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Abstract


A thickness-shear mode acoustic wave biosensor operated within a flow-through system was used to examine the response of mouse retinal tissue to radiation. Control experiments conducted with respect to exposure of the bare gold electrodes of the device under various conditions of light intensity and bathing solution yielded reversible changes in resonant frequency (Fs) and motional resistance (Rm). The magnitude of transient changes was proportional to light intensity, but independent of solution type. These alterations in acoustic parameters were ascribed to acoustic coupling phenomena at the electrode-to-liquid interface. Pre-differentiated retina from mouse samples deposited on the thickness shear mode (TSM) electrode exposed to a high light intensity condition also exhibited reversible changes in both Fs and Rm, compared to control experiments involving a coating used to attach the tissue to the electrode. In this case, the radiation-instigated reversible responses for both acoustic parameters exhibited a reduction in magnitude. The changes are ascribed to the alteration in viscoelasticity of the retinal matrix on the TSM electrode surface. The precise biophysical mechanism responsible for the changes in Fs and Rm remains a challenge, given the complex make up of retinal tissue.
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1. Introduction


The study of biological entities such as proteins, nucleic acids, cells, and tissue at the solid–liquid interface by acoustic wave (AW) biosensors has attracted considerable attention in recent years [1]. Such fundamental studies of a population of cells, in vitro, improves our basic knowledge and can provide a pillar for understanding the function of much more complex systems, such as biological organs. A key issue which is common to many studies involving AW devices is the necessity to attach and proliferate cells on inorganic surfaces, such as gold and silicon [2]. This process often requires the use of coatings or alternative methods of surface modification in order to allow cell adhesion. In an attempt to mimic the extra-cellular matrix, cocktails of moieties such as laminin, elastin, and fibronectin are often used as coatings. A further critical factor is the necessity to operate the sensor under conditions which are capable of the maintenance of cell viability and function.



The thickness shear mode (TSM) device offers the ability to study cells at acoustic wavelengths, non-invasively, under label-free conditions and in real-time. The sensor was employed over the years in the study of a variety of cells, including endothelial cells, kidney cells, cancer cells epithelial cells fibroblasts, osteoblasts, and smooth muscle cells [3,4,5,6,7,8,9,10,11,12]. Research on cells was also conducted with other devices, such as Love and surface wave sensors, and on detailed examination of cell behavior, beautifully reviewed in Reference [12], where a common feature is the issue of surface adherence of cells on a number of substrates, such as titanium and hydroxyapatite. Included with the latter are often investigations of viscoelastic properties of cells, as influenced by growth factors and small molecules such as drugs.



In our own research, we concentrated on acoustic wave study of hypothalamic neurons prepared from mouse embryo tissue at a confluence in the range of 80–100% [13,14,15,16]. Experiments were conducted with both KCl and NaCl, in terms of interaction with neurons in a flow-injection configuration, with measurement of changes in resonant frequency and motional resistance. The various responses to these electrolytes were interpreted in terms of changes in cellular structure associated with the depolarization process. With regard to adhesion and deposition of neurons, in the absence of serum proteins, initial cell adhesion was followed by subsequent cell death and removal from the sensor surface. Further, the presence of the peptide, GRGDS (Gly-Arg-Gly-Asp-Ser peptide) was observed to significantly reduce cell-surface specific interactions, compared to the control of SDGRG (Ser-Asp-Gly-Arg-Gly peptide). Finally, we investigated the synchronization of the circadian rhythm generator and the effects of glucagon on hypothalamic neurons. For full synchronization, the addition of the serum bolus triggered both increases in resonant frequency and motional resistance, which decayed after 30 min. The duration of this decay closely matched the time required for full synchronization.



The object of this work was to perform a proof of concept experiment, where we could show that pre-differentiated tissue, which is far more complex in terms of biological architecture than previous studies of cell populations, could be interrogated with the use of the TSM. Unlike the situation with studies of cell populations by AW devices, examination of mature tissue has not featured prominently in the literature. In this case, we chose to explore the behavior of retinal tissue excised from sacrificed white mice which was deposited on the electrode surface of a TSM device. In terms of the future, such experiments could lead to a correlation of tissue biophysical processes with, for example, treatment with drugs. This approach was employed by our group in an examination of the response of hypothalamic neurons to neurotrophic factors [17]. Using careful control of temperature and acoustic cell flow conditions, the tissue samples were exposed to various intensities of white light. Changes in both resonant frequency and motional resistance were observed on tissue exposure to radiation.




2. Experimental


2.1. Attachment of Retinal Tissue to TSM Device


Nine MHz AT-cut quartz crystals (13.4 mm diameter) with symmetrical gold electrodes (4.9 mm diameter) obtained from LapTech. Corp. (Bowmanville, ON, Canada) were incorporated into a flow-cell system equipped with a white light source. The sensors were sonicated and washed in 1% w/w SDS, methanol, and acetone for five minutes in each solvent. Before use, crystals were treated with sterile water and serum-free Dulbecco’s Modified Eagle Medium (DMEM). Clean sensors were coated with a cell attachment matrix consisting of an entactin, collagen, and IV-laminin mixture (ECL) from Upstate Biotechnology, Inc. (Waltham, MA, USA) at 5 mg cm−2 for 2 h. Retinal tissue obtained from sacrificed white mice was applied to the middle of the sensor, with photoreceptors facing up in DMEM supplemented with 5% fetal bovine serum (Hyclone, GE Healthcare Life Sciences (Pittsburgh, PA, USA)). The preparation was encased in a sample holder and allowed to equilibrate for 30 min with no flow-through at 37 °C.




2.2. Procedure


The assembled instrument with the prepared sensor was allowed to equilibrate to 37 °C, with establishment of a baseline with a flow-through of 5% FBS DMEM at 50 uL/min for several hours. The retinal tissue was exposed to a high intensity of light, with the behavior of the tissue being monitored by the TSM sensor, with respect to frequency as well as motional resistance every 8 s. Control studies were performed using bare sensors and devices coated with the cell-attachment matrix noted above. Both conditions were exposed to a flow-through of distilled water, phosphate buffered saline (PBS), serum-free DMEM, and 5% FBS DMEM at a rate of 50ul/min. In addition, each flow-through solution was exposed to three intensities of light (low, medium, and high) with off-phases in between. Each phase was typically 5–10 min in duration. The flow-through rate was unchanged for the duration of the experiments, only light intensities were altered without disturbing the flow-through chamber. The bottom chamber was exposed to the outside environment (air) being kept at 37 °C and constant humidity. Three experiments were conducted with different retinal preparations.





3. Results and Discussion


3.1. Acoustic Wave Propagation into Substrate-Attached Tissue


Prior to presenting the results of this work, it is useful to concisely discuss the interaction of the acoustic propagated from the TSM device into the retinal tissue layered onto the electrode surface. The thickness of the retinal layer including the extracellular matrix (ECM) component is anticipated to be of the order of 100–500 µm [18]. When operated in liquids, the acoustic wave is dissipated into the liquid, with inertial storage changes being related to the change in frequency (Fs). Dissipation is measured as a change motional resistance (Rm), where, under liquid loading, the value is governed by the viscosity and density of the fluid. In liquids, the penetration depth of the wave originating from a 9 MHz device is of the order 0.2 µm. With cells including the ECM, the penetration depth of the wave is around 0.5 µm [19], which implies that a component of the cytoplasm will interact with the acoustic wave. For tissue, such as described in the present study, the Fs and Rm values will be controlled by the acoustic impedance of the composite of the various layers of the far thicker biological material, resembling the characteristics of a film of hydrogel. The long dimension of rod cells is 100 µm. Finally, the device in this case was not expected to function as a so-called “mass” sensor as described by Sauerbrey [20]; any alterations in Fs and Rm values were much more likely to be governed by viscoelastic changes and/or coupling of the biological sample to the electrode surface.




3.2. Control Experiments–TSM Electrode Exposure to Radiation


The control experiments conducted in this work involved the bare TSM gold electrode being exposed to light of three different intensities in on- and off- modes. A typical plot for Fs and Rm under the high light condition is shown in Figure 1. Interestingly, the sensor yields reversible changes in both Fs and Rm, with increases in the former parameter and decreases in the latter both being observed. The instigated changes in both Fs and Rm for various bathing solutions were obviously dependent on the three intensities of light employed in the experiments. However, it was clear that solution type was of no influence on the acoustic response (Figure 2). Possible explanations for these changes are alterations in temperature of the bathing flowing medium, removal and/or addition of “mass”, or a manifestation of an acoustic coupling phenomena. The first two of these explanations can be readily discounted, since a reversible change in temperature of the flowing medium in the time frame observed and repeated gain/loss of mass are obviously highly unlikely. Furthermore, the temperature of the system was very carefully controlled during all experiments.



Radiation-instigated changes in acoustic parameters were observed previously with regard to photooxidation of dithiol-containing monolayers on gold (TSM electrode) [21]. In these experiments, the monolayers on the TSM Au electrodes were exposed to varying levels of oxygen, followed by measurement of acoustic parameters on exposure to UV-radiation. Surface analysis of the monolayers by SIMS showed that the thiol groups were oxidized. The changes in Fs and Rm were ascribed to reversible coupling of the monolayer to the surrounding liquid associated with the photooxidation phenomena. It is highly likely that an analogous effect was observed in the present work, given that it is virtually impossible to ensure that TSM gold electrodes are contamination free, especially of S-containing moieties, unless high vacuum conditions are employed [22]. It has long been established that genuinely clean Au exhibits hydrophilic characteristics, rather than the usual surface of low polarity, which can occur despite ostensibly stringent cleaning protocols [23].




3.3. Acoustic Parameters for Exposure of Substrate-Attached Tissue to Radiation


A typical plot of Fs and Rm for retinal tissue ECL attached to the TSM electrode and exposed to a high light condition is depicted in Figure 3. For access to retinal tissue reasons, only the high intensity was employed in this experiment. DMEM was the sole solution used to bathe the retinal tissue. Using H2O would lyse cells, and the use of media without sufficient trophic factors such as PBS, although sufficiently buffered, may interfere with cellular metabolic processes during the experiment. This is the primary reason why only a solution rich in vitamins, amino acids, and glucose (DMEM) was used for retinal cell containing experiments.



It is noteworthy that in this case there is a reversible decrease in both Fs and Rm, unlike the situation for experiments conducted on the bare electrodes. A comparison of the changes for ECL-coated electrodes and those with tissue in place is shown in Figure 4. Clearly, the reversible alterations in the parameters are statistically significant, implying that the reductions in Fs in Rm are associated with alterations in inertial storage and dissipation, respectively. Changes in the same direction for the two parameters for TSM studies of an RNA- peptide interaction were interpreted in terms of both viscoelastic and acoustic coupling via slip phenomena [24]. The decrease in Fs implies an increase in viscosity; whereas, for Rm, the indication may be an increase in film stiffness. Additionally, conformational shifts in biological macromolecules imposed on TSM devices are known to cause perturbation of both Fs and Rm [25].



Ascribing a mechanism to the alterations in acoustic parameters in terms of the expected effect of radiation on surface-attached retinal tissue at this point in this research, represents something of an intractable problem. Concisely, mammalian retinal tissue consists of ten distinct layers, including the photoreceptor cells, the rods, and cones [18]. Transduction in these cells associated with exposure to radiation involves a cis-to-trans isomerization of the chromophore and retinal, which is a component of the light-sensitive protein, rhodopsin. A cascade of subsequent biochemical processes leads to a hyperpolarization of the cell membrane. The photoreceptor cells synapse with other neural components, such as bipolar and horizontal cells, which in turn connect to ganglion cells. An action pulse at the latter is then conveyed by nerve conduction to the brain. Some of these cells also display depolarization in addition to hyperpolarization. Relevant to the present study, we saw changes in Fs and Rm when mouse embryo neurons imposed on a TSM device were exposed to electrolytes [13]. In this case, such responses in acoustic parameters were ascribed to depolarization-instigated cellular structural changes, possibly involving alteration of viscoelasticity, or coupling of the neuronal layer to the ECL.



Accordingly, in the present study, given the reversibility in acoustic parameters in tandem with radiation on-and-off exposure, the device must be responding to the complex cascade of cellular events involved in the phototransduction process, which are clearly transitory. In this work, the photoreceptor rod cells, with an expected length of 100 µm, directly face the flowing solution. However, the aforementioned biochemical cascade is highly likely to proceed towards the electrode surface, thus influencing the acoustic properties of the complete retinal layer.





4. Concluding Remarks


The results of this work present two interdependent issues in terms of the use of acoustic wave study on samples of tissue held at an interface. First, as specified above, the interpretation of the alteration in acoustic parameters caused by the exposure of this particular sample to light remains a challenge. With respect to the monolayers of cells of various types, analogous research is most often concerned with the straightforward characterization of adhesion behavior on surfaces. In addition, there are many discussions of viscoelastic perturbations associated with interaction with stimuli, such as drugs, as indicated above for reference [17]. However, even for the “simpler” situation of research on cells, a precise correlation of changes in biochemical properties with acoustic parameters remains somewhat elusive. In the present work, the matrix is significantly more complex, where many bio-physicochemical processes are operating in a cascade involving a number of different cells.



One potential application for acoustic wave technology, as for a number of biophysical techniques, is the phenomenological correlation of measured parameters obtained from healthy tissue extracted from animals with tissue that is malfunctioning. With specific regard to the retina, a number of such conditions are known, such as retinal detachment, diabetic retinopathy, and dry macular degeneration [26]. The first of these involves the separation of retinal cells from the layer of blood vessels that provides oxygen and nourishment; the second, damage to the blood vessels in the eye; and the last condition, thinning of the macula. All of these effects can result in a severe loss of vision, and research of this type would necessarily involve healthy and damaged tissue excised from animals. However, as mentioned above, a definitive characterization of the biology of these conditions though acoustic wave biosensor response would be highly dependent on a more solid interpretation of the responses of acoustic parameters to stimuli imposed on tissue.







Author Contributions


Conceptualization, M.T.; methodology, A.C.; writing, M.T and A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by Natural Sciences and Engineering Research Council of Canada: 9522.




Acknowledgments


Support for this work was provided by the Natural Sciences and Engineering Research Council of Canada. We are extremely grateful to Cindi Morshead of the Department of Surgery, University of Toronto, for assistance with retinal preparation and use of her facilities. Shilin Cheung of Sanofi Pasteur–Brunel, Toronto, is thanked for many helpful comments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gizeli, E.; Thompson, M.; Johannsmann, D. Special issue on acoustic wave sensor technology for biophysical and bioanalytical studies. Sens. Bio-Sens. Res. 2016, 11, 59–127. [Google Scholar] [CrossRef] [Scilit]

	



Fan, Y.F.; Cui, F.Z.; Chen, L.N.; Zhai, Y.; Xu, Q.Y. Improvement of neural cell adherence to silicon surface by hydroxyl ion implantation. Surf. Coat. Technol. 2000, 131, 355–359. [Google Scholar] [CrossRef] [Scilit]

	



Zhou, T.; Marx, K.A.; Warren, M.; Schulze, H.; Braunhut, S.J. The quartz crystal microbalance as a continuous monitoring tool for the study of endothelial cell surface attachment and growth. Biotechnol. Prog. 2000, 16, 268–277. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gryte, D.M.; Ward, M.D.; Hu, W.S. Real-time measurement of anchorage-dependent cell adhesion using a quartz crystal microbalance. Biotechnol. Prog. 1993, 9, 105–108. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Marx, K.A.; Zhou, T.; Montrone, A.; McIntosh, D.S.J.; Braunhut, S.J. Quartz crystal microbalance biosensor study of endothelial cells and their extracellular matrix following cell removal: Evidence for transient cellular stress and viscoelastic changes during detachment and the elastic behaviour of the pure matrix. Anal. Biochem. 2005, 343, 23–34. [Google Scholar] [CrossRef] [Scilit]

	



Li, F.; Wang, J.H.-C.; Wang, Q.M. Thickness shear mode acoustic wave sensors for characterizing the viscoelastic properties of cell monolayers. Sens. Actuators B 2008, 128, 399–406. [Google Scholar] [CrossRef] [Scilit]

	



Alessandrini, A.; Croce, M.A.; Tiozzo, R.; Facci, P. Monitoring cell-cycle-related viscoelasticity by a quartz crystal microbalance. Appl. Phys. Lett. 2006, 88. [Google Scholar] [CrossRef] [Scilit]

	



Redepenning, J.; Schlesinger, T.K.; Mechalke, E.J.; Puleo, D.A.; Bizios, R. Osteoblast attachment monitored with a quartz crystal microbalance. Anal. Chem. 1993, 65, 3378–3381. [Google Scholar] [CrossRef] [Scilit]

	



Wang, X.; Ellis, J.S.; Kan, C.-D.; Li, R.K.; Thompson, M. Surface immobilization of smooth muscle cells monitored by on-line acoustic wave detector. Analyst 2008, 133, 85–92. [Google Scholar] [CrossRef] [Scilit]

	



Saitakis, E.; Gizeli, E. Acoustic sensors as a biophysical tool for probing cell attachment and cell/surface interactions. Cell. Mol. Life Sci. 2012, 69, 357–371. [Google Scholar] [CrossRef] [Scilit]

	



Saitakis, M.E.; Gizeli, E. Quantification of the effect of glycocalyx condition on mem-brane receptor interactions using an acoustic wave sensor. Eur. Biophys. J. 2011, 40, 209–215. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chronaki, D.; Stratiotis, D.I.; Tsortos, A.; Anastasiadou, E.; Gizeli, E. Screening between normal and cancer human thyroid cells through comparative adhesion studies using the Quartz Crystal Microbalance. Sens. Bio-Sens. Res. 2016, 11, 99–106. [Google Scholar] [CrossRef] [Scilit]

	



Cheung, S.; Fick, L.J.; Belsham, D.D.M.; Thompson, M. Depolarisation of surface-attached hypothalamic mouse neurons studied by acoustic wave detector. Analyst 2010, 135, 289–295. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Cheung, S.; Fick, L.J.; Belsham, D.D.; Thompson, M. Synchronization of the circadian rhythm generator and the effects of glucagon on hypothalamic mouse neurons detected by acoustic wave propagation. Analyst 2011, 136, 2786–2793. [Google Scholar] [CrossRef] [Scilit]

	



Cheung, S.; Fick, L.J.; Belsham, D.D.; Lovejoy, D.A.; Thompson, M. Interfacial behavior of immortalized hypothalamic mouse neurons detected by acoustic wave propagation. Analyst 2011, 136, 4412–4421. [Google Scholar] [CrossRef] [Scilit]

	



Cheung, S.; Thompson, M. On the acoustic wave sensor response to immortalized hypothalamic neurons at the device-liquid interface. Sens. Bio-Sens. Res. 2016, 11, 107–112. [Google Scholar] [CrossRef] [Scilit]

	



Cheran, L.-E.; Cheung, S.; Belsham, D.; MacKay, W.A.; Al Chawaf, A.; Ellis, J.S.; Lovejoy, D.; Thompson, M. Label-free detection of neuron-drug interactions using acoustic and Kelvin vibrational fields. Analyst 2007, 132, 242–255. [Google Scholar] [CrossRef] [Scilit]

	



Sadda, S. (Ed.) Ryan s Retina, 6th ed.; Elsevier: Oxford, UK, 2017. [Google Scholar]

	



Ellis, J.S. The Study of Interfacial Dynamics at Biochemically-Modified Surfaces Using Acoustic Wave Physics and Molecular Simulations. Ph.D Thesis, University of Toronto, Toronto, ON, Canada, 2008. [Google Scholar]

	



Sauerbrey, G. The use of quartz oscillators for weighing thin layers and for micro-weighing. Zeitschrift Physik 1959, 155, 206–222. [Google Scholar] [CrossRef] [Scilit]

	



Thompson, M.; Ellis, J.S.; Ryan, T.; Lyle, E.-L. Modulation of acoustic coupling by photo-oxidation of self-assembled monolayers. Anal. Lett. 2010, 43, 1801–1811. [Google Scholar] [CrossRef] [Scilit]

	



Brewer, N.J.; Janusz, S.; Critchley, K.; Evans, S.D.; Leggett, G.J. Photooxidation of self-assembled monolayers by exposure to light of wavelength 254 nm:  A static SIMS study. J. Phys. Chem. B 2005, 109, 11247–11256. [Google Scholar] [CrossRef] [Scilit]

	



Smith, T. The hydrophilic nature of a clean gold surface. J. Coll. Interface Sci. 1980, 75, 51–55. [Google Scholar] [CrossRef] [Scilit]

	



Ellis, J.S.; Thompson, M. Conformational states of nucleic acid-peptide complexes monitored by acoustic wave propagation and molecular dynamics simulation. Chem. Sci. 2011, 2, 237–255. [Google Scholar] [CrossRef] [Scilit]

	



Hayward, G.; Catford, A.; Balachandran, A.; Stiver, W. An acoustic prion assay. Sens. Bio-Sens. Res. 2016, 11, 94–98. [Google Scholar] [CrossRef] [Scilit]

	



Mendez, M.; Townsend, C.A.; Singh, J.H.; Arun, D. Manual of Retinal Diseases; Springer: Berlin, Germany, 2016. [Google Scholar]








[image: Sensors 20 02628 g001] 





Figure 1. Typical plot of resonant frequency (Fs) and motional resistance (Rm) for exposure of bare Au electrodes of thickness shear mode (TSM) to various intensities of light. The system was allowed to equilibrate for several hours before light exposure. 
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Figure 2. Changes in Fs and Rm for exposure of bare TSM electrodes to various solutions and light intensity conditions. 
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Figure 3. Changes in Fs and Rm after exposure of retinal tissue deposited on a TSM Au electrode under high light intensity condition. 
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Figure 4. Changes in Fs and Rm for both ECL control experiments and retinal tissue deposited on a TSM Au electrode. High light intensity condition. 
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