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Abstract

Insulin is a peptide hormone produced by beta cells of pancreatic islets. In type 1 diabetes mellitus, these islets
are destroyed by the body’s own immune system, no insulin is produced and the blood glucose level is
increased. Nowadays, efforts in combatting type 1 diabetes focus on the transplantation of islets
immunoprotected in microspheres made of non-covalently crosslinked hydrogels. The functionality of the
encapsulated islets is retained, while the hydrogel matrix allows permeation of the produced insulin into the
bloodstream. The applicability of these microspheres has been extensively studied in vivo. However, prior to
biological models, a dynamic detection method to monitor the production of insulin and its diffusion through
the microspheres is still missing. Herein, we apply the Surface Enhanced Raman Scattering (SERS) technique
to detect physiologically relevant concentrations of insulin using planar Ag SERS substrates, while considering
their implementation for monitoring insulin diffusion through alginate matrices. Insulin was detected after drying
SERS planar substrates in a concentration range of 103- 1012 M. Additionally, we demonstrated the decrease
in the deposition time using an alternating electric field. Moreover, the in situ monitoring of the SERS signal
from insulin molecules has certain limitations when conducting experiments for SERS substrates submerged
in water. As the secretion of insulin and its diffusion across the immunoprotective microspheres is a dynamic
process, the development of an adequate detection method is expected to lead to a better understanding of
these processes as a function of time, matrix composition, and glucose intake.
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1. INTRODUCTION

One of the most sensitive and powerful bioanalytical techniques used in a wide range of applications is Surface
Enhanced Raman Scattering (SERS). It is particularly useful for the sensing of bioactive molecules [1,2], i.e.
compounds that have biological effects on the human body. The development of quick and reliable techniques
for in situ detection of bioactive molecules is important in biomedical research and drug discovery.

In SERS, the otherwise relatively weak Raman signals of a target molecule are amplified by several orders of
magnitude when trapped between the nanogaps of a noble metal nanostructure surface (e.g. Au or Ag) [3].
The signal enhancement is attributed to different effects. The largest amplification comes from the
electromagnetic near fields. The charge transfer processes or chemical enhancement happens due to the
chemical adsorption of molecules to SERS surfaces [4,5]. SERS is one of the most valuable methods for
ultrahigh-resolution detection and analysis of bioactive compounds [5,6].
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Insulin is necessary to maintain the physiological carbohydrate, protein, and fat metabolisms and plays a
crucial role in controlling many diseases that can affect human health. Insulin is a peptide hormone synthetized
by the beta cells of the pancreatic islets [7]. It consists of two peptide chains, A with 21 amino acid residues
and B with 30 residues, linked by two disulfide connecting cysteine A7 and B7 and residues A20 and B19 [8].
The disruption of insulin secretion by the beta cells leads to diabetes mellitus [9]. Type 1 diabetes mellitus is
an autoimmune deficiency that arises when the beta cells are destroyed by the body’s own immune system.
Low levels of insulin increase blood glucose and cause hyperglycemia. Patients then depend on exogenous
insulin for survival, and there is currently no cure. One method currently under research and development
involves the encapsulation of beta cells in a protective coating that is biocompatible and semipermeable, but
does not induce an immune response upon their transplantation. Thus, insulin secreting cells could function
properly and no exogenous insulin administration would be required. The most commonly employed are
noncovalently crosslinked alginate hydrogels as they provide favorable physiological conditions for islets
during the encapsulation processes [10].

Several studies described the detection of low insulin concentrations at quantities that can satisfy the
requirements for monitoring of insulin levels in the human body. Hassanian et al. [1] realized SERS detection
of reduced human insulin, where the disulfide bonds are broken. This allows the insulin molecules to chemically
adsorb onto the SERS substrates. Thus, Au-S bonds are formed, allowing both electromagnetic and chemical
enhancements to arise. They measured nine different concentrations of the protein, from 10 fM to 300 pM.
Another study by Cho et al. [11] presented a columnar 3D Au SERS substrate with a dynamic range from
100 pM to 50 nM and detection limit 35 pM. Insulin concentrations in pancreatic islet secretions were
characterized under low and high glucose conditions with high spatial uniformity of the Raman signal. The
peak at 1002 cm?, corresponding to the ring-breathing mode of aromatic phenylalanine, was used to monitor
the insulin signal. Gholami et al. reported a novel SERS quenching method for the detection of proteins and
biomolecules [12,13]. They used Au nanoparticles functionalized by benzothiazole azo dye. The latter is
displaced from the SERS substrates surface after its interaction with biomolecules with reduced disulfide
bonds. This Raman probe was used to quantify insulin in the concentration range of 108-104 M.

Although a lot of research has focused on low level insulin detection using SERS, there is still a need for the
development of dynamic detection methods. Precise quantification of insulin secreted by beta cells is of
primary importance in determining the degree of functionality of polymeric matrices employed in encapsulation
procedures. The above-mentioned works studied the signal of insulin in a dried, presumably crystalline state.
However, the hydrogel microcapsules are prone to instantaneous dehydration in non-agueous environment,
which makes the in situ insulin permeation monitoring more difficult. Our previous study successfully reported
the application of label-free Confocal Raman Microscopy (CRM) to monitor structural changes in the hydrogel
matrices of alginate-based microspheres [14]. The present work investigates the possibility of monitoring the
diffusion process of insulin molecules through alginate-based hydrogel matrices using planar SERS substrates
and under water immersion. First, the limits of detection for insulin molecules in our diagnostic system are
presented. Second, we demonstrate the successful acceleration of the deposition time of insulin under the
influence of an alternating electric field. Finally, the insulin SERS signal is monitored from the SERS substrate
in the agueous conditions.

2. EXPERIMENTAL PART

2.1. Instrumentation

All SERS experiments were carried out at a controlled room temperature of 20°C, using a WITec alpha 300 R+
confocal Raman microscope equipped with a WITec UHTS300 spectrometer (1200 lines/mm grating) coupled
to an EMCCD camera. The 785 nm laser line with the power of 5 and 30 mW was employed to excite the
Raman signal. A water immersion objective (Carl Zeiss 20%x/1NA) and a 100 ym diameter optical fiber were
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used to collect the spectra. We performed single-spot acquisitions with integration times (IT) of 10 or 20 s and
accumulation number of 1 or 5, respectively (longer IT were used for measurements performed on SERS
substrates immersed in water). Additional raster scanning images were done to monitor the spatial
homogeneity of the insulin signal (50 x 50 um, 100 x 100 lines, IT 1s).

2.2. SERS substrates

We used planar SERS substrates provided by SERSitive (Institute of Physical Chemistry, Polish Academy of
Sciences, Warsaw), manufactured using electrodeposition of silver nanoparticles on an Indium-tin oxide (ITO)
glass surface. The Ag hydrophilic substrates had an active area of 54 mm (Premium-Silver SERS) and
3.5x3.5 mm (S-Silver SERS). Figure 1 presents photos of the substrates, and also the SEM and AFM images
of the deposited Ag on the surface. These SERS substrates are capable of amplifying the normal Raman
signals of about 100M times.

Figure 1 Optical image of the SERSitive substrates: Premium-Silver and S-Silver (a) [15, 16], SEM (b) [17]
and, AFM (c) image of Ag nanoparticles electrodeposited on the surface of the ITO glass

2.3. Deposition of insulin on planar substrates

A human insulin (Sigma-Aldrich) solution (1.7 x 1073 M) was used to prepare a series of different concentrations
of insulin solutions in the concentration range of 10-3- 10"*? M by dilution in filtered deionized water (pH of 7.5).
In this step, the smaller substrates (S-Silver SERS) were immersed in 200 ul of the indicated concentrations
in an Eppendorf tube for 24 h, followed by drying the substrates in air, without a rinsing step.

To investigate the influence of electrical field on the time of insulin deposition on the substrates surface, we
followed the work of Richter et al. [18]. The larger Premium-Silver SERS substrate served as one of the
electrodes in a cell, realized according to [18] using a 3D printer. On the counter electrode (ITO substrate
without Ag nanoparticles), a glass-PTFE foil of 250 um thickness was placed to avoid Faraday currents flow.
A volume of 50 ul of 1 mM insulin solution was pipetted into the cell. An alternating electrical field of +10 V
(square waveform with oscillations from 0 to +10 V) and 1 kHz was applied on the electrodes for 5 min (Keithley
3390 waveform generator, Tektronix 2236 A oscilloscope). The chosen polarity and frequency were
determined based on Zeta potential measurements (Malvern Zetasizer Nano ZS90) of 1 mM insulin solution
[18]. The Zeta potential and the electrophoretic mobility are equal to -26.6 mV and 2.084 pum.cm/Vs,
respectively. After deposition, no rinsing step was applied, and the substrates were dried in air. In some
experiments, the substrates were then immersed under water during Raman measurements. Afterwards a
second drying step followed, without excessive rinsing of the substrates.
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3. RESULTS AND DISCUSSION

3.1. Low concentration insulin detection using planar SERS substrates

Figure 2a shows spectra obtained from different spots of four different S-Silver substrates previously
immersed in mM, uM, nM, and pM insulin solutions. We were able to detect insulin in the nM-pM range, which
corresponds to the insulin levels in human blood. The most pronounced peaks were identified as vibrational
modes of phenylalanine (Phe) and tyrosine (Tyr) molecules [19]. It should be noted that no Raman peak of
insulin was observed from substrates not containing Ag nanopatrticles after immersion in 1 mM insulin solution.
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Figure 2 A comparison between SERS spectra of different concentrations of insulin solution (mM, uM, nM,
and pM) from substrates prepared by the immersion deposition method (a) and a comparison of a SERS
spectrum of 1 mM insulin solution deposited on the substrate using an alternating electric field to the 24 h

immersion deposition method (b).

3.2. Insulin deposition on SERS substrates using an alternating electric field

In the work of Richter et al. [18], a shortening of deposition time was reported for different proteins and small
molecules after applying an alternating electric field with a polarity depending on the charge of the analyte.
Our results confirm that this method is also applicable in the case of 1 mM human insulin solution. The recorded
spectra after only 5 min of electric field application resulted in homogenous and comparable signals to those
obtained from substrates immersed in the same insulin concentration solution for 24 h (Figure 2b). The spatial
uniformity of the absorbed molecules was also confirmed by the substrates raster images (not included here).

3.3. SERS signal of insulin from substrate immersed in water

Figure 3a depicts the spectrum measured from a dried substrate prepared under the influence of an electric
field. As mentioned in the previous section, highly uniform and pronounced insulin peaks were detected on the
surface. After these measurements, the substrate was immersed in 1.5 ml of deionized water (pH=7.5) in a
plastic Petri dish. The substrate was scanned again using the same acquisition parameters as for dried
substrate. However, no insulin signal was detected using these conditions. Insulin peaks, uniformly distributed
on the surface, appeared only after increasing the power from 5 to 30 mW. However, their intensity decreased
significantly compared to the signal from the dried substrate. This behavior was reproducible. As insulin is
present in water in a dissolved form, the functional groups are charged depending on the pH. This in turn
affects their ability to remain bonded with the substrate and influences the signal enhancement. The change
in signal intensity compared to the signal from the crystalline insulin is rather significant. The intensity is
comparable to a signal from a dried substrate previously immersed in pM concentration solution (see
Figure 2a). This puts limitations on in situ dynamic detection of insulin in water. Figure 3b shows the
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comparison of spectra from substrates dried before and after the immersion test (i.e. dried substrate after
deposition of insulin using electric field and substrate after the second drying step, respectively). Insulin did
not dissolve from the substrate completely into water but remained on the SERS substrate surface, as
pronounced insulin peaks are again visible. By raster imaging, we confirmed that insulin is still homogeneously
distributed on the surface. However, there is a difference in the excitation of the phenylalanine vibrational
modes, manifested by a change in the intensity ratios between 1001 and 1035 rel. cm™. Further study will
involve lower concentration insulin solutions and pH dependent measurements, as well as the adaptation of
this method for in situ detection of insulin diffusing through hydrogel matrices.
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Figure 3 Comparison of spectra from substrates prepared using an alternating electric field, measured under
different conditions (a) and comparison of spectra from substrates dried before and
after the immersion test (b).

4, CONCLUSION

We studied the possibilities of detecting SERS signal for human insulin from planar Ag SERS substrates, dried
as well as immersed in water. In the next step, this method will be applied for in situ dynamic monitoring of
insulin diffusing through alginate-based hydrogel matrices. A detection limit of around nM to pM concentrations
was achieved for a dried substrate. However, certain limitations were encountered in the detection of insulin
SERS signal for a substrate immersed in water.
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