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Abstract

:

The modifications of the microstructure of myoglobin deposited onto SERS-active Ag-based substrates by drying a drop of aqueous solution with and without laser irradiation and the corresponding surface-enhanced Raman scattering (SERS) spectra are studied. It is shown that drying with laser irradiation leads to the formation of protein aggregates of various types, including crystal-like aggregates. It is also shown that after such drying, the aggregates generally have SERS spectra characterized by a change in the position of the vibration bands and the ratios of their amplitudes compared to the spectra of proteins dried without additional treatment. In particular, parts of the SERS spectra of aggregates formed under laser irradiation are characterized by an additional enhancement (up to 100×) compared to the SERS spectra of myoglobin dried in air at room temperature. The crystallization processes were modeled using the results of atomic force microscopy morphology studies of dried myoglobin on the SERS-active substrates to determine the conditions under which crystal-like aggregates start to grow at surface irregularities, specifically those with a volume close to that of the critical-size nucleus, and where the lowest energy of formation occurs. A correlation is established between surface irregularities, the amplitude, and the change in the SERS spectra during the drying of a myoglobin solution sample on a nanostructured Ag-based surface.
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1. Introduction


The detection of blood plasma proteins at low concentrations is important in clinical practice. In particular, a method for the rapid detection of low concentrations of myoglobin in blood plasma, a marker of myocardial infarction, is urgently needed [1].



Proteins at low concentrations can be detected from a surface-enhanced Raman scattering (SERS) spectrum [2,3,4,5,6]. To obtain a SERS spectrum, the analyte is deposited onto a SERS-active substrate based on thin films of noble metals or colloidal solutions of Ag or Au nanoparticles. However, the fabrication of such substrates typically requires complex and expensive processes, such as electron lithography, plasma chemical etching, and chemical synthesis [7,8,9,10,11,12,13,14]. The simplification of the fabrication process while maintaining high substrate sensitivity is thus a priority.



The vacuum deposition of metal films combined with various surface treatment technologies has been used to fabricate substrates with various surface characteristics [5,15,16,17,18,19,20]. By controlling the process parameters (e.g., substrate temperature, precursor sputtering rate, and chamber pressure), it is possible to obtain SERS-active substrates in the form of thin metal films with various morphologies. This fabrication process requires a smaller amount of equipment compared to that for other methods, such as plasma chemical etching and electron lithography, making it promising for mass production.



We previously developed a technology for manufacturing SERS-active substrates based on electron-beam evaporation in vacuum for acquiring Raman spectra [5,21]. These substrates were found to be suitable for the study of viruses and proteins such as myoglobin and albumin, where a drop of an analyte solution dropped onto the substrates is dried in air at room temperature [3,5,22,23,24]. To extend this earlier study, we consider the sample preparation in more detail here since transferring an analyte from solution to a special condensed state on the substrate surface, which determines the amplitude and vibrational band ensemble of the SERS spectra, is important. The present work develops a set of methods and technologies for sample preparation that ensure the acquisition of SERS spectra for proteins from low-concentration solutions.



A sample preparation method that ensures the formation of a dried concentrated analyte substance on the surface of a metal substrate is crucial for creating the required conformation of the analyte on the surface and ensuring the optimal conditions for the adhesion of the analyte to the SERS-active substrate surface. The proposed drying method is simple and convenient since it requires a minimum amount of the analyte, on the order of several microliters, and a minimum sample preparation time. This process compares favorably with the use of colloidal solutions of nanoparticles since it does not require a chemisorption process using additional reagents, the precise control of the pH of the solution, a long sample preparation time, or various methods of surface modification using antibodies, which take several hours and require a number of expensive reagents. However, as shown in a previous study [5], this process requires the use of SERS-active substrates with a certain surface morphology.



In this work, an improved sample preparation method, in which laser irradiation at a frequency of the wavelength used to excite the spectrum is applied to the analyte, is presented. This procedure affects the conformation of the analyte and leads to the formation of crystal-like faceted analyte particles in the areas of substrates with a distinct SERS effect due to the localization of the field in the exitation wavelength [25].



It should be noted that a number of widely used laser processes for obtaining individual protein crystals are described in the literature. In the study of Iefuji et al. [26], nuclei were formed via the local supersaturation of the analyte solution around cavitation bubbles formed under the action of a picosecond laser. It was also shown that under such conditions, protein denaturation in colloidal solutions with Au particles occurs via a thermal, photochemical, or cavitation mechanism [27]. However, in the above works, a high protein concentration, the use of additional salts, and several hours of preparation were required. In addition, the processes are inapplicable to sample preparation for SERS analysis.



In this work, we apply laser irradiation to the sample preparation of myoglobin. This treatment increases the SERS signal on planar nanostructured self-assembled Ag films, which have been shown to be effective SERS-active substrates [5], and SERS-active substrates obtained using vacuum electron-beam evaporation. The SERS spectra of the protein precipitate on the surface of the substrate (obtained via drying) are measured and analyzed. Based on atomic force microscopy (AFM) data, the influence of substrate morphology parameters on the growth probability of crystal-like protein aggregates on surface irregularities is studied using thermodynamic concepts of nucleation processes. The obtained SERS spectra are found to contain patterns caused by the formation of three types of myoglobin deposits, two of which arise as a result of sample preparation with laser irradiation and are characterized by a two-order-of-magnitude increase in the SERS signal compared to that obtained with conventional drying in air. The consistent pattern of an increasing SERS signal is studied.




2. Materials and Methods


2.1. Preparation of Myoglobin Solutions


Freshly prepared solutions of myoglobin (Sigma-Aldrich, St. Louis, MO, USA) at concentrations of 60 and 0.6 nM in deionized water (Milli-Q, Merk, Darmstadt, Germany) were used in this work.




2.2. Substrate Fabrication


SERS-active substrates were prepared using electron-beam evaporation in vacuum of granular silver (Moscow Special Alloys Processing Plant, Moscow, Russia; purity: 99.99%) by a 10-kW electron-beam evaporator (Angstrom Engineering, Cambridge, ON, Canada) on a mica (001) surface. Before deposition, the mica surface was washed with isopropyl alcohol (Sigma-Aldrich, St. Louis, MO, USA). The deposition rate was 1 Å/s, and the substrate temperature was 300 K. The thickness of the films during deposition was controlled directly using optical control. After deposition, the film thickness was selectively measured using a stylus profilometer. The thickness of the obtained films was about 300 nm.




2.3. Sample Preparation of Analytes


Myoglobin solution aliquots with a volume of 3 µL were deposited onto the surface of the substrate using a highly precise pipette. The myoglobin droplets were dried in air without additional treatment and under the action of a defocused, p-polarized laser beam with a wavelength of 785 nm and a power of 112 mW (Toptica Photonics, Gräfelfing, Germany) embedded in a Raman spectrometer (WITec, Ulm, Germany). Measurements of the SERS spectra were carried out for the resulting precipitate. Optical images of the dried myoglobin precipitate were obtained using an optical microscope (Zeiss Microscopy GmbH, Jena, Germany) with an Epiplan Neofluar 50×/0.8 lens (Zeiss Microscopy GmbH, Jena, Germany).




2.4. Spectra Measurements


SERS spectra were measured using a Raman spectrometer (Alpha 300R+, WITec, Ulm, Germany) based on a confocal microscope using an Epiplan Neofluar 50×/0.8 lens (Zeiss Microscopy GmbH, Jena, Germany). The excitation wavelength was 785 nm, and the laser power was 54 mW. The accumulation time of the spectra was 60 s for the air-dried samples and 10 s for the laser-prepared samples (due to the high intensity of the spectra). Five drops were formed for each type of sample preparation method (with or without laser irradiation) and for each concentration. 15 spectra were measured for each drop. The spectra of samples dried without laser irradiation were used as controls.




2.5. Spectra Processing


The spectra were processed using the OPUS base package (version 7.0; Bruker, Billerica, MA, USA). The baseline was subtracted using the rubber band correction algorithm built into OPUS. The spectra were corrected to the same accumulation time via multiplication by a coefficient of 6. The spectra for each type of sample preparation method were averaged, and the standard deviation was calculated to assess reproducibility.




2.6. Surface Morphology Studies


Surface morphology was investigated using AFM (Solver PRO, NT-MDT, Zelenograd, Russia). Images were taken in tapping mode. Probes (HA_NC/Au probe series, NT-MDT) with a resonance frequency of 140 kHz ± 10%, a force constant of 3.5 N/m, and a tip radius of less than 10 nm were used. The microstructure of the substrate surface based on AFM images of the surface was analyzed using Gwyddion software (version 2.60; CME, Brno, Czech Republic) with built-in algorithms for calculating the roughness parameters according to ISO 4287:1997.



Additionally, SEM investigation of surfaces was performed with a Zeiss Merlin scanning electron microscope (Zeiss Microscopy GmbH, Jena, Germany). SEM images were obtained using an in-lens detector and an accelerating voltage of 5 kV; the working distance from the sample to the detector was 2.2 mm.





3. Results


3.1. Microstructure Analysis


The SEM investigation result and the typical morphology image is shown in Figure 1.



Figure 1 shows that the surface is a set of extended plateaus formed by single-crystal regions of the silver film at the junctions of which surface inhomogeneities are formed and the structure cannot be studied in detail with SEM. For a more detailed study and confirmation of SEM results, let us look at the results of a surface study using AFM. The AFM morphology of the SERS films used in the experiment is shown in Figure 2.



As shown in Figure 2, the film is characterized by the presence of regular inhomogeneities in the nanostructure, which we define as surface irregularities. These irregularities are especially clearly visible in Figure 2b,d. Their depth is quite large, reaching 25 nm, compared to the common roughness. The structure of the surface irregularities is shown in more detail in Figure 2d. A morphology analysis using Gwyddion software and its built-in algorithms for analyzing surface parameters shows that the effective size of the nanostructure surface irregularities is 127 nm and that the average surface area occupied by them is 12.5%. In this case, the calculated root-mean-square roughness     R   q     of the films is less than 5 nm. According to ISO 4287:1997, the parameter     R   3 Z     (i.e., the height between the third highest peak and the third lowest valley) can be used to assess the size of surface irregularities. Here,     R   3 Z     = 13 nm. This parameter gives an estimate of the size of local heterogeneity compared to the overall surface. The substrate can be described as a set of planar regions with low roughness, at the junctions of which surface irregularities form. An irregular surface can be approximated by a sector of a circle with a conical shape and an average apex angle of around 50°. This is later used to analyze the nucleation process of myoglobin crystallites at these features using the method described in Section 3.3.2. Such film growth was investigated in a previous study [5] on the preparation of single-crystal Au films. When the growth process of single crystals is disrupted, one can observe the formation of extended plateaus, at the junctions of which folded cone-shaped grooves appear (surface irregularities). In our case, we observed extended plateaus, the effective size of which is described by the parameter     λ   a     (the wavelength of the profile according to ISO 4287:1997), which is 560 nm for our substrate.



This combination of the surface morphology parameters     R   q    ,     R   3 Z    , and     λ   a     makes the film optically homogeneous, which is indicated by a low root-mean-square roughness and a rather large     λ   a    . The film is likely SERS-active due to the high     R   3 Z    . The optimal combinations of parameters were examined in detail in our previous work [5]. It is presumed that under the action of laser radiation, the electromagnetic field will become localized at nanostructure irregularities. In addition, a film with a thickness of about 300 nm dissipates heat, allowing the measurement of spectra with long accumulation times and power levels of about 54 mW.




3.2. SERS Spectra of Myoglobin


After evaluating the morphology of surface irregularities, we studied the SERS spectra of myoglobin from solutions with various concentrations, dried with and without laser irradiation. The measured SERS spectra and optical images of the precipitate from three typical forms of myoglobin were obtained by drying protein solutions with various methods of sample preparation and are shown in Figure 3. The averaged SERS spectra and their standard deviations are shown.



The drying process resulted in the formation of three types of precipitate. Figure 3 shows typical images for each type. As shown in Figure 3a, sample preparation using drying in air without laser irradiation leads to the formation of amorphous structures, denoted here as type I. The precipitate from a drop of solution is a complex of agglomerates of various sizes, each of which is similar to that shown in Figure 3a. The SERS spectrum corresponding to type I is shown in Figure 3d in red. It is considered to be the control.



Drying with laser irradiation resulted in the formation of two types of structures, namely crystal-like aggregates whose morphology depends on the concentration of the dried solution. Type II (Figure 3b), formed at a concentration of 60 nM, consists of crystals with pronounced faceting. Type III (Figure 3c), formed at a concentration of 0.6 nM, consists of crystal dots (indicated by a white dot at the center of an orange cross). The size of the crystal dots for type III is much smaller than that of the crystals with pronounced faceting for type II. This is most likely due to the lack of material for the growth of a pronounced crystal at a lower concentration of myoglobin. This also indicates that the number of nucleation centers is quite large. Due to optical limitations, the crystallinity could not be observed. This is discussed in more detail in the section on AFM studies. The formation of crystal-like aggregates led to noticeable changes in the SERS spectra compared to those for sample preparation without laser irradiation. The types of spectra obtained for these structures differ from each other and from those obtained for the control. They are characterized by a significant increase in amplitude compared to that of the control. The typical areas from which the spectra were obtained are the centers of the orange crosses in Figure 3. For type I, the precipitate is flat, and thus the same spectrum is obtained throughout the surface. The aggregates of types II and III are also characterized by the same spectra throughout the surface. For the same sample preparation with laser irradiation on Ag films but with different morphology parameters [5], different results without pronounced faceted aggregates were observed. Only for a polycrystalline film with roughness parameters,     R   q     = 1.9 nm,     R   3 Z     = 10 nm, and     λ   a     = 196 nm, with surface irregularities with an average size of 62 nm and occupying less than 1% of the total area, the growth of type III crystal-like micro-objects was observed for preparation with laser irradiation (about 10 units of the crystallite for a lens field of view of 50×/0.8).



A primary comparison of the amplitudes of the SERS spectra for the three types of precipitate shows a two-order-of-magnitude increase in amplitude for types II and III compared to the control (type I). Most of the vibration bands for type II retain their position relative to the control vibration bands. Noticeable differences are observed for type III, where two bands dominate. The maximum type III oscillation band coincides with the maximum control band. For type II and the control, there is no oscillation band corresponding to the second-largest band for type III. The amplitude, shift, appearance, and disappearance of vibration bands in protein spectra are directly related to the conformation and orientation relative to the centers of enhancement of the electromagnetic field on the surface. Based on an analysis of the changes in the spectra of various types of proteins and the interpretation of the bands of vibrations in the spectra (see Table 1), an analysis of possible conformations of molecules during sample preparation was carried out.



The interpretation of the vibration bands in all spectra, taking into account their relative shift, is given in Table 1.



The observed changes in the position of the skeletal deformational bands within the range of 200–500 cm−1 most likely indicate a change in the conformation of the myoglobin molecule during laser drying.



Since the surface of nanostructured Ag films in an aqueous solution can have a positive charge [30,34], it can be assumed that myoglobin molecules are oriented towards the substrate by a region dominated by negatively charged Glu and Asp amino acids, aromatic amino acids (due to the system of π orbitals in the aromatic system), and sulfur-containing amino acids. For myoglobin, methionine is the only sulfur-containing amino acid. To assess the preferential orientation of the myoglobin molecule relative to the substrate during usual air drying, a previously reported model of the myoglobin molecule in RCSB PDB [35] was used, in which areas where negatively charged amino acids, methionine, and aromatic amino acids are concentrated are highlighted in color. It is presumed that the regions of the molecule enriched in the above amino acids will be oriented toward the substrate surface. They are thus likely to attract the entire molecule to the substrate, which ensures good contact with the surface and leads to high-amplitude SERS spectra. Table 1 shows the vibration bands for all the listed amino acids. The bands are at 1066, 1252, and 1352 cm−1 for negatively charged Glu, 927 cm−1 for negatively charged Asp, 1052 cm−1 for aromatic Phe, 854 and 1607 cm−1 for aromatic Tyr, 892 and 1352 cm−1 for aromatic Trp, and 627 and 1352 cm−1 for sulfur-containing Met. The Met band at 627 cm−1, which is directly due to C-S vibration, is characterized by a low amplitude due to the low content of Met in the myoglobin molecule (only two units per molecule). The observed in-spectra Asp vibration band is attributed precisely to C-COO− vibration, which is consistent with literature data on the surface charge. For the aromatic amino acid Phe, there is a very strong vibration directly from the aromatic ring at 1552 cm−1, and for the aromatic amino acid Trp, there is a strong indole vibration at 770 cm−1. There are bands due to heme vibration at 1299, 1391, and 1607 cm−1. Heme, a coordination compound of iron in myoglobin, is responsible for oxygen transfer. The heme vibrational band suggests that the molecule is oriented by heme to the substrate. Since heme is located inside the molecule and does not interact directly with the surface, its vibration bands are quite weak in the type I spectrum. It can be argued that despite the shift of the main vibration band of myoglobin Phe from 1001–1008 cm−1 to 1054 cm−1, the molecule remains close to its native conformation, as evidenced by the retention of α-helix vibration bands at 927 cm−1 and Amide III at 1252 cm−1 for myoglobin [2].



It should be noted that the spectra show vibration bands that can be attributed to the dipeptides Leu–Gly, Ala–Ala, Pro–Leu, and Ala–Gln, which are quite rare in the myoglobin molecule. Their appearance thus determines the position of the molecule relative to the substrate. Based on the above assumptions, Figure 4 shows the orientation of the molecule of air-dried myoglobin (type I) relative to the substrate.



Figure 4 shows that the Met and heme positions determine the rotation of the molecule relative to the substrate because they are located uniquely, especially Met, since there are only two Met units in myoglobin. The second Met is inside the molecule and is not visible in Figure 4; nevertheless, it is also located close to the substrate. Negatively charged amino acids are located rather uniformly on the surface of the molecule, and dipeptides and aromatic amino acids are concentrated close to the heme position. Generally, a molecule can be fixed to the surface at surface irregularities (see Section 3.1).



Drying under the action of a laser produced a significant change in the type II and III spectra compared to that for the control. In general, the main vibrational bands are preserved, but their positions and amplitudes change. For example, S-S oscillations are observed for all three types of spectra, which indicates that the molecule most likely binds to the surface through sulfur, which is typical for the interaction of proteins with sulfur-containing amino acids and Ag substrates [30]. There are only two Met molecules in myoglobin, and thus the appearance of a weak C-S vibrational band is expected. There is some shift in their positions due to conformational changes: for type I, they are at 627 cm−1, for type II, they are at 653 and 663 cm−1, and for type III, they are at 625 and 644 cm−1.



A similar situation is observed for heme oscillations. For type I, heme vibrations are observed at 1299, 1391, and 1607 cm−1. For type II, they are at 1299, 1392, 1549, and 1643 cm−1. For type III, only a band at 1352 cm−1 is observed, which is the same as the position for type I. For type II, the number of heme vibration bands increases, apparently due to the formation of an unknown conformation. We can only assume that the formation of this conformation is associated with the action of ponderomotive forces and laser exposure, which leads to a rearrangement and new protein folding as the bands attributed to the oscillation of the α-helix and amide III disappear. The new structure is characterized by the formation of crystalline micro-objects, which is confirmed not only visually, especially for type II, but also by the appearance of narrower spectral bands. A comparison of the spectra for types I and II indicates that the spectra for the latter type mostly retains the positions of the main maximum oscillation bands, but these bands are noticeably narrower in terms of the half-width and larger in amplitude. At the same time, the previously low-amplitude oscillation bands increase in amplitude. The general increase in amplitude cannot be explained only by an increase in the size of the analyte, since according to the data of optical profilometry and AFM studies (given below), the amplitude is similar for types I and II. The narrowing of the vibration band width is characteristic of structure ordering, that is, the transition from an amorphous structure with no short-range order to the formation of a structure with long-range order. Moreover, for type II, most of the peaks observed in the spectrum of type I participate in the same way in the formation of a crystal with a pronounced faceting. The four maximum amplitude bands for type I, namely 770 cm−1 (Trp), 1052 cm−1 (Phe), 1066 cm−1 (Glu), and 1467 cm−1 (Lys), remain the same for type II, which indicates that the structure is ordered through these bonds, that is, they preferentially form a periodic structure. We also observe the presence of bands responsible for the interaction of the molecule with the substrate (for Met at 653, 663, and 1549 cm−1, for negatively charged Glu at 1061 and 1352 cm−1) and do not observe Asp vibrations. This indicates that during the formation of the new conformation in type II, aromatic amino acids and, for an unknown reason, positively charged Lys preferentially participate in the ordering. For type II, we observe heme bands at 1299, 1392, 1549, and 1643 cm−1, where the first two bands coincide with type I, which may indicate a partial preservation of their orientation in the molecule during the formation of a crystal with pronounced faceting.



A new process occurs for type III. The Phe band at 1056 cm−1 and the Asp band at 721 cm−1 become dominant and are characterized by an extremely high aspect ratio. The number of bands for type III decreased by 25% compared to that for type II. At the same time, we observe important bands such as Met at 625 and 644 cm−1, and heme only retained its position at 1300 cm−1 compared to types I and II. Crystalline dots, which produce the type III spectrum, do not appear faceted under an optical microscope due to the insufficient resolution of the microscope. However, an AFM study (described below) indicates the presence of faceting. The predominance of a limited number of high-amplitude vibrational bands in the spectrum indicates that crystal dots form at low concentrations, where ordering is achieved by interaction preferentially through aromatic structures and then through negatively charged Glu. It is likely that under the action of a laser and due to the appearance of ponderomotive forces, the native conformation is destroyed, leading to the release of aromatic amino acids for the formation of a new conformation of myoglobin. These amino acids are oriented in a new way during laser irradiation due to charge effects. With increasing concentrations of the solution, other amino acids have an opportunity to participate in the formation of long-range-order crystals, which leads to the growth of larger crystals and a change in the type of spectrum from type III to type II.




3.3. Study of Morphological Parameters of Myoglobin Precipitate


3.3.1. AFM Study of Dried Precipitate Morphology


The morphology of the dried precipitate was studied using AFM in tapping mode. Figure 5 shows AFM images of the surface morphology of the substrate areas containing myoglobin.



As shown in Figure 5, the growth of crystal-like aggregates of the protein (types II and III) starts at the surface irregularities of the SERS-active substrate. The nuclei have a height of 10–20 nm and are thus not visible under an optical microscope. Further growth under favorable conditions leads to the formation of a crystal facet (fully formed crystal dots), which is resolvable in an optical microscope (type III). Similar cases of crystal growth have been described for proteins on porous substrates [36,37]. The height of the formed crystal dots is about 150 nm. The height of the crystals with pronounced faceting (type II spectrum) could not be measured using AFM due to their large size in the substrate plane. However, the height was estimated to be around 200–300 nm using an optical profilometer (see Figure 6).



Figure 6 shows that the cross-section height of a crystal with a pronounced faceting is on the same order of magnitude as that of the objects in Figure 5 and does not exceed 300 nm. This height is similar to the height of the amorphous form of the protein, which is formed without laser irradiation during sample preparation. The size of crystal dots (type III spectrum) in the substrate plane is a few microns, whereas the effective size of crystals with pronounced faceting (type II spectrum) is tens of microns.




3.3.2. Modeling of Nucleation Energy


A calculation of the formation energies of critical-size nuclei was performed. Based on the AFM results, the formation energies of critical-size nuclei at surface features, on a planar surface, and in solution (according to a homogeneous mechanism) were calculated. According to a previous study [38], based on thermodynamic concepts, the nucleation rate can be expressed as:


  I = A e x p   −     Q   d     k T     e x p ( −     ∆ G   c r i t     k T   )  



(1)




where     Q   d     is the activation barrier of myoglobin transition from solution to the nucleus,     ∆ G   c r i t     is the formation energy of a critical-size nucleus, and A is the collision factor, which includes the number of available sites for nucleation and their spatial location, the frequency of transition to such states, and the interphase energy between the solution and crystal [39]. During crystallization by different mechanisms,     Q   d     is a constant value. The rate of nucleation thus depends on the formation energy of the critical-size nucleus.



A surface irregularity was approximated as a sector of a circle according to the AFM data, as shown in Figure 7.



In this case, the formation energy of a critical-size nucleus for homogeneous and heterogeneous mechanisms is respectively defined as:


  Δ   G   h o m   =   16   3   π   σ   l         V   m     Δ μ      



(2)






  Δ   G   h e t   = −   Δ μ     V   m     V +   σ   l     A   l   − (   σ   s   −   σ   i   )   A   s i    



(3)




where     σ   l    ,     σ   s    ,     σ   i     are the surface tensions of the nucleus-liquid, nucleus-pore, and liquid-pore boundaries, respectively,     V   m     is the molar volume,   ∆ μ = k T l n S   is the gradient of the chemical potential,   S   is the supersaturation value,   V   is the volume of the nucleus, and     A   s i     is the surface area of the nucleus-liquid. The hom and het indices correspond to homogeneous and heterogeneous mechanisms, respectively.



From the model concepts of the pore geometry for   V  ,     A   l    , and     A   s i    , we have:


  V =   1   3   π   R   3   c o s φ   s i n   2   φ +   1   3     R   3   ( 2 − 3 c o s φ +   c o s   3   φ )  



(4)






    A   l   = 2 π   R   2   ( 1 − c o s φ )  



(5)






    A   s i   = π   R   2   s i n φ  



(6)




where   φ   is the angle of the spherical sector of the pore;   t g φ =     R   p       H   p      , where     R   p     and     H   p     are the radius and depth of the pore, respectively, obtained from AFM measurements. The surface tension ratios are given by the Young equation:


  c o s θ =     σ   s   −   σ   i       σ   l      



(7)




where   θ   is the wetting contact angle; in our model, it is equal to   φ  .



Substituting Equations (4)–(6) into Equation (3) and differentiating     δ Δ   G   h e t     δ R   = 0   yields the radii of the critical-size nuclei. Substituting these radii into Equation (2) yields the corresponding formation energy of a critical-size nucleus. The calculations were made using code written in Python.



The results of the mathematical modeling of the influence of morphology on nucleation for various parameters of the substrate surface morphology are shown in Figure 8. For modeling, as indicated above in accordance with Figure 1, surface features from which the growth of crystal-like aggregates begins are approximated in the form of a conical shape and denoted as pores. Planar areas of the surface are denoted as planar. A comparison is made between the energy of nucleation in the free volume of the solution without phase boundaries according to a homogeneous mechanism and the energy of nucleation in a pore. The energy of nucleation in a pore is also compared with the energy of nucleation on a planar surface. The simulation results are shown in Figure 7.



As shown in Figure 8, the pore volume close to the volume of the critical-size nucleus has the lowest formation energy for a nucleus of critical size. As the pore size increases, the energy increases and tends to reach the limit of the heterogeneous case for a planar surface. In this case, the homogeneous mechanism is the least energetically favorable for the formation of a critical-size nucleus. As supersaturation increases, the energies for the planar and homogeneous cases decrease, but the energy of a pore with a volume close to the critical one remains the smallest. The inset in Figure 8 shows that an increase in the pore depth for a given diameter (dependence for 50 nm is shown) leads to a decrease in the formation energy. This is due to an increase in the pore-myoglobin contact surface. From the AFM results, we observe a coincidence in order of magnitude of the depth of the substrate surface irregularities with the numerical values of the pores, obtained as a result of simulation and most favorable for the growth of crystal-like aggregates. Thus, the use of a modeling method based on thermodynamic concepts of nucleation will make it possible to predict the most energetically favorable substrate morphologies for the formation of crystal-like aggregates with a maximum SERS signal, which will significantly increase the sensitivity of methods for monitoring proteins, in particular myoglobin.






4. Conclusions


We obtained the SERS spectra of myoglobin on SERS-active substrates with a self-assembled surface morphology. We showed that sample preparation with laser irradiation increases sensitivity by two orders of magnitude compared to that obtained without laser irradiation. Sample preparation with laser irradiation makes it possible to control the formation of crystal-like structures from an aqueous solution of myoglobin. The spectra measured on such structures are characterized by a change in the positions of the vibrational bands and the amplitude ratio. These spectra also show a significant narrowing after crystallization in comparison with the protein dried in air on the same SERS-active substrates due to the new conformation of the protein during sample preparation. Two types of crystal-like protein aggregates were obtained by precipitation from solutions with different concentrations, differing either in the enhancement of all lines (type II) or in the significant enhancement of only two lines (type III). Laser irradiation and the features of the surface structure are important for the formation of crystal-like objects since the growth of such objects was observed only for morphologies with complex surface irregularities. Modeling based on thermodynamic concepts showed that nucleation occurs only at morphological features. AFM data show that the height of the nucleus is 10–20 nm. Further growth under favorable conditions leads to the formation of faceting. The height of the faceted crystal-like aggregates is on the same order of magnitude as the height of amorphous protein structures formed without laser irradiation during sample preparation.
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Figure 1. SEM images of the film surface. 






Figure 1. SEM images of the film surface.
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Figure 2. AFM and SEM images of the film surface: (a) the scan size 10 × 10 µm; (b) the morphology cross-section profile 10 × 10 µm; (c) the scan size 5 × 5 µm; (d) defect cross-section profiles for morphology size 5 × 5 µm. 
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Figure 3. (a) Optical image of typical myoglobin precipitate formed during air drying (type I) for all concentrations; (b,c) optical images of typical myoglobin precipitates formed during laser drying of solutions at concentrations of 60 nM (type II) and 0.6 nM (type III); (d) myoglobin SERS spectra corresponding to each type; centers of orange crosses indicate areas from which spectra were taken. 
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[image: Chemosensors 11 00321 g003]







[image: Chemosensors 11 00321 g004 550] 





Figure 4. Presumed orientation of myoglobin molecules relative to Ag SERS-active substrate during air drying: (a) front view and (b) back view. Red—Met; orange—dipeptides Ala–Ala, Leu–Gly, Pro–Leu, and Ala–Gln; blue—Asp and Glu; green—Phe, Trp, and Tyr. Heme is shown as a skeleton. 
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Figure 5. AFM images of myoglobin dried precipitates: (a) nucleus of crystal-like aggregates (types II and III) for image size of 10 × 10 µm and corresponding (b) cross-sectional profiles; (c) formed crystal-like aggregates (type III) for image size of 7 × 7 µm and corresponding (d) cross-sectional profiles; (e) amorphous type I myoglobin precipitate and corresponding (f) cross-sectional profile. 






Figure 5. AFM images of myoglobin dried precipitates: (a) nucleus of crystal-like aggregates (types II and III) for image size of 10 × 10 µm and corresponding (b) cross-sectional profiles; (c) formed crystal-like aggregates (type III) for image size of 7 × 7 µm and corresponding (d) cross-sectional profiles; (e) amorphous type I myoglobin precipitate and corresponding (f) cross-sectional profile.
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Figure 6. (a) Optical image of a crystal with pronounced faceting (type II spectrum) and corresponding (b) cross-sectional profiles (Cut 1–Cut 5). 
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Figure 7. Geometry of the surface feature (Dpore = 2Rp). 
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Figure 8. Dependence of the ratio of formation energies of critical-size nuclei in pore to planar surface     ∆ G   p o r e   /   ∆ G   p l a n a r     and in pore to homogeneous mechanism     ∆ G   p o r e   /   ∆ G   h o m     at supersaturation S = 0.7 and 0.9 for pores with depth     H   p     of 15, 20, and 25 nm. The dependency     ∆ G   p o r e   /   ∆ G   p l a n a r     is also presented for pore depth for a pore with a diameter of 50 nm at supersaturation S = 0.7. 
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Table 1. Interpretation of vibration bands in myoglobin SERS spectra for three types of sample preparation.
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Myoglobin Bands, cm−1

	
Amino Acid

	
Band Assignment




	
Type I

	
Type II

	
Type III






	

	
278 (w)

	

	
[28]

	
Skeletal def.




	

	
306 (w)

	




	
362 (w)

	

	
370 (vw)

	

	
Skeletal def.




	

	
405 (s)

	

	
[28]

	
Skeletal def.




	
418 (m)

	

	
425 (vw)

	
-

	
-




	

	
487 (vw)

	

	
-

	
-




	
525 (w)

	
524 (vs)

	
524 (m)

	
-

	
-




	
535 (vw)

	

	

	
-

	
-




	
547 (w)

	

	

	
-

	
-




	
603 (w)

	
610 (m)

	
606 (vw)

	
-

	
-




	
627 (vw)

	

	
625 (vw)

	
620–630 (m) Met [29]

	
νs (C–S)




	
-

	
653 (vw)

	
644(vw)

	
644–686 (m) Met [28]

	
νs (C–S)




	
-

	
663 (vw)

	

	
644–686 (m) Met [28]

	
νs (C–S)




	
-

	
-

	
721 (s)

	
721 (s) Asp [30]

	
δs (COO−)




	
770 (s)

	
765 (s)

	
763 (w)

	
772 (w) Val [30]

755 (m) Trp [30]

	
Indole symm ring




	
854 (w)

	
861 (vw)

	
-

	
847 (m) Tyr [30]

	
Fermi resonance between ring breath

and out-of-plane ring bend overtone




	
892 (m)

	
-

	
895 (vw)

	
-

	
-




	
874 (m) Trp [30]

	
Indole NH displ




	
-

	
915 (m)

	

	

	




	
927 (w)

	
-

	
-

	
930 (m) Asp [30]

	
C-COO-str




	
937 (w) [2]

	
α-helix




	
-

	
949 (vw)

	
-

	
947 (vw) Leu-Gly [31]

	
νs (C–C)




	
947 (vw) Val [30]

	
νs (C–C)




	
-

	
-

	
981 (vw)

	
978 (w) Arg [32]

	
δs (CH2) (aliphatic fragment)




	
985 (vw) Asn [30]

	
νs (C–C)




	
-

	
1033 (w)

	
1037 (w)

	
1032 (vw) Ile [30]

	
νs (C–N)




	
1034 (vw) Phe [30]

	
δs (CH) In-plane




	
1052 (vs)

	
1051 (s)

	
1056 (vs)

	
1050 (vw) Gln [30]

	
νs (C–N)




	
1050 (w) Ala-Ala [31]

	
νs (C–N)




	
Phe

	
In-phase motion of n(Cε1-Cζ) and n(Cε2-Cζ) coupled with in-phase motion of d(Cζ-Cε1-H) and d(Cζ-Cε2-H)




	
1066 (s)

	
1061 (m)

	
-

	
1066 (w) Gly-Glu (Glu) [31]

	
νs (C–N)




	
1131 (w)

	
1134 (vw)

	
1134 (vw)

	
1130 (vw) Leu [30]

	
δs (NH3+)




	
-

	
1188 (m)

	
-

	
1184 (m) Phe [29]

	
Characteristic aromatic ring bands




	
1252 (vw)

	
-

	
-

	
1230–1300 Amide III [2]

	
α-helical marker




	
1250 (vw) Glu [30]

	
ω (CH2)




	
1299 (w)

	
1299 (m)

	
1300 (vw)

	
1303 heme [33]

	
δs (CH2)2




	
1301 (w) Pro-Leu (Leu) [31]

	
δs (CH2)




	
1352 (vw)

	
-

	
1352 (w)

	
1352 (vw) Glu [30]

	
δs (CH2)




	
1357 (w) Trp [30] heme

	
Ring




	
1353 (m) Met [30]

	
δs (CH3)




	
1391 (vw)

	
1392 (vw)

	
-

	
1373 (w) heme [28]

	
-




	
-

	
1410 (w)

	
-

	
-

	
-




	
1441 (m)

	
1448 (vw)

	
1442 (w)

	
1440 (m) Lys [30]

	
δs (CH2)




	
1440 (m) Leu-Gly (Gly) [31]

	




	
1467 (s)

	
1468 (s)

	
1468 (w)

	
1464 (w) Lys [30]

	
δs (CH2)




	
-

	
1549 (vw)

	
-

	
1549 (m) Met [29]

	
-




	
1541 heme [33]

	
νs (Cβ–Cβ)




	
1607 (vw)

	
-

	
-

	
1613 (m) Tyr [30]

	
νs (C2–C3) and νs (C5–C6) in-phase




	
1611 heme [33]

	
νa (Cα–Cm)




	
-

	
1643 (vw)

	
-

	
1643 (m) Met [29]

	
δs (NH2)




	
1639 heme [33]

	
νa (Cα–Cm)




	
-

	
-

	
1667 (w)

	
1663 (w) Ala-Gln (Gln) [31]

	
νs (C=O)








Abbreviations: νs—symmetrical stretching; νa—asymmetrical stretching; δs—in-plane symmetrical scissoring; ω—wagging; τ—twisting; s—strong; vs—very strong; m—medium; w—weak; vw—very weak.
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