AA) complexes and MB have total mass concentration of 50 mg/mL, leading 

to lower Raman signal intensities compared to Figure 6-7a, and reduced signal−to−noise 

ratios. Furthermore, in all BSA@P(VP−AA) complexes and MB with total mass 

concentration of 50 mg/mL, a bright peak of phenylalanine in BSA at 1004 cm−1 can be 

clearly found, meanwhile the mentioned P(VP−AA) peaks at 938, 1234, 1428 cm−1 possess 

reduced intensity. For peaks at 938 and 1428 cm−1, related to pyrrolidone ring, this could 

be explained by steric complementarity and additional van der Waals bonds between 

P(VP−AA) and BSA[214]. It is worth noting that such P(VP−AA) peak intensity decrease 
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Figure 6-6. Extinction spectra for BSA@P(VP−AA) complexes and corresponding 

BSA@P(VP−AA) MB at sets of total mass concentrations. (a) BSA@P(VP−AA) [10:1] 

complex, (b) BSA@P(VP−AA) [5:1] complex, (c) BSA@P(VP−AA) [3:1] complex. All 

complex aqueous solutions are measured at a set of total component mass concentrations 

of 50, 20 and 10 mg/mL derived from the intact complex solution. (d) BSA@P(VP−AA) 

[10:1] MB, (e) BSA@P(VP−AA) [5:1] MB, (f) BSA@P(VP−AA) [3:1] MB. All complex 

aqueous solutions are measured at a set of total component mass concentrations of 50, 

20, 10, 5, 2.5, 1.75 and 1 mg/mL from the intact MB solution. Reproduced from [26] 

is observed mainly at low concentrations, that may indirectly indicate about less BSA and 

P(VP−AA) interaction at high concentrations. As for the Raman peak at 1234 cm−1 (related 

to C−H bending in acrylic acid unit), electrostatic interaction between BSA and P(VP−AA) 

takes place and hence influences the amplitude. Therefore, the preserved pattern of BSA 

and P(VP−AA) components in Raman sensing can assist in distinguishing between 

complex and monocomponent solutions, while the Raman fingerprint of the 

protein−copolymer complex can provide information on the nature and the intensity of 

interactions between BSA and P(VP−AA) that promote complex formation. 
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RI sensing of BSA@P(VP−AA) complexes and MB is demonstrated in Figure 6-8. As 

shown in Figure 6-8a, complexes synthesized with different protein: copolymer ratios 

 
Figure 6-7. Raman spectra of BSA@P(VP−AA) complexes and MB. (a) Measurements 
are made at high concentrations of PVP (91 mg/mL, brown line) and BSA (250 mg/mL, 
black line) monocomponent solutions, and BSA@P(VP−AA) [3:1] complex (with BSA 
and P(VP−AA) concentrations of 273 mg/mL and 91 mg/mL, respectively, represents 

the cyan line). (b) Measurements are made at the total mass concentration of 50 mg/mL 
for BSA@P(VP−AA) complexes and corresponding MB with the ratio of [3:1] (cyan 
lines), [5:1] (blue lines), and [10:1] (purple lines), respectively. Reproduced from [2] 
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provide linear dependence of the RI on the total mass concentration (R2 values greater than 

0.977) and p−values lower than 0.01. Meanwhile, for MB in Figure 6-8b, only [3:1] MB 

can provide linear dependence of RI on the total mass concentrations, [5:1] MB can be 

measured at the total mass concentrations up to 10 mg/mL, while [10:1] MB are able for 

RI measurements only on concentrations as low as 1.75 mg/mL. For [3:1] MB, the total 

mass concentration of 50 mg/mL corresponds to the MB concentration of 2.0 × 108 

MB/mL. For [5:1] MB, the total mass concentration of 10 mg/mL corresponds to the MB 

concentration of 4.0 × 108 MB/mL, while higher concentrations (up to 2.0 × 109 MB/mL 

as total mass concentration of 50 mg/mL) cannot be measured. Similar trend is well 

pronounced for [10:1] MB sample, where the total mass concentration of 50 mg/mL 

corresponds to (1.0 ± 0.4) × 1010 MB/mL. With a components total mass concentration 2.5 

mg/mL and higher (corresponds to 5.0 × 108 MB/mL), quasi−sinusoidal pattern with 

minima in transmission spectrum for [10:1] MB doesn’t exist, as illustrated in Figure 6-9, 

that leads to impossibility to extract RI values according to Equation (6-1).  Hence, [3:1] 

MB could be measured at total mass concentrations of 1.75 mg/mL (that corresponds to 

the MB concentration of 4.0 × 108 MB/mL) and lower, where the required periodical 

pattern is preserved. As RI determination requires extracting wavelength minima positions 

from a periodical transmission spectrum, the upper detection limit for MB samples is 4.0 

× 108 MB/mL regardless of MB mean diameters. Therefore, while RI sensing of 

BSA@P(VP−AA) protein−copolymer complexes can be done with linear dependence of 

RI values on concentrations, RI sensing of corresponding BSA@P(VP−AA) MB is limited 

to the MB concentration of 4.0 × 108 MB/mL. 
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Figure 6-8. RI of BSA@P(VP−AA) complexes and corresponding MB. (a) complexes 

with the ratio of [3:1] (cyan lines), [5:1] (blue lines), and [10:1] (purple lines), 

respectively; (b) MB with the ratio of [3:1] (cyan lines), [5:1] (blue lines), and [10:1] 

(purple lines), respectively. The inset chart depicts the same plot in log scale to 

highlight values at low concentrations. Reproduced from [26] 
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Figure 6-9. Transmission spectra of HC−MOW with BSA@P(VP−AA) [10:1] MB. 

Measurements are provided at the total mass concentration of 2.5 mg/mL (violet lines),  

and 1.75 mg/mL (red lines). Reproduced from [26] 

6.4. Summary 

A 2-in-1 measurement strategy was utilized to analyze a high molecular weight 

compound, specifically BSA protein. The study obtained data on the dependencies of 

Raman signal intensity and refractive index on concentration, revealing linear relationships 

between concentration and both parameters. The sensitivity of the method was up to  

2.9 ∙ 108 RIU∙mL/mg for RI, while for Raman it was 6.4 mL/mg. Measurements were 

conducted in a range of 5 to 100 mg/mL, which includes the physiological values of 

albumin concentration in human plasma (35-50 mg/mL), making the method reliable for 

medical diagnostics. 

The 2-in-1 measurement strategy was utilized to examine protein-copolymer 

nanosized conjugates at various concentrations and component ratios (1:1.5, 1:1, 2:1 

protein:copolymer molar ratios). The effective RI and Raman scattering of the mixture at 

different component ratios were obtained. 

For the first time, the ability to measure the transmission spectra of HC-MOW filled 

with aqueous microbubble (MB) solutions is demonstrated. The HC-MOW transmission 

spectra have a dependence on microbubble concentration, with a critical concentration of 

microbubbles at 4 ∙ 108 MB/mL. Beyond this concentration, the periodicity of the HC-
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MOW transmission spectrum deteriorates, which can be attributed to an augmented losses 

caused by light scattering on MB. 

The obtained results demonstrated that HC-MOW is perspective for multifaceted 2-

in-1 characterization of complex solutions. 

 

Chapter 7. Perspectives of HC-MOW and Raman Spectroscopy Application for Isolation 

and Analysis of Extracellular vesicles 

Next, the applicability of the present 2-in-1 sensor to extracellular vesicles (EV) was 

explored. But before proceeding to EV sensing, their isolation from cell culture medium or 

biological fluid is needed and therefore discussed. These results were published in: 

a) [215] M.A. Slyusarenko, N.S. Nikiforova, E. I. Sidina, I.V. Nazarova, V.V. 

Egorov, Y.P. Garmay, A.A. Merdalimova, N.P. Yevlampieva, D.A. Gorin, A.V. Malek, 

Formation and evaluation of a two-phase polymer system in human plasma as a method 

for extracellular nanovesicle isolation. Polymers (Basel), 2021, 13(3):1–16. 

https://doi.org/10.3390/polym13030458 (IF=3.426, Q1) 

Author’s contribution: Raman spectroscopy, nanoparticle tracking analysis, writing a 

corresponding paragraph. 

b) [216] V.Chernyshev, R.Chuprov-Netochin, E.Tsydenzhapova, 

E.Svirshchevskaya, R.Poltavtseva, A.Merdalimova, A.Yashchenok, A.Keshelava, 

K.Sorokin, V.Keshelava, G.Sukhikh, D.Gorin, S.Leonov, M.Skliar. Asymmetric depth-

filtration: A versatile and scalable method forhigh-yield isolation of extracellular vesicles 

with low contamination. Journal of Extracellular Vesicles, 11, e12256. 

https://doi.org/10.1002/jev2.12256 (IF 17.3, Q1) 

Author’s contribution: Raman spectroscopy, writing a corresponding paragraph. 

 
7.1. Isolation 

7.1.1. Asymmetric Depth Filtration 

A novel asymmetric depth filtration (DF) approach to isolate EV was developed by 

our lab research scientist V. Chernyshev and collaborators [216]. The present method 
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allows isolation from biological fluids that outperforms ultracentrifugation (that is a gold 

standatd for EV isolation)  and size-exclusion chromatography in purity and yield of 

isolated EVs. By thesemetrics, a single-step DF matches or exceeds the performance of 

multistep protocols with dedicated purification procedures in the isolation of plasma EVs. 

The selective transit and capture of biological nanoparticles in asymmetric pores by size 

and elasticity, low surface binding to the filtration medium, and the ability to cleanse EVs 

held by the filter before their recovery with the reversed flow all contribute to the achieved 

purity and yield of preparations were demonstrated. Furthermore, the method’s versatility 

by applying it to isolate EVs from different biofluids (plasma, urine, and cell culture 

growthmedium) was demonstrated. The DF workflow is simple, fast, and inexpensive. 

Only standard laboratory equipment is required for its implementation, making DF suitable 

for low-resource and point-of-use locations. The method may be used for EV isolation from 

small biological samples in diagnostic and treatment guidance applications. It can also be 

scaled up to harvest therapeutic EVs from large volumes of cell culture medium.  

The asymmetric depth filtration features and protocol are demonstrated in Figure 

Figure 7-1 and elaborated in the paper[216]. Briefly, The developed method immobilizes 

EVs on the surface and within the depth of porous medium and then recovers them by 

reversing the carrier flow through the filter. In a single step, it isolates EVs from complex 

biological fluids, such as plasma, with high yield and purity. Characterization methods to 

prove the method performance are the following: nanoparticle tracking analysis to estimate 

EV concentration and size distribution; electronic microscopy to explore sizes and 

morphology; FACS (Fluorescence-activated Cell Sorting) to estimate expression of EV 

biomarkers (proteins); mass spectrometry and immunoblotting to compare concentration 

of EVs and lipid particles. 
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Figure 7-1. Depth-filtration medium, cartridge, and the protocol for DF isolation of EVs 

from blood plasma, urine, and cell culture media. (a) SEM image of the depth-filtration 

membrane showing its edge and the entrance surface (Surface 1). Higher magnification 

(inset) of inlet pores in Surface 1 shows apertures much larger than the size of EVs. As a 

result, the flow drags vesicles inside the pores until they become immobilized within the 

depth of the filter. (b) Illustration of the depth filtration process showing two populations 

of particles of different sizes. Larger particles are retained within the volume of the 

filtration medium, while smaller particles are eluted. (c) DF cartridge. Photographs of 

the membrane and its support (porous wafer and stainless-steel grid on which it rests) 

are shown on the right. (d) Summary of the depth-filtration workflow to isolate EVs from 

blood plasma, urine, and cell culture media. Reproduced from [216] 
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My part of work was to use in addition Raman spectroscopy to compare Raman spectra 

of proteins and EV. As EV in fact consist of lipids and proteins, their Raman spectra should 

be enriched compared to bulk protein.  

The Raman analysis of plasma EVs was performed using a spectrometer (Horiba 

LabRam EvolutionHR,Horiba Ltd., Irvine, CA, USA) equipped with OlympusMPlan 50 × 

objective and 600 lines/mm grating. Raman scattering was excited by a 633-nm laser 

adjusted to 50% of its maximum power. A small drop ( 1 μl) of a plasma EV sample was 

pipetted on a fused quartz surface and dried at roomtemperature. The analyte concentration 

was increased by placing the second drop in the exact location and drying. 

Three spectra were accumulated with a 50-s exposure and averaged. The Raman spectra of 

the clean area of quartz glass and the dried solution of human serum albumin (0.4 g/ml; 

Octapharma Pharmazeutika Produktionsgesellschaft m.b.H., Austria) were used as 

controls. 

Raman spectrum of plasma EVs isolated by DF (Figure 7-2) agrees with previous 

reports [215,217] and contains the expected peaks identified in   
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Table 7-1. Specifically, the peak at 1004 cm–1 corresponds to aromatic ring stretching 

in Phenylalanine. The spectral region between 1200 and 1300 cm–1 corresponds to amide 

III bands, and the peak at 832 cm–1 is due to out-of-plane ring breathing in Tyrosine. The 

presence of cholesterol (peak near 704 cm–1) and lipids (peak at 1440 cm–1, corresponding 

to CH2 bending in lipids and cholesterol) reveals membrane constituents of EVs. 

 
Figure 7-2. Raman spectrum of plasma EVs isolated by depth-filtration is compared with 

spectra of human serum albumin (HSA) and fused quartz substrate. Reproduced from 

[216] 
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Table 7-1. Raman peaks in EV spectra 

Raman shift, cm-1 Assumed assignment Reference 

 622  Phenylalanine (phenyl ring breathing) [184] 

644 Tyrosine (C–C twisting) [218] 

704 Cholesterol and cholesterol esters [219,220] 

759 Tryptophan [221] 

832 Tyrosine (out of plane ring breathing) [218,221] 

854 Tyrosine (ring breathing mode); proline (C-C ring 

stretch) 

[221] 

880 Tryptophan; in-plane rocking (CH2), e.g., protein [218,222] 

959 Cholesterol [218,221] 

1004 Phenylalanine, C-C aromatic ring stretching [184,219] 

1032 CH2CH3 bending (e.g., phospholipid); C-C vibration 

(e.g., polysaccharide) 

[222] 

1129 Lipids and proteins [219] 

1208 Phenylalanine, tryptophan (C-C6H5 stretching)  [221], 

[223] 

1200-1300 Amide III in proteins [219] 

1440-1450 Lipids CH2 deformation at 1437; lipids and proteins 

CH2/CH3 deformation at 1443; protein CH2 bending 

mode at 1446 

[218], 

[221], 

[222] 

 

 

7.1.2. Two-phase polymer system 

The optimized method of a two-phase polymer system in human plasma (PTPS) for 

EV isolation was developed by our colleagues in N.N. Petrov National Medical Research 

Center of Oncology and Oncosystem Ltd[215]. The aim of the study was to explore the 
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polyethylene glycol–dextran two-phase polymer system formed in human plasma to isolate 

the exosome-enriched fraction of plasma extracellular nanovesicles.  The main steps of the 

isolation protocol are demonstrated in Figure 7-3. 

Systematic analysis was performed to determine the optimal combination of the 

polymer mixture parameters (molecular mass and concentration) that resulted in phase 

separation. The separated phases were analyzed by nanoparticle tracking analysis and 

Raman spectroscopy, that were my part of work. Furthermore, the isolated vesicles were 

characterized by atomic force microscopy and dot blotting. In conclusion, the protein and 

microRNA contents of the isolated EV were assayed by flow cytometry and by reverse 

transcription followed by quantitative polymerase chain reaction (RT-qPCR), respectively. 

The presented results revealed the applicability of a new method for plasma ENV isolation 

and further analysis with a diagnostic purpose. 

 

Figure 7-3. Steps of the PTPS-based extracellular nanovesicles isolation protocol. (1) A 

mixture of plasma and polymers (dextran/polyethylene glycol); (2) two phases formed 

after mixing and centrifugation; (3) the upper phase “UP1”, containing PEG and 

proteins, is removed; (4) UP1 is replaced with a protein-depleting solution (PDS); (5) 

stirring; (6) the solution is again separated into two phases by centrifugation; (7) as a 

result, together with the formed upper phase “UP2”, protein residues are removed, while 

the lower phase contains dextran and ENVs. Reproduced from Slyusarenko et al.[215] 
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Raman spectroscopy, that is my part, was applied to explore the chemical 

compositions of the phases by evaluation of their characteristic spectra. Figure 7-4 shows 

the Raman spectra of “pure” PTPS components: DEX, PEG, and UC-isolated ENVs 

dissolved in PBS and four phases of PTPS (UP1, LP1, UP2, and LP2). Characteristic peaks 

of “pure” PTPS components and their likely assignments reported previously are listed in  
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Table 7-2 with references.  

 

Figure 7-4. Raman spectra of PTPS phases and pure components. Measurements were 

repeated for samples that were supposed to be not homogeneous enough—these results 

are shown by multiple curves. Reproduced from [216] 

 

For example, UC-EV-specific peak at 1004 cm-1 may reflect the presence of an 

essential -amino acid phenylalanine, however enrichment of this compound in plasma EV 

compared to total plasma was not detected. The composition of tested solution included 

various plasma components and was too complex for precise assigning. Without 

identifying specific peaks, it is important to note that several characteristic peaks can be 

observed in spectra of UC-ENV and they are repeated in spectra of lower phases after first 

(LP1) and second (LP2) separation (red frame). This observation can support the 
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phenomena of the concentration of the plasma vesicles into the dextran-formed lower phase 

of PTPS. 

Raman spectra of pure DEX and PEG had also several characteristic peaks. As 

expected, the profiles of both the LP1 and LP2 phases had similarities to the DEX profile 

(marked by blue arrows), and these results were well reproducible. However, multiple 

analyses of the upper phases revealed different results, resembling either DEX or PEG 

profiles (marked by blue and green arrows). It became especially visible after the second 

phase separation. Two types of spectra, PEG-like with characteristic peaks shown by green 

arrows and DEX-like with characteristic peaks shown by blue arrows, were detected in 

UP2. To determine the nature of this observation, samples dried on the surface of quartz 

glass were visualized before Raman spectroscopy. 
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Table 7-2. Raman peaks in EV and polymers spectra 

Sample Raman 
shift, cm-1 

Likely assignment Ref. 

 

UC-
ENV 

622 Phenylalanine (phenyl ring breathing) [184] 

644 Tyrosine (C–C twisting) [218] 

758 Tryptophan  [218,221] 

1004 Phenylalanine (phenyl ring breathing) [184] 

1208 Phenylalanine, tyrosine (C-C6H5 stretching)   

1230, 
1237-1241 

Amide III bonds (rand coils and beta-sheet, 
respectively)   

[223]  

1340 Tryptophan, lipids (CH2 deformation)  [224–226] 

1360 Tryptophan (Fermi resonance doublet with 
1340 cm-1) 

[226] 

1449 Lipids and proteins (CH2/CH3 deformation) [222,223,227] 

PEG 844, 860 CH2  rocking [228,229] 

1141 CO stretch 

1232 CH2 twist 

1281 CH2 twist 

1484 CH2 bending 

 

Dextran 

546 C3C4, C4C5 deformation [230]  

855 C-1-H bending [231]  

922 COH deformation 

1342 CCH deformation, OCH deformation, CO 
vibration 

 

The dried UP2 phase revealed a bubble-like texture, as shown in Figure 7-5. Raman 

spectra taken inside of these “bubbles” showed a PEG-like profile, while spectra measured 

outside of “bubbles” were similar to DEX spectra. This result revealed the presence of both 

polymers in upper phases and their tendency to segregate within them. Incomplete 
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partitioning of the plasma two-phase polymer system during the applied procedure might 

influence the efficacy of plasma component separation. 

 
Figure 7-5. Area of dried drops of polymer mixtures and pure solutions visualized by 

light microscopy before Raman spectrometry. (A) Upper phase 2 UP2; (B) Dextran; (C) 

PEG. Reproduced from [216] 

Raman spectroscopy confirmed NTA results [215], namely the phenomena of phase 

separation in plasma solutions of PEG (20 kDa) 3.5% and DEX (450–650 kDa) 1.5%. 

Particles of exosomal size are concentrated in the lower phase, and their Raman spectra are 

similar to the spectra of UC-isolated plasma ENVs. Repeated phase separation did not 

considerably change the nanoparticle content (NTA) or chemical composition (RS) of the 

lower phase; however, it resulted in the appearance of nanoparticles of different sizes in 

the upper phase. It is interesting to note that the second round of phase separation resulted 

in an appearance of differently-sized particles in the upper phase (NTA, Figure 4B: UP2) 

and DEX-characteristic peaks 546 and 922 cm-1 (Figure 7-4: UP2) in its Raman spectra, 

and that both were not detected in UP1. However, the currently available data are not 

sufficient to explain this coincidence. 

 

7.2. Two-in-one sensing of EV in HC-MOW 
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7.2.1. Characterization 

The exosome-like fraction of EV was used, e.g. with size 50-200 nm, obtained from 

two cell lines: 22rv1 and skov3. To estimate their size distribution and concentration, 

nanoparticle tracking analysis (NTA) was used. The results are demonstrated in Figure 7-6: 

the median sizes are almost the same, but concentrations differ in one order: approximately 

6 x 1011 1/mL for 22rv1 and 6 x 1010 1/mL for skov3, respectively. 

 

  

 
Figure 7-6. Characterization of extracellular vesicles (EV): size distribution and 

concentration. 

 

7.2.2. Refractive index sensing 

Similar to BSA, the transmission spectrum of exosomes 22rv1 and skov3 was measured in 

the waveguide. The results are shown in Figure 7-7. 
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Figure 7-7. Measurement of the refractive index of EV in a waveguide. (a) Transmission 

spectra of skov3 vesicles; (b) Transmission spectrum versus relative concentration for 

skov3; (c) Transmission spectra of 22rv1 vesicles; (d) Transmission spectrum versus 

concentration for 22rv1. The concentrations used were: 0 = PBS; 0.25 = initial EV 

diluted by a factor of 4; 1 = initial EV concentration. 

As the buffer for the exosomes is PBS and not water, the direct approximations were made 

through the points for PBS as the zero concentration of the exosomes. That is, in Figure 

7-7b,d the points for water are not involved in the construction of the approximating 

straight line, and are shown only for comparison. On the plotted approximation lines it can 

be observed that R2 is still close to unity, however the p-value in most cases does not pass 

the barrier of 0.05 (i.e. greater than it). However, instead of analysing three points (relative 

concentrations of 0, 0.25 and 1), only 2 points may be compared, PBS and exosomes at 

their original concentration, using the t-test and the mean and RMS values of the refractive 

index. The results are shown in Figure 7-8 - both exosomes used showed a statistically 

significant difference to PBS in their refractive index. 
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Figure 7-8. Comparison of the refractive index of EV and the control (PBS) for the initial 

EV concentrations. 

 

7.2.3. Raman spectroscopy 

Raman spectra of EV and controls, measured in HC-MOW, are demonstrated in Figure 

7-9. Despite the long signal acquisition time (90 or 120 s), no significant EV spectra 

[216,219] (proteins and lipids, which are the main components of EV) were detected, and 

the observed Raman peaks belong to polypropylene [232], the material of the tube. 

 
Figure 7-9. Raman spectra of EV and controls 
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7.3. Summary 

It is shown that Raman spectroscopy can be used to demonstrate the process of phase 

separation of two high-molecular-weight components of the solution used for extracellular 

nanovesicle isolation. The LOD for the components of this solution, namely PEG and 

dextran, were estimated, that assisted to demonstrate the level of nanovesicle purification 

from them. 

Raman spectroscopy of lipid and protein characteristic bands allowed to approve 

asymmetric depth filtration for extracellular vesicles isolation. Our findings are in good 

accordance with the Western blotting and mass spectrometric data. 

At the concentrations of EV investigated, a statistically significant difference in 

refractive index from the control sample was detected. However, no characteristic Raman 

peaks were observed in the EV Raman scattering spectra, suggesting the need for higher 

concentrations or the use of Raman tags or plasmonic particles to enhance the Raman 

signal. 

Thus, HC-MOW applicability for EV detection by refractive index was demonstrated, 

that makes HC-MOW perspective for medical diagnostics. 

 

Chapter 8. Conclusion 

 

The present work is aimed at developing sensors based on HC-MOW. Raman 

scattering, multi-wavelength refractive index (RI), and layer thickness are the physical 

properties that can be measured in HC-MOW and used for sensing.  

It was shown that the use of a 2.5 cm long HC-MOW allows to increase the intensity 

of the observed Raman scattering  in contrast to measuring a larger volume drop on a planar 

substrate. It was found that the enhancement factor for the low molecular weight compound 

(R6G was taken) is 50x, and for the high molecular weight compound (BSA) it is 2.3x. 

The difference in the enhancement factor between the high molecular weight and low 
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molecular weight compound is explained by the difference in the effective refractive index 

part. 

A 2-in-1 measurement strategy was utilized to analyze a high molecular weight 

compound, specifically BSA protein. The study obtained data on the dependencies of 

Raman signal intensity and refractive index on concentration, revealing linear relationships 

between concentration and both parameters. The sensitivity of the method was up to  

2.9 ∙ 108 RIU∙mL/mg for RI, while for Raman it was 6.4 mL/mg. Measurements were 

conducted in a range of 5 to 100 mg/mL, which includes the physiological values of 

albumin concentration in human plasma (35-50 mg/mL), making the method reliable for 

medical diagnostics. 

The 2-in-1 measurement strategy was utilized to examine protein-copolymer 

nanosized conjugates at various concentrations and component ratios (1:1.5, 1:1, 2.3:1 

protein:copolymer molar ratios). The effective RI and Raman scattering of the mixture at 

different component ratios were obtained. 

For the first time, the ability to measure the transmission spectra of HC-MOW filled 

with aqueous microbubble (MB) solutions was demonstrated. The HC-MOW transmission 

spectra have a dependence on microbubble concentration, with a critical concentration of 

microbubbles at 4 ∙ 108 MB/mL. Beyond this concentration, the periodicity of the HC-

MOW transmission spectrum deteriorates, which can be attributed to an augmented losses 

caused by light scattering on MB. 

It wqs shown that Raman spectroscopy can be used to demonstrate the process of 

phase separation of two high-molecular-weight components of the solution used for 

extracellular nanovesicle isolation. The LOD for the components of this solution, namely 

PEG and dextran, were estimated, that assisted to demonstrate the level of nanovesicle 

purification from them. 

Raman spectroscopy of lipid and protein characteristic bands allowed to approve 

asymmetric depth filtration for extracellular vesicles isolation. Our findings are in good 

accordance with the Western blotting and mass spectrometric data. 
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The developed sensing methods show promise for real-time detection of small 

quantities of biological markers, making them valuable for rapid diagnostics. 
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