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Abstract

The properties of biosurfaces encompass a broad scientific field, which includes molecular biology,
developmental biology, and modern medicine. Multiple approaches exist to address the need to better understand
the fundamental interactions between cells, extracellular matrix, and environment — often they require a range of
expensive equipment, consumables, and highly qualified specialists.

Our experience in studying the properties of the tear film allows us to put in use a broad spectrum of
analytical approaches in that field that could be achieved by using a relatively simple but robust biophysical
approach — measuring the surface tension at the aforementioned interfaces. For instance, parameters like tissue
interfacial surface tension, elastic modulus, viscosity and overall fluidity, could be obtained by cavitation rheology
or even by tissue surface tensiometry (TST). Those measurements could subsequently be used to elucidate the
amount and distribution of the adhesion energy between developing tissues in an embryo, as well as for the tissues
undergoing invasion.
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While the traditional definition of biosurfaces is constraint to an interface between biological
systems and synthetic or natural materials (Luckham & Hartley, 1994), broader approach would greatly
deepen our understanding of the boundaries of living organisms and of the forces acting on a molecular
scale on these boundaries. One of the best studied biosurfaces is the tear film. Each of its three layers —
the mucin layer, adhering to the cornea, the aqueous layer and the uppermost thin lipid layer, was
evaluated using a plethora of methods and techniques, resulting in an elucidation of the role of its
components (Petar Eftimov et al., 2020; G. A. Georgiev, Eftimov, & Yokoi, 2017; Georgi As Georgiev,
Eftimov, & Yokoi, 2019). That precise comprehension led to better understanding of the pathologies of
the tear film, such as dry eye syndrome (Petar Eftimov, Yokoi, Tsuji, Peev, & Georgiev, 2022; Willcox et
al., 2017; Yokoi & Georgiev, 2019) and to a more fluent workflow for evaluation of eye-drop
formulations (Daull et al., 2020; Petar Eftimov et al., 2022; Petar Eftimov et al., 2024) and material
properties of artificial vision aids, such as contact lenses (P. Eftimov, Yokoi, Peev, & Georgiev, 2019; P.
B. Eftimov, Yokoi, Peev, Paunski, & Georgiev, 2021).

But what are the methods that underpin these achievements? Though varying from infrared
spectroscopy (Borchman et al., 2011) to cell culturing of specific ocular lines (Petar Eftimov, Stefanova,
Lalchev, & Georgiev, 2015), one of the most valuable parameters giving information on the tissue
interfaces overall fluidity, viscosity and elasticity is the existing surface tension at the interfaces between
the cells, extracellular environments and the materials coming in contact with them. Meaningful results
could be obtained by simple experiments, like measuring the speed of the spreading molecules on a
surface that mimics tear film composition due to the Marangoni effect. Relying on a simple mathematical
expression, one can easily calculate the surface pression of a tested solution (ys), putting it in contact
with a liquid with known surface tension (Yw):
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by measuring the effective spread radius (r) and the speed of the spread (u), as illustrated on fig. 1.
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Figure 1. Measurement of the surface tension in a crucial tear film component — meibomian gland secretion of a patient in two different
concentrations (left and middle panel), compared with the spread of solution, substituted with commercial solution (modified from
Eftimov et al. 2022 (Petar Eftimov et al., 2022))

Another potent approach is the axisymmetric drop or bubble shape analisys (AD(B)SA), in which
adrop or bubble is put in contact with a surface (biosurface or material) and the contact angle is measured
at the air/water/material interface (see fig. 2).
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Figure 2. Measuring the contact angle on the surface of a contact lens (panel A, B — from Eftimov et al, (P. Eftimov et al., 2019)) and on a
surface of CIRC cell line coated glass plate (panel C — from Eftimov et al, (Petar Eftimov et al., 2015)).

The Young-Laplace equation, which describes the shape of a liquid interface under the influence
of gravity and surface tension, could be integrated numerically to generate theoretical drop profiles and
optimize them to match the experimental drop shape, thus determining the surface tension at the
interface.

AP =y<Rl1+Ri2> (2)

The measurements required are relatively simple compared to the obtained deep understanding of
the examined biosurface at the level of intermolecular interactions, Van der Waals and London forces
(Kwok, 1999; Kwok & Neumann, 1999), as well as subsequent analysis of the amount and distribution
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of the adhesion forces on the interfaces of interest. This approach can be applied when studying
differential adhesion phenomena on the interface of developing tissues during the embryogenesis —
another challenging and complex system, which normally requires significant investment in time and
equipment. Currently, there are three main theoretical approaches toward biophysical explanation of the
early embryonic cellular differentiation.

1.  Differential adhesion hypothesis (DAH) - a concept introduced by Steinberg in 1966 (Steinberg,
1996), based on cellular separation experiments by Philip L. Townes and Johannes Holtfreter (Townes
& Holtfreter, 1955). The basic assumption is that cells in the developing embryo have varying degrees
of surface adhesion, which causes them to reorganize spontaneously to minimize their interfacial free
energy (Foty & Steinberg, 2005). Mixing cells with different surface tensions would lead to their
separation and regrouping in a manner that can be predicted and precisely measured. For example, if
limb bud tissue with a surface tension of 20 dyne/cm is combined with pigment epithelium with a surface
tension of 12 dyne/cm, the pigment cells with the lowest surface tension remain on the surface of the
aggregate (Bécam & Huynh, 2007). Although this hypothesis gives a very straightforward explanation
and a reliable link between cellular behavior, measured surface pressure and the type of expressed
adhesive molecules (i.e. cadherins) it doesn’t appear to recognize the role of extracellular matrix and the
cytoskeleton involvement.

2.  Differential contraction hypothesis (DCH) — a buildup of Steinberg assumptions, made by Harris
in 1976, which recognizes the active role of the cytoskeleton in cell adhesion and movement (Harris,
1976). Later calculations of the cortical tensile force to adhesion energy showed that the latter is
significantly lower, which raised questions on the assumptions of DAH (Maitre et al., 2012).

3.  Differential interfacial tension hypothesis (DITH) — a new, refined approach, that questions the
molecular origin of the forces responsible for cell movement, rearrangement and differentiation, which
aims to consolidate the two aforementioned hypothesis. The authors (Stirbat et al., 2013), emphasize on
the importance of cell to cell vs. cell to media communications and on the role of particular molecules —
a-catenins as a catalyser for the remodeling of the actin cytoskeleton.

What makes the common ground of these three hypotheses is the recognition of the surface tension,
as a driving force for cellular differentiation and migration, thus making the development of methods for
its quick and reliable measurement a very important task. Not surprisingly, a lot of techniques had been
implemented in this regard — a short list includes external and internal methods (Boot, Koenderink, &
Boukany, 2021). We will focus on external methods, which measure the surface tension and other
mechanical properties without penetrating the cell surface, like atomic force microscopy (AFM) (Schiele
et al., 2015), micropipette aspiration (MPA) (Hochmuth, 2000) and tissue surface tensiometry (TST)
(Foty, Pfleger, Forgacs, & Steinberg, 1996). AFM is very precise, but requires expensive equipment,
highly trained professionals and special preparation of samples, which significantly lowers its value in
evaluating dynamic development of embryonic tissues. While it is easier to perform, TST and MPA both
have a disadvantage to apply external tensile force on the examined sample, which can interfere with the
normal development, as shown by the DCH and DITH.

What we propose is to use a well-established method — AD(B)SA for measuring the surface
pressure and to implement a new set of analytical approaches for the subsequent calculation of the
adhesion forces acting on a cell to cell and cell to media interfaces. The method can be used on live cell
cultures (Petar Eftimov et al., 2015), without staining or other modifications, and is relatively non-
invasive, which allows a continuous follow-ups during a selected period of time. Required equipment is
unexpensive and the workflow could be automated to a greater extent, which contributes to more concise
results. This approach is useful as well in predicting the behavior of tissues invasion during normal
development or neoplastic growth, making it even more important as a possible input into a broad
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diagnostic instrumentation dedicated to this ever-changing field. The link between measured contact
angles and Gibbs free energy (see fig. 3) is very useful to elucidate the energy, chemistry and dynamics
of the solid biosurfaces.
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Figure 3. Link between Gibbs free Energy and the advancing, receding and equilibrium contact angle of Young (modified from (Georgi As
Georgiev, Baluschev, Eftimov, Bacheva, & Landfester, 2024) .

The mathematical formalism used to calculate SFE from the contact angle values is given by the
Tadmor equation (Tadmor, 2004):
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Precise measurement of SFE allows the elucidation of what type of functional groups (dipoles,
donors or acceptors of H-bonds) are present at the solid surface and the prediction of the (bio)adhesion
of coatings and (bio)materials to cells, tissues, implants and other relevant interfaces(Georgi As
Georgiev et al., 2024).

Using biophysical and analytical methods, often provides robust, reliable and non-expensive
alternative in achieving crucial insights in fields like developmental biology, histopathology and
diagnostics of invasive processes.

Bécam, 1., & Huynh, J. R. (2007). [Genetic control of intercellular adhesion or how cadherins shape the fruitfly
Drosophila melanogaster]. Med Sci (Paris), 23(3), 285-290. doi:10.1051/medsci/2007233285

Boot, R. C., Koenderink, G. H., & Boukany, P. E. (2021). Spheroid mechanics and implications for cell invasion.
Advances in Physics: X, 6(1), 1978316. d0i:10.1080/23746149.2021.1978316

Borchman, D., Foulks, G. N., Yappert, M. C., Bell, J., Wells, E., Neravetla, S., & Greenstone, V. (2011). Human
Meibum Lipid Conformation and Thermodynamic Changes with Meibomian-Gland Dysfunction.
Investigative Ophthalmology & Visual Science, 52(6), 3805-3817. doi:10.1167/iovs.10-6514

10
Volume XV, 2025, Number 2: NATURAL AND MATHEMATICAL SCIENCE



Science & Technologies

Daull, P., Amrane, M., Ismail, D., Georgiev, G., Cwiklik, L., Baudouin, C., . . . Garrigue, J.-S. (2020). Cationic
Emulsion-Based Atrtificial Tears as a Mimic of Functional Healthy Tear Film for Restoration of Ocular
Surface Homeostasis in Dry Eye Disease. Journal of Ocular Pharmacology and Therapeutics, 36(6), 355-
365. doi:10.1089/jop.2020.0011

Eftimov, P., Olzynska, A., Melcrova, A., Georgiev, G. A., Daull, P., Garrigue, J.-S., & Cwiklik, L. (2020).
Improving Stability of Tear Film Lipid Layer via Concerted Action of Two Drug Molecules: A Biophysical
View. Int J Mol Sci, 21(24). Retrieved from doi:10.3390/ijms21249490

Eftimov, P., Stefanova, N., Lalchev, Z., & Georgiev, G. A. (2015). Effect of hydrophilic polymers on the
wettability, static and dynamic, of solid substrate covered by confluent monolayer of air-damaged SIRC
cells. Biotechnology & Biotechnological Equipment, 29(2), 390-394. doi:10.1080/13102818.2014.997541

Eftimov, P., Yokoi, N., Peev, N., & Georgiev, G. A. (2019). Impact of Air Exposure Time on the Water Contact
Angles of Daily Disposable Silicone Hydrogels. Int J Mol Sci, 20(6). doi:10.3390/ijms20061313

Eftimov, P., Yokoi, N., Tsuji, K., Peev, N., & Georgiev, G. A. (2022). Langmuir Trough Study of the Interactions
of Tear Mimetic Eyedrop Formulation with Human Meibum Films. Applied Sciences, 12(23). Retrieved
from doi:10.3390/app122312095

Eftimov, P., Yokoi, N., Tsuji, K., Takahashi, K., Nishiyama, M., Peev, N., . . . Georgiev, G. A. (2024). Surface
Chemistry Study of Normal and Diseased Human Meibum Films Prior to and after Supplementation with
Tear Mimetic Eyedrop Formulation. Applied Sciences, 14(8). Retrieved from doi:10.3390/app14083339

Eftimov, P. B., Yokoi, N., Peev, N., Paunski, Y., & Georgiev, G. A. (2021). Relationships between the material
properties of silicone hydrogels: Desiccation, wettability and lubricity. J Biomater Appl, 35(8), 933-946.
doi:10.1177/0885328220967526

Foty, R. A., Pfleger, C. M., Forgacs, G., & Steinberg, M. S. (1996). Surface tensions of embryonic tissues predict
their mutual envelopment behavior. Development, 122(5), 1611-1620. doi:10.1242/dev.122.5.1611

Foty, R. A., & Steinberg, M. S. (2005). The differential adhesion hypothesis: a direct evaluation. Developmental
Biology, 278(1), 255-263. doi:https://doi.org/10.1016/j.ydbio.2004.11.012

Georgiev, G. A., Baluschey, S., Eftimov, P., Bacheva, M., & Landfester, K. (2024). Addressing the Apparent
Controversies Between the Contact Angle-Based Models for Estimation of Surface Free Energy: A Critical
Review. Colloids and Interfaces, 8(6). Retrieved from doi:10.3390/colloids8060062

Georgiev, G. A., Eftimov, P., & Yokoi, N. (2017). Structure-function relationship of tear film lipid layer:
A contemporary perspective. Exp Eye Res, 163, 17-28. doi:10.1016/j.exer.2017.03.013

Georgiev, G. A., Eftimov, P., & Yokoi, N. (2019). Contribution of Mucins towards the Physical Properties of the
Tear Film: A Modern Update. Int J Mol Sci, 20(24). Retrieved from doi:10.3390/ijms20246132

Harris, A. K. (1976). Is cell sorting caused by differences in the work of intercellular adhesion? A critique of the
Steinberg hypothesis. Journal of theoretical biology, 61(2), 267-285.

Hochmuth, R. M. (2000). Micropipette aspiration of living cells. J Biomech, 33(1), 15-22.
doi:https://doi.org/10.1016/S0021-9290(99)00175-X

Kwok, D. Y. (1999). The usefulness of the Lifshitz—van der Waals/acid—base approach for surface tension
components and interfacial tensions. Colloids and Surfaces A: Physicochemical and Engineering Aspects,
156(1), 191-200. doi:https://doi.org/10.1016/S0927-7757(99)00070-9

Kwok, D. Y., & Neumann, A. W. (1999). Contact angle measurement and contact angle interpretation. Advances
in Colloid and Interface Science, 81(3), 167-249. doi:https://doi.org/10.1016/S0001-8686(98)00087-6

Luckham, P. F., & Hartley, P. G. (1994). Interactions between biosurfaces. Advances in Colloid and Interface
Science, 49, 341-386. doi:https://doi.org/10.1016/0001-8686(94)80019-7

Maitre, J. L., Berthoumieux, H., Krens, S. F., Salbreux, G., Julicher, F., Paluch, E., & Heisenberg, C. P. (2012).
Adhesion functions in cell sorting by mechanically coupling the cortices of adhering cells. Science,
338(6104), 253-256. doi:10.1126/science.1225399

Schiele, N. R., von Flotow, F., Tochka, Z. L., Hockaday, L. A., Marturano, J. E., Thibodeau, J. J., & Kuo, C. K.
(2015). Actin cytoskeleton contributes to the elastic modulus of embryonic tendon during early
development. J Orthop Res, 33(6), 874-881. doi:10.1002/jor.22880

Steinberg, M. S. (1996). Adhesion in Development: An Historical Overview. Developmental Biology, 180(2), 377-
388. doi:https://doi.org/10.1006/dbi0.1996.0312

11
Volume XV, 2025, Number 2: NATURAL AND MATHEMATICAL SCIENCE


https://doi.org/10.1016/j.ydbio.2004.11.012
https://doi.org/10.1016/S0021-9290(99)00175-X
https://doi.org/10.1016/S0927-7757(99)00070-9
https://doi.org/10.1016/S0001-8686(98)00087-6
https://doi.org/10.1016/0001-8686(94)80019-7
https://doi.org/10.1006/dbio.1996.0312

Science & Technologies

Stirbat, T. V., Mgharbel, A., Bodennec, S., Ferri, K., Mertani, H. C., Rieu, J. P., & Delanoé-Ayari, H. (2013). Fine
tuning of tissues' viscosity and surface tension through contractility suggests a new role for a-catenin.
PLoS One, 8(2), €52554. doi:10.1371/journal.pone.0052554

Tadmor, R. (2004). Line Energy and the Relation between Advancing, Receding, and Young Contact Angles.
Langmuir, 20(18), 7659-7664. d0i:10.1021/1a049410h

Townes, P. L., & Holtfreter, J. (1955). Directed movements and selective adhesion of embryonic amphibian cells.
Journal of Experimental Zoology, 128(1), 53-120. doi:https://doi.org/10.1002/jez.1401280105

Willcox, M. D. P., Argueso, P., Georgiev, G. A., Holopainen, J. M., Laurie, G. W., Millar, T. J., ... Jones, L. (2017).
TFOS DEWS I Tear Film Report. Ocul Surf, 15(3), 366-403.
doi:https://doi.org/10.1016/j.jt0s.2017.03.006

Yokoi, N., & Georgiev, G. A. (2019). Tear-film-oriented diagnosis for dry eye. Jpn J Ophthalmol, 63(2), 127-136.
d0i:10.1007/s10384-018-00645-4

12
Volume XV, 2025, Number 2: NATURAL AND MATHEMATICAL SCIENCE


https://doi.org/10.1002/jez.1401280105
https://doi.org/10.1016/j.jtos.2017.03.006

