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ABSTRACT:   

Protein uptake at the interface of a millimeter-sized air bubble in water, is 

investigated by a recently developed differential interferometric technique. The 

technique allows the study of capillary waves with amplitudes in the range of 10-9 m, 

excited at the surface of the bubble by an electric field of intensity in the order of 10 

V/cm. By studying the resonant modes of the bubble (radial and shape modes) it is 
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possible to assess variations of interfacial properties and, in particular, of the net 

surface charge as a function of bulk protein concentration. Sensing the interfacial 

charge, the technique enables us to follow the absorption process in condition of 

low concentrations, not easily assessable by other methods. We focus on bovine 

serum albumin (BSA) and Lysozyme, as representatives of typical globular proteins.  

To provide a comprehensive insight into the novelty of the technique we also 

investigated the equilibrium adsorption of SDS ionic surfactant for bulk 

concentrations hundreds times lower than the CMC. Results unveil how the 

absorption of charged molecules affects the amplitudes of the bubble resonant 

modes even before affecting the frequencies in a transition-like fashion. Different 

adsorption models are proposed and developed. They are validated against the 

experimental findings by comparing frequency and amplitude data. By measuring 

the charging rate of the bubble interface, we have followed the absorption kinetics 

of BSA and Lysozyme recognizing a slow, energy barrier limited, phenomena, with 

characteristic times in agreement with data in the literature. The evaluation of the 

surface excess concentration () of BSA and SDS at equilibrium is obtained by 

monitoring charge uptake. At the investigated low bulk concentrations, reliable 

comparisons with literature data from equilibrium surface tension isotherm models, 

are reported.  

1.  INTRODUCTION 

The determination of interfacial characteristics of the air/water interface in the 

presence of proteins in solution is crucial in many applied fields. In particular, the 

knowledge about the initial steps of adsorption processes is having large relevance 

for applications in food, pharmaceutics, and cosmetics allowing the optimization of 

the initial active surfactant concentration, both in traditional and innovative 

applications.1-3.4-6 The growing interest in biofilms formation and features 

investigation has enlarged the importance of characterizing interfaces in the 

presence of high molecular weight proteins to mimic biological systems.7-8 Surface 

stabilization of air/liquid and liquid/liquid systems  is controlled by the adsorption 

processes of active molecules at the interface and their interactions. Information on 

structural arrangement and interactions among adsorbed molecules are difficult to 

assess experimentally at a molecular level. Techniques as vibrational sum-frequency 

generation and neutron and x-ray scattering [ref] are applied to give information at 

this scale. An important parameter that depends on the molecular layer of water, 

surfactant, proteins and ions at the interface, is the interfacial charge. Charge is 
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difficult to assess experimentally and difficult to anticipate a priori. In fact, macro-

molecules Z-potential measured in bulk does not necessarily correspond to the 

effective charge they bring at the interface. Various methods have been developed 

to measure interfacial tension, the macroscopic quantity characterizing interfaces, 

somehow related also to the surface charge.9
 

Optical studies of drop and bubble profiles are extensively applied to study 

interfaces and their response to surface active molecule uptake.10,11,12 The shape of 

drops and bubbles is affected by changes in the surface tension caused by the 

uptake of surface active molecules at the interface. More recently, dynamic 

measurements of surface tension have been carried out by several authors.9,13,14  

These studies are aimed at understanding the mechanisms of transport and 

insertion of surface-active molecules into void interfaces and/or at investigating the 

adsorption mechanisms under non-equilibrium conditions (e.g., in systems with 

periodically varying surface area). The combined knowledge of equilibrium and non-

equilibrium effects on adsorption, surface tension and interfacial (visco) elastic 

properties, shed light on the transfer mechanisms and relaxation effects at the 

interfaces. Most of these measurements apparata usually employ fast videocamera 

techniques for recording the time variation of the moving interfaces. Despite the 

technical progresses and the advanced computational analysis of the images, their 

ability to measure tiny interfacial oscillation amplitudes is hampered by the 

relatively low resolution of the classical geometrical optics. 

A much deeper insight up to the nanometric scale can be achieved by employing 

techniques such as the interferometric ones grounded on the undulatory nature of 

the light. The differential interferometric techniques here applied deeply extend the 

range of investigable amplitudes from tens of nanometers to the sub-nanometric 

range.15,16 The bubble interferometer exploits the analysis of stationary modes of a 

resonating bubble under small perturbations induced by an external forcing 

electromagnetic field and allows the study of surface properties with extremely high 

sensitivity. Importantly, the technique is complementary to the drop/bubble profile 

methods because, it is sensitive to the charge at the interface.17 In fact, by applying 

an e.m. forcing field, the amplitudes of resonant modes depend on interfacial 

charge. By revealing charge variations, the technique can cover a regime of 

unusually low surface concentrations, where the adsorbed molecules do not 

significantly affect the surface tension. Results on air/water interface uptake of 
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sodium dodecyl sulfate (SDS) were recently presented18,19 and the technique was 

extended to oil/water interfaces by investigating oil drops in water.20 

Indeed, the frequencies of capillary modes depend on bubble geometry, i.e. on its 

radius and on the constraint of attachment (for tethered bubbles), and are related 

to the restoring force of surface oscillations, i.e. to the interfacial tension. 21-23 In 

general for tethered bubbles, the frequencies of the discrete stationary modes, Fl, 

are expressed by Equations 1a and 1b, given lol F 2 :  
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where   is the surface tension, ρ the fluid density, Ro the radius of the bubble and 

D(l,a) is a term which depends on the constraint a determined by the geometry of 

attachment.22-24 In the case of surfactant-covered bubbles (drops), the key 

parameter is the surface tension  , which is a decreasing function of the surface 

coverage by surface active molecules. 

Nevertheless, bubble interferometry shows that, for oscillating charged interfaces, 

the dependence of the resonance frequencies on the charging of the unperturbed 

interface is nontrivial. This notion was understood by Lord Rayleigh in the prime 

work on the instability of charged drop dating 188225 but a detailed formulation of 

the theory in the domain of the present applications is still missing.  

 We present here a study of interfacial properties of small-amplitude fast- 

oscillating air bubbles in water upon adsorption of soluble proteins. We investigated 

bovine serum albumin (BSA)26-27 and lysozyme28 proteins, chosen to be 

representative of typical water-soluble globular proteins.  Experimental results are 

presented in sections 3.1. To provide a comprehensive insight into the novelty of the 

technique, we devoted section 3.2 to study the well-known surfactant SDS. Different 

theoretical models are developed to derive the dependence of the oscillating bubble 

resonance parameters, frequency and amplitude, on the adsorption of charged 

molecules, and are reported in sections 3.3. In Section 3.4 experimental results and 

theoretical findings are discussed in comparison.     
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2. MATERIALS AND METHODS 

    2.1. The bubble interferometric technique. The technique here applied to study 

interface properties is based on the study of capillary waves rising at the surface of 

air bubbles when they are perturbed from equilibrium by an external field. In 

particular, an oscillating electric field is applied in this study. The interferometric 

method recently developed,15-19, is briefly summarized as follows. Bubbles, of the 

order of 1 mm in diameter, are formed at the top of a stainless-steel hollow 

electrode protruding out from the bottom of a small square cell and are 

subsequently captured on a second electrode placed 2 mm over the first one (see 

Figure 1a). The total cell volume is about 0.5 mL. The bubble radius was measured 

by means of a CCD camera. Bubble oscillations are excited by a periodic electric field 

due to the effective net charge existing at the interface, naturally occurring even in 

pure water. 17, 29 

    The amplitude of the exciting force is kept low enough to produce interfacial 

oscillations in the range of few nanometers. Surface deformation is probed by 

analyzing the interference of the beams reflected from the bubble, once laser light 

crosses its diameter. In fact, when traversed by a Gaussian laser beam, the bubble 

air−water interfaces act as the mirrors of a confocal Fabry−Perot interferometer, 

due to the difference in refractive indexes. A set of concentric fringes are formed in 

the backward direction, which depend on the optical path variations of the light 

inside the bubble when it is deformed by the forcing field. Due to the closed 

geometry of the bubble only a discrete set of stationary modes, l, are excited. The 

oscillation frequencies slightly deviate from the Rayleigh frequencies of a free 

bubble21 due to the attachment of the bubble to a constraint that introduces a new 

lower frequency mode F1, that is connected to center-of-mass motion.22-24 The 

higher order frequency modes Fl are increased depending on the constraint 

geometry with respect to free bubble modes. In general, Fl depends on geometry 

(i.e. the bubble radius and the constraint), and is related to the restoring force of 

surface oscillations. Several characteristic modes can be observed for millimeter-

sized bubbles, with a typical lowest-frequency mode of about 102Hz and an 

amplitude in the nanometer range, well above the ultimate sensitivity of the 

instrument. In section 3.3 we will report analytical relationships between the 

oscillating frequencies Fl and the physical properties of a surfactant-covered bubble 

in terms of the physical properties of the system for different models. At a fixed 

exciting electric field, the amplitude of surface oscillations (modes) is strictly 
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connected to the interfacial charge which, in turn, is affected by the absorption of 

molecular species. Thus, the technique is quite suitable to monitor absorption or 

desorption of charged molecules in real time by measuring resonance amplitude 

changes. Figure 1 shows the experimental set up and an example of the resonance 

spectrum of a bubble in pure water. The inset in Figure 1 b) shows the amplitude 

increase of the l=1 mode upon charged surfactant adsorption at the bubble 

interface.  

 Lastly, the applied experimental set up is equipped for the on-line 

measurement of the bulk conductance, enabling a precise monitoring of the 

molecule concentration in solution.  

 

Figure 1. a) The picture shows bubble formation and attachment to the top electrode (top), a 

drawing of the interfering beams reflected from bubble opposite interfaces S1 and S2 (bottom 

left) and the concentric fringes of the interference pattern (bottom right). b) Example of the 

resonance spectrum of pure water. The lowest-frequency peak is the l = 1 mode which is the one 

studied in the experiments. The inset shows the l = 1 mode increasing amplitude due to 

adsorption of SDS at the bubble interface. 

2.2. BSA. BSA was purchased from Sigma Aldrich and used without further 

purification. A stock solution of 2 mg/L  (3.0 ∙ 10-8 M) in Milli-Q water was prepared.  

2.3. Lysozyme. Lysozyme was purchased from Sigma Aldrich and used without 

further purification. A stock solution of 20 mg/L  (1.39 ∙ 10-6 M) in Milli-Q water was 

prepared.  

2.4. SDS. High-grade commercial sodium dodecyl sulfate was purchased from 

Sigma–Aldrich. Experiments were performed applying a freshly prepared stock 

solution, minimizing the measurement times.  

3. RESULTS AND DISCUSSION  
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3.1 Protein adsorption. We investigated the uptake of BSA and Lysozyme proteins 

at the air/water interface of millimeter sized bubbles, by monitoring their surface 

vibration modes in the range of hundred Hertz with sensitivity in the nanometer 

scale. We focused on conditions of very low degree of surface coverage. Kinetics 

measurements are targeted to unveil protein adsorption onto the interface 

including the induction time occurring before surface tension decrease.  

 

     3.1.1 BSA Absorption. BSA (molecular weight 66.5 kDa), is a largely studied 

globular protein. Isoelectric point (IP) and Z-potential of BSA in solution at varying 

pH, ionic strength and salt are reported in the literature. 30-33 Our measurements are 

performed at pH= 6.8, for which the Z-potential in bulk is about -20 mV  (IP 5).31-33 

At the low concentration (c < 1∙10-8 M) and at the pH applied in our study, 

aggregation process or molecular interaction are not expected. BSA surface activity 

at the air/water interface has been studied by a variety of techniques under 

different conditions and, in particular, at low bulk concentration.34-40 All these 

investigations indicate that, at low concentrations, the adsorbed molecules mostly 

maintain their globular conformation without encountering extensive denaturation 

upon adsorption and that a uniform coating layer of BSA forms.  

Interferometric measurements of BSA adsorption were obtained by adding 

incremental volumes of a few µl of the stock solution to a 450 µl total volume cell 

filled with pure water. After each addition step, the equilibrium was intended to be 

reached after the stabilization of the bubble resonance. Figure 2 reports the 

behavior of the lowest resonant mode showing the resonance frequency (panel a) 

and amplitude (panel b) versus bulk BSA concentration. 
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Figure 2.  Behavior of resonance frequency (panel a) and amplitude (panel b) at increasing BSA 

bulk concentration. A 3 volts sinusoidal voltage was applied to the electrodes. The interelectrode 

distance was 2 mm. The color changes are indicative of the transition-like event and the green 

strip marks the transition region.  Repeated experiments using the same stock solution gave 

consistent results with a frequency fall of (20 ± 0.5)% and with an amplitude increase by a factor of 

4.3 ± 0.2, from the bare bubble to transition. The plotted frequency and amplitude values are 

obtained as parameters of the resonant-peak fitting to a Lorentzian function.  

 

After the first addition of BSA in solution, an increase in the resonance amplitude 

was observed without affecting the resonance frequency. This is interpreted as an 

increase in the interfacial net charge due to protein absorption. A threshold of about 

4.5 nM is measured, above which a small increase followed by a deep decrease of 

the frequency was detected. This behavior was observed for all the shape 

deformation modes from l=1 to l=4, while a different trend occurs for the radial 

mode l=0 as discussed in the next paragraph. Furthermore, the occurrence of this 

transition-like event in the plot of resonance frequency against concentration in 

covered bubbles was also observed using a variety of other surfactants, proteins and 

colloidal suspensions (unpublished data), thus assuming the characteristic of a 

general phenomenon.  

Importantly, the transition was not observed in chloroform-saturated bubbles, a 

nonpolar molecule (surface tension ~ 27 𝑚𝑁/𝑚 at room temperature). Despite the 

lowering of the air-water interfacial tension caused by the increased concentration 

of chloroform at the interface (not necessarily as a monolayer) the lack of a 

significant variation of the surface potential over a broad range of concentration of 
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apolar molecules like chloroform makes the frequency transition impossible. The 

explanation for this unconventional behavior in terms of shape instability of charged 

spherical interfaces will be presented and discussed in the next section 3.3.  

The uptake kinetics of BSA can be investigated by creating a bubble in a BSA solution 

at equilibrium. Figure 3 reports the protein adsorption kinetics obtained for a freshly 

created bubble in the final 7 nM BSA solution of the previous experiment. The 

resonance evolution of the new bubble is shown in panel a), where the first 

measured spectrum resembled that of pure water. The entire transition process was 

completed in about one hour, as shown in panels b) and c) of Figure 3, where 

amplitude and frequency are reported as a function of the elapsing time after 

bubble creation. The relatively slow uptake, lasting more than an hour before 

reaching an equilibrium condition, makes clear the need of overcoming an energy 

barrier before getting at the interface, as is typical for soluble proteins that hardly 

expose their hydrophobic moiety to the external medium.41  

 

Figure 3.  a) Lowest resonance mode evolving during BSA absorption on a just formed bubble in a   

7 nM BSA solution; adsorption starts with the lowest amplitude resonance peak at 124 Hz (black 

spectrum), then causes an amplitude increase (red, blue and green spectra) followed by a 

transition (pink and olive spectra) to lower frequency resonances ending with the highest peaks at 

low frequency (navy and brown spectra); b) amplitude evolution; c) frequency evolution. Exciting 

field and distance between the electrodes was the same as in Figure 2. Color changes are 

indicative of the transition-like event and the green strip marks the transition region.  

The evolution of oscillation amplitude indicates a maximum rate of adsorption in the 

first 1200 s, that lowers for increased surface coverage (Figure 3b).    

To complete the exploration of the oscillating bubble behavior during protein 

adsorption, we dedicated a further experiment to investigate the volume oscillation 

mode, l = 0. Data are shown in Figure 4. Panel a) reports the overall resonance 
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spectrum of a BSA-covered bubble measured over a wide range of frequencies. In 

addition to the shape deformation modes at l = 1, l = 2 and l = 3 confined in the low-

frequency side of the spectrum, we observe the volume mode l = 0 at frequency 

above 4000 Hz. It occurs at higher frequencies because for l = 0 the surface 

deformation works against both the surface tension and the gas compression inside 

the bubble.  Panel b) shows the resonance frequency of the volume mode with 

protein bulk concentration. Identical results were found by plotting the eigen-

frequency against time. As we can see, no detectable frequency variations are 

observed, in sharp contrast with the shape deformation modes (l = 1, 2, …), reported 

in Figure 2 for l = 1. This is an important experimental finding that will suggest an 

explanation for this peculiar phenomenology (see section 3.3.4).  

 

Figure 4.  Panel a): Extended resonance spectrum (in the range 0-7000 Hz) of a bubble immersed 

in a 6.5 nM BSA solution. Surface modes are confined in the lower frequency side of the spectrum 

while the volume mode l = 0 stems as a single Lorentzian centered at a much larger frequency, 

4200 Hz. Panel b): frequency evolution of the volume mode l = 0 with BSA concentration. The 

experiments were performed with acoustic excitation.  

3.1.2 Lysozyme adsorption. 

The adsorption kinetics of a second well known protein, the lysozyme, was followed. 

Lysozyme has a molecular weight of 14.4 kDa and an IP slightly above pH 11. We 

performed the experiment at 40 nM bulk concentration and pH 6.8 where the Z-

potential of Lysozyme is about +5 mV.42 Data in the literature (mainly applying 

buoyant bubble methods) show that the interfacial properties evolution upon 

lysozyme adsorption is a slow process, where a first mild effect on surface tension 
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seen only after few hours, is followed by a final equilibrium hardly reached, even 

after days.43-47  

Being mainly interested to unveil the low coverage states, we followed the system 

during a time interval of 3600 s. Figure 5 reports the results obtained in terms of 

oscillation amplitude (panel a)) and frequency (panel b)) evolution.  

 

Figure 5.  Lowest mode resonance evolving during Lysozyme absorption on a just formed bubble in 

40 nM solution; a) amplitude evolution; b) frequency evolution. A 3 volts sinusoidal voltage was 

applied to the electrodes. The interelectrode distance was 2 mm. The color changes are indicative 

of the transition-like event and the green strip marks the transition region.   

Data show that, similarly to BSA at 7 nM, Lysozyme at 40 nM enters the interface, 

increases the oscillation amplitude and reaches a transition point in about 30 

minutes after bubble creation. Considering the lower molecular weight and the 

higher concentration with respect to BSA, a higher energy barrier to enter the 

air/water interface can be involved for the Lysozyme. In fact, adsorption kinetics, 

besides the diffusion coefficient, is controlled by several factors including 

hydrophilic/hydrophobic ratio at protein surface and protein deformability. Our 

results are in agreement with the literature43-47 and also they satisfy the Traube-

rule-like behaviour,48 an experimentaly-derived rule indicating that the bulk protein 

molar concentration required to modify the interfacial tension should increase with 

decreasing the protein molecular weight.  

In agreement with radio-labelling and fluorescent studies,46,49 our finding indicate 

that during the induction time before surface tension decrease, protein 

concentration at interface increases. Figure 2 a) shows, for BSA, an extended 

concentration range of almost flat resonance frequencies, measured with a 
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precision of tenth of Hertz. This argument is in favor of needing a minimal amount of 

proteins at interface for the onset of a decrease of surface tension.  

 

3.2. SDS Adsorption.  

In order to provide a comprehensive set of experimental evidences elucidating the 

novelty of the technique, we followed the adsorption of SDS surfactant onto the 

air/water bubble interface. Some results on SDS obtained by the interfeometric 

technique, have already been presented.19 SDS is a well-known anionic surfactant 

that has been extensively investigated.9,50-56 It is a mild surface-active surfactant 

with a CMC of about 8∙10-3 mol/L. As we are working in water bulk at low surfactant 

concentration, it is noteworthy to mention that depletion effects are not relevant 

for SDS, as was recently shown by profile analysis tensiometry.55   

Here we show data obtained for SDS concentration in the range from 0.0035 to 0.32 

mM, with the lowest concentration hundreds times lower than the CMC, with a 

continuous monitoring of the bulk conductivity upon surfactant addition. After a 

bubble was created inside the measurement cell and its resonance spectrum was 

acquired in pure water, SDS was added stepwise. The lowest resonance frequency of 

the spectrum, reported in Figure 6 a), is constant up to a threshold concentration of 

about 0.045 mM, where a transition-like event takes place, analogous to that seen 

for the BSA (Figure 2 a)).  Furthermore, Figure 6 b) shows the increase of the 

oscillation amplitude upon increasing SDS bulk concentration. The first point in 

concentration was 0.0035 mM, a useless concentration for methods sensitive to 

variations of the surface tension. In literature, it is reported that concentrations up 

to 0.3 mM induce changes of surface tension of only few percent with respect to 

pure water. Thus, the clear frequency variation that we observe in the transition 

range is not expected to be connected to surface tension variation. Likewise, it can 

be observed that by further increasing the bulk concentration above the transition, 

the frequency proceeds with decreasing. If equations 1 a) and b) gave the 

dependence of the resonance eigen-frequencies on surface tension, a more limited 

variation would be expected. Data suggest that the reason for the frequency drop 

and for its further deep decrease should be related to other mechanisms than a σ 

variation and that a nontrivial dependence of the eigen-frequency of capillary 

modes on σ needs to be investigated. 
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Figure 6. Bubble lowest oscillation mode at varying SDS bulk concentration (logarithmic scale): a) 

frequency and b) amplitude.  The inset reports the lowest concentration points in linear scale. The 

bubble radius was 0.72 mm and 1 V sinusoidal voltage was applied to the electrodes. The color 

changes are indicative of the transition-like event.   

 

However, the important point is that, naturally sensing the charge, the technique 

overcomes the limit of sensitivity associated to changes of σ, giving the opportunity 

to unveil molecular adsorption by monitoring oscillation amplitudes.  

To corroborate the results and to enforce the theoretical understanding of the 

mechanism underling the nontrivial response of the oscillating bubble upon charge 

adsorption, we reproduced an analogous investigation of the same system but 

exciting the bubble by acoustic waves. Cell details and plotting are reported in the 

supplementary material SM A. Indeed, in perfect agreement with the behavior seen 

by e.m. excitation, a downward shift of the frequency occurs at 0.045 mM 

concentration, in correspondence of the transition-like event already observed. This 

indicates that the transition is a phenomenon not affected by the forcing methods. 

As recalled above, the characteristics of generality of the behavior and its absence in 

the case of chloroform adsorption, suggested the involvement of the interfacial 

charging process in its occurrence.  

 

3.3. Model calculations.  

3.3.1. Amplitude of oscillation 
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        Let us focus on the oscillation amplitude of the bubble interface that is sensed 

up to the sub-nanometric scale by our interferometric technique. In agreement with 

other authors,57 we first calculated the equation of motion of an oscillating bubble 

undergoing shape deformations finding a simple equation for the displacement  

from equilibrium. We define the deformed radius R(t) of the bubble as: 

),()(
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absence of free moving charges) or Poisson’s (in the presence of free moving ions) 

equations for a deformed bubble surface. Attempts have been reported in the 

literature with regard to drops and bubbles.58-60 The coupling coefficients Bl are 

linearly proportional to the bubble surface charge density. Since surface charging 

essentially arises from protein adsorption, we impose: lB , then from eq (2) we 

find:  

 constA loll

2/12/12                            ( 4 ) 

That is, the intensity measured at resonance times the resonance frequency is 

proportional to the amount of adsorbed proteins.   

 

 3.3.2. Resonance frequency overview.  

 

Until now, the focus was on the variation of the bubble oscillation. These 

measurements provide an easy way to monitor variations of the interfacial net 

charge and hence of any molecular event which determines such variation, like 

charged protein adsorption and desorption and the interaction of the adsorbed 

layer with other charged species present in the surrounding solution. Indeed, as we 

will detail shortly, the bubble eigen-frequencies, are strongly affected by surface 

charges too. The experimental results are rather puzzling, especially the sharp fall in 

the eigen-frequencies observed at certain critical concentrations of added proteins. 

We tackled the problem from different points of view. In section 3.3.3 we draw a 

relationship between the eigen-frequencies and the surface tension for an 

oscillating bubble. Details are reported in SM B. Next, we relate the variation of the 

surface tension with the concentration of surface-active molecules by a standard 

approach, showing that the fall of the frequencies is consistent with a picture of 

strong and favorable adsorbate-adsorbate interactions. However, we will show later 

that this model is inconsistent both with the data on the oscillation amplitudes, and 

with the expected values of surface tension of protein monolayers taken from the 

literature. In section 3.3.4 we propose a different model based on the Rayleigh 

instability of oscillating charged globules. To do this, we need to revise the notion of 

surface tension for systems both charged and dynamically deformed. Most of the 

mathematics is contained in SM C. Finally, in section 3.3.5 and SM D we investigate 
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the time evolution of protein adsorption as measured through the variation of the 

oscillation eigen-frequencies.  

 

3.3.3. Resonance bubble oscillations and models of surface coverage at equilibrium 

(strong interactions model).   

The calculation of the eigen-frequencies of a surfactants-covered bubble is 

performed starting from the usual Navier-Stokes equations. Even in the linearized 

approximation (valid for small oscillation amplitudes), considerable intricacies arise. 

Conversely, the theory becomes transparent by using purely irrotational approaches 

that disregard rotational (viscous) motions. These models produce excellent 

numerical results when compared with Navier-Stokes based approaches.61 An 

overview of the calculations is given in SM B. In eqs (1 a,b) we already reported the 

final formulas for the bubble eigen-frequencies Fl ( lol F 2 ) relative to the l-th 

shape deformation mode. 

Classical equilibrium approach. We first calculate the surface coverage   through a 

standard minimization procedure of the total energy of the system (bulk + interface) 

as shown in SM B. We obtain a non-linear relationship between   and the 

dimensionless surfactant bulk concentration C  62 

          CK
Tk

eZ

Tk R
BB




















 

maxmax

max 2
exp

/1

/ 
                        ( 5 )  

where kB is the Boltzmann constant, T the absolute temperature,  is the 

maximum allowed coverage, K is the binding constant of the surface-active molecule 

(protein) to the interface and the parameter  accounts for the intermolecular 

interactions among the adsorbed surface-active. Lastly, the term 
R

eZ   (with Z  the 

number of net charges of the protein, e the electron charge and 
RR

)(  is the 

electrostatic potential calculated at the interface R. It describes non-local effects of 

the adsorbates through long-range electrostatic forces. Equation (5) is the Davies 

isotherm, reducing to the Frumkin isotherm63 in the limit 0
R

. The above 

arguments apply to equilibrium interfaces alone. Inserting eq (5) into the expression 

for the total free energy, we find in SM C a compact expression for the interfacial 

tension. Although more refined theories are present in the literature, the formula 

we derived is more suitable to tackle the complex problem of deformed interfaces, 

max


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which is the ultimate goal of our study. In the limit of small surface potentials (the 

Debye-Huckel limit) we calculated for an un-deformed sphere: 

2

max

max

max

max 1log 




























  TkBoudeformed  

 
2

2


 eZ
                  ( 6 )  

where  is the interfacial tension of pure solvent (water),   is the inverse of the 

Debye length and   the dielectric permittivity. Inserting eq (6) into eqs (1 a,b) and 

relating    to C  by eq (5), we find the searched relationship between the eigen-

frequencies ol  and the bulk surfactant concentration C .  

Such a naïve model reproduces some of the experimental findings. Indeed, as shown 

in the SM D, the plot of   against C  (eq (5)) shows a first-order discontinuity, 

provided  is above a critical value. That is, strong attractive short-range 

interactions among proteins lead to clustering. In turn, according to eq (6), this 

produces a fall in the surface tension and then a lowering of the resonance 

frequencies (eqs (1)).  

Albeit reasonable, this model does not reproduce the smooth variation of the 

oscillation amplitudes with concentration or time observed experimentally. Indeed, 

such a phase transition should give up also with a jump in the surface coverage (see 

SM D) and hence a jump of the amplitude.  

Consequently, we look for a different dynamic theory. The above arguments strictly 

apply to equilibrium interfaces alone, while our measurement apparatus is 

inherently a non-equilibrium one. We will see in section 3.3.4 that, in presence of 

surface charges, the restoring force, which determines the surface mode 

frequencies of bubbles cannot be directly compared with the surface tension 

measured with static or quasi-static techniques.  

   

3.3.4 “Apparent” surface tension in oscillating systems (shape transition model). 

The implicit assumption made in the previous section is to assume a homogeneous 

surface tension in any region of the bubble interface. Such an assumption is 

certainly true for a surface at rest or for oscillations that preserve the spherical 

symmetry (known as “breathing” or volume modes with l = 0), but it becomes 

questionable when considering surfaces undergoing less symmetric deformations 

o


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(shape oscillations). Shape oscillations increase the mean surface area with respect 

to a bubble at rest. In addition, they give rise to regions of different local curvature 

over the bubble surface. While a variation of surface area associated to radial 

expansion/compression of drops or bubbles is commonly used to measure static 

surface tension by the Young-Laplace equation (or, in the case of periodic variations, 

to investigate the so-called dilatational rheology of monolayers64), more intriguing is 

the onset of regions with different curvatures during shape oscillations. As a matter 

of fact, long-range repulsive forces among the adsorbates (proteins) stabilize regions 

of greater curvature where, eventually, charged particles accumulate (a well-known 

effect in electrostatics, theoretically65,66 and experimentally67,68 proven).  

Long time ago, Lord Rayleigh25 foresaw that in a charged and conducting fluid 

globule undergoing shape oscillations, the eigen-frequencies occurred always at 

lower values than in uncharged globules. This behavior arises from the combined 

effect of the surface tension, which tends to maintain the drop (bubble) shape 

spherical, and the electrostatic repulsion from the charges, which tends to tear the 

drop (bubble) apart. The eigen-frequency decreases with the square of the fluid 

electric charge, tending to zero when the surface tension is exactly balanced by the 

electrostatic repulsion. When this critical condition has been reached, the system 

evolves toward a less symmetric equilibrium state where the minimum energy 

configuration is given by the ellipsoidal instead of the spherical shape. This sort of 

sphere-to-ellipsoid transition has been investigated in different physical systems69-71 

and falls in the broader field of the “buckling transitions”, widely studied in the 

engineering literature. On further charging the fluid globule, it breaks-up into 

smaller droplets72. Such an instability phenomenon inspired early models of nuclear 

fission73 and it is currently used in a lot of technological applications (for instance, 

the electro-spray technique74 and its applications in Mass Spectrometry.75,76 A 

similar behavior is found when considering elastic forces instead of surface tension 

forces (the classical problem of non-spherical shapes in charged membranes77). 

Despite our system, constituted by an oscillating gas bubble covered by charged 

proteins, is different from that investigated by Rayleigh, the two problems share 

striking similarities and lead to qualitatively similar conclusions.  

A simple model for the calculation of the ‘apparent’ surface tension app  of an 

oscillating bubble is shown in SM C. In the essence, the surface tension   of a 

charge-bearing deformed sphere in contact with an electrolyte solution reads: 
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   
undeformed - 

 


2

2
eZ

                  ( 7 ) 

The first term, undeformed , is the surface tension of the un-deformed sphere given by 

eq (6) while the second term describes the variation of the electrostatic effects due 

to the local deformation  . This latter term is present in drops/bubbles undergoing 

shape oscillations alone, while it disappears in the case of a regular sphere, either at 

rest or undergoing radial oscillations (l = 0 mode). It is worth noting that the surface 

tension   of a deformed sphere is no longer constant but follows the deformations 

of the interface (  depends on the polar angles   and  ). This term has a deep 

influence on the eigen-frequencies of a charged sphere.  As shown in SM C, the 

frequency of a generic l-th shape deformation behaves as: 
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the “apparent” surface tension being defined as: 
 







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




 

oundeformedapp R
ll

eZ




)1)(2(

2

. 

Equation (8a) evidences a fall in the eigen-frequency ol  of the l-th mode on 

increasing the surface charge density eZ . When charging effects overcome the 

surface tension undeformed  (eq (6)), a sudden transition to an elliptically shaped 

bubble takes place (see SM E). The oscillations about the new equilibrium shape 

occur at different frequencies. Our linearized model cannot predict geometry and 

frequencies of the new equilibrium state, they can be calculated only by including 

non-linear terms in the surface deformation.  

Although the effects of the electrostatics on the static surface tension undeformed  (eq 

(6)) and on the shape oscillation frequencies ol  (eq (8a)) are similar, their 

magnitude is markedly different. Using the experimental bubble radii (less than 10-3 

m), the Debye length in pure water (where H+ = OH- = 10-7 moles liter-1) and setting l 

= 2, we estimated that the variation of the oscillation frequency for a shape 

deformation mode is as high as 102-103 times the variation of the static surface 

tension (see SM E). Similar results hold when we compare shape (𝒍 ≠ 𝟎) and radial (
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0l ) oscillations. Radial oscillations are much less sensitive to surface charging than 

shape oscillations, the electrostatic effects being contained in the small term 

undeformed  alone defined by eq (6). Neglecting anchoring effects, one obtains for the 

radial mode62 : 

oo    2/1

32
)13(

231

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









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


o

undeformed

o

o R
P

R
                                                ( 8b ) 

where   is the polytropic exponent (  1.4 for air) and oP  is the external pressure.  

These results suggest that the fall of the resonance frequencies of the shape 

vibrational modes alone can be used as a sensitive tool to monitor surface charging 

even at very low concentration.   

A word of caution is in order. In deriving eq (8a) we assumed that the charge density 

(proportional to the protein surface excess  ) remains constant during the time-

dependent shape deformation of the spherical interface. As a consequence, a 

variation of the potential is due to the deformation of the interface alone. This is 

correct for fast interfacial deformations because adsorbed molecules cannot 

migrate toward more favorable positions. Different figures arise by allowing protein 

redistribution. This latter case is expected to hold for slow motions of the interface 

and/or fast migration rates of the adsorbates. The real situation probably lies in 

between these limiting cases. In our experiments, bubbles oscillate in the range of 

102 Hz (the region of bubble resonance) enabling for a small polarization in the 

protein surface density during the oscillation cycle.  By investigating the dependence 

of the oscillation amplitudes on the intensity of the electric field, as shown in SM F, 

we confirmed the hypothesis of small polarization.  

Independently of the exact estimate of the surface charge density and surface 

potential, our model predicts a very different behavior of the eigen-frequencies 

depending on the kind of surface deformation.   

 

3.3.5 Time evolution of the bubble eigen–frequencies: adsorption kinetics.  

The experimental kinetics reported above for BSA and Lysozyme (Figures 3 and 5) 

significantly deviate from the ideal behavior predicted by a sequential binding 
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kinetics. If we assume that proteins are diffusively transported from the bulk phase 

to the bubble interface and neglect curvature effects owing to the large radius of 

the bubble,78 we would expect a very fast kinetics, a prediction in contrast with the 

experimental findings, both from the literature and from our results. 

To rationalize the experimental data, we employed an advanced version of the 

classical Ward and Tordai model79 widely employed to describe diffusion-controlled 

adsorption kinetics. Specifically, we used an equation developed by Liggieri et al.80  

 
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where max/)(  t  is the fraction of the interface covered by proteins, C  is the 

dimensionless diffusant concentration in the bulk phase,  its concentration 

calculated within a tiny layer beneath the interface (the sub-phase) and  is a 

dummy time variable of integration ranging from 0 to t.  accounts for the 

coverage-depending part of the adsorption rate (  that is, the 

available sites of surface binding decrease  at  increasing coverage). Lastly, Deff (s-1), 

is a scaled effective diffusion coefficient, )/exp(max TkEDD Beff  , modulated by an 

energy barrier  for the entry of the protein inside the interfacial region. In order 

to solve the integral equation (9) we have to express  as a function of  by 

assuming a local equilibrium between the sub-phase and the interface 

concentrations. In the simplest approximation, we consider a linear relationship: 

KC max/  (Henry law), where K is the dimensionless binding constant of the 

diffusant to the interface. Such a relationship has been proved to be a good 

approximation in the limit of small  yielding from eq (9): 
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erfc(x) being the complementary error function.81 Asymptotics to eq (10) are: 
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CKt max)(                         ( 11b )  

Once the interfacial excess  has been estimated by eqs (11), we insert it into the 

formulas for the surface tension, eq (6), and, through eqs (1), eventually we find a 

relationship between the bubble oscillation eigen-frequencies  and time: 

  

                         small t                             ( 12 ) 

 

where 
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ol  is the eigen-frequency of the bare bubble ( 0 ) while the 

multiplicative constant turns out to be: const
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(1)). On the contrary, in the limit , the resonance frequency  tends to a 

constant value. In practice, eq (12) applies only to extremely dilute solutions and 

low surface coverage. A more correct behavior is developed in SM D in the opposite 

high coverage limit. 

The main result is that the binding kinetics strongly depends on the chemical 

structure of the proteins. Experimentally, BSA adsorption kinetics goes to 

completion within hours at 7 nM concentration (Figure 3), while Lysozyme follows 

similar rate of adsorption as BSA but at much higher concentration of 40 nM (Figure 

5).  

Moreover, looking at Figure 3b and 5b, the time decay of the bubble oscillation 

frequency is much more rapid and non-linear than the one predicted by eq (12). 

Again, we could invoke a transition-like behavior of the adsorbed protein monolayer 

once a critical concentration has been reached as modeled in SM D. But, as it will be 

discussed in section 3.4, this picture is rather unrealistic because it requires strong 

protein-protein interactions. A more likely explanation is related to the charge-

dependent behavior of the eigen-frequencies described by eq (8a) showing a sharp 

decrease of the resonance frequency with the coverage.  

  

3.4. Theoretical results and their comparison with the experimental findings.  
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Our technique is inherently transparent because it works in the realm of the 

harmonic oscillations. Indeed, oscillation amplitudes are in the nanometer range, in 

comparison with the millimeter size of the bubble diameter. In spite of this 

advantage, a full understanding of the physics behind adsorption processes is far to 

be reached. Adsorption kinetics strongly depend on protein bulk concentration, its 

diffusion coefficient and, more important, on the work required to accommodate 

themselves at the interface. After a considerably long lag time where slope 

variations are small, there is a sharp drop in the plot of the resonant frequency of 

oscillation vs. time (see Figures 3 and 5). This rapid fall is related to the variation of 

the “apparent” surface tension with protein surface coverage  (see Figures 2). 

Analogous rapid fall is observed for SDS at varying concentration (see Figure 6). The 

flatness of the oscillation frequency before the transition and the following sharp 

decay after the transition can be explained in two alternative ways. The first one is a 

classic gas-to-liquid transition model as described by a simple equilibrium model 

developed in section 3.3.3. To be valid, it requires that the protein-protein 

(surfactant-surfactant) interaction parameter   is above a critical threshold crit  (see 

SM D). This model can be addressed as a 'strong interactions' model. 

We developed a second different model inspired by the classical paper of Rayleigh 

on the shape oscillations of charged fluid globules25 This model can be addressed to 

as 'shape transition' model. As discussed in section 3.3.4, the electrostatic repulsion 

stabilizes elongated shapes, while the interfacial tension at the bubble-fluid 

interface favors the spherical shape. Consequently, the eigen-frequencies associated 

to shape deformation modes should rapidly decrease on charging the bubble 

surface. Some numerics are reported in SM E.  Distinctively, this frequency lowering 

was predicted to be negligible for volume oscillations (the radial symmetric mode l = 

0) as shown by comparing eqs (8a) and (8b). Experiments do confirm our 

hypotheses. Indeed, the comparison of Figure 2 with Figure 4 highlights the different 

behavior of the eigen-frequencies for shape and volume oscillations on varying the 

protein bulk concentration. The same is valid for SDS (data not shown). 

It is worth saying that the ultimate explanation for the anomalous (and potentially 

useful) fall of the “apparent” (i.e., deduced by the frequency, eqs (1)) surface 

tension resides in the intrinsically dynamic nature of the interface.  

Lastly, the behavior of the amplitudes of the interfacial oscillations is interesting. At 

variance of the resonance frequencies discussed in figures 2 a) and 6 a), which 


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shows a first-order transition for some critical concentrations, the oscillation 

amplitude reported in figures 2 b) for BSA and in Figure 6 b) for SDS show a smooth 

behavior with a hardly detectable discontinuity.  

At this point, the two models are worth comparing. The first model (strong 

interactions model) invokes a cooperative adsorption due to strong protein-protein 

interactions.  This assumption turns out to be wrong. Indeed: A) Surface tension 

data reported in the literature obtained by various static and dynamic techniques, 

do not evidence any sharp behavior at low concentration. Moreover, beside the fall 

at the transition, a higher rate of frequency variation, than predicted from eq (1), is 

seen after the transition (with potentially useful sensitivity increase). This is evident 

for example for SDS above the transition, showing a deeper variation of ol , than 

usually expected (eq (1)) for the low c range (0.05 - 0.3 mM (see Figure 6 a)). 

Following the shape transition model (eq (8)), frequency are diminished with respect 

to simple undeformed  dependence by the second, charge dependent term.  

B) According to eq (4), the product of the peak intensity at resonance times the 

resonance frequency, times the square root of Full Width at Half Maximum 

(FWHM), must be proportional to the surface coverage . If the sharp transition is 

interpreted following the strong interaction model, a sudden increase of the 

interfacial coverage beyond a critical surfactant concentration would predict a 

similar sharp increase of the amplitude (because of the rising of surface charges). So, 

as shown in SM D,  should exhibit a first-order phase transition. On the contrary, 

experimental data yield smooth curves, as shown in Figure 7, ruling out the 

occurrence of protein cooperative effects in the concentration range involving the 

transition-like event.  


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Figure 7.  Behavior of the product (amplitude)x(frequency)x(FWHM1/2) of the resonance peak, 

indicated as interfacial charge (arbitrary units), against bulk concentration. a) BSA and b) SDS; the 

inset enlarges the lower concentrations. Disregarding the small peak at the transition, here 

highlighted in green, the quantity (amplitude)x(frequency)x(FWHM1/2)  behaves as a typical 

second-order transition.  

The second model, presented in section 3.3.4 (the shape transition model), accounts 

for the sharp decrease of the resonance frequency by considering a bubble 

transition towards an elliptic-shaped equilibrium upon charged protein adsorption. 

This effect is due to a change of the restoring-force balance between surface tension 

and charge repulsion inside the bubble (Rayleigh instability).  This mechanism does 

not require a sharp increase of the surface coverage ,  yielding, at most, a small 

variation in the slope because of the bubble geometrical changes (second-order 

phase transition). Unfortunately, the exact shape of the deformed bubble and its 

oscillation frequencies cannot be predicted by our linear theory. What we can say at 

moment is that, beyond a critical charge, the spherical shape becomes unstable.  

Although the most prominent experimental findings were reasonably understood by 

the shape transition model, there are some features that deserve further 

investigations.  We observed a puzzling small peak (overshoot) just before the fall of 

the resonance frequency (Figures 2,3,5,6). This peak was observed both in 

equilibrium condition (by varying the protein concentration) and in ‘dynamic’ (by 

varying time) experiments. This observation rules out the possibility that overshoots 

are due to protein relaxation (e.g., denaturation) upon adsorption, a phenomenon 

often found in protein adsorption kinetics.82-84 The physical meaning of the 

overshoot remains at the moment elusive.      


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We note that, within the approximation of eq (4), the data plotted in figure 7 are 

proportional to the effective charge of the bubble at varying protein/surfactant bulk 

concentration, and hence to the surface coverage Γ(C). The interfacial charge can be 

estimated as a ratio to the value found for the same bubble in pure water 

(uncovered). Literature data report a wide range of Z-potential values for the 

air/water interface, corresponding to a charge density lying in the range 10-5‒10-4 

C/m2, of negative sign.29,85-87 In a previous work17 a charge density of 1.8 10-5 C/m2, 

independent of bubble radius, was obtained for air bubbles in water via the 

interferometric technique. Accordingly, we can evaluate the effective charge density 

of a coated bubble and discuss the results in terms of the surface coverage Γ, 

comparing them with literature data obtained by model isotherms. 

In the case of BSA (Figure 7a)), no linear behavior of charge (protein) uptake is seen, 

not even in the lowest concentration interval. The charge density obtained at 7 nM 

(0.46 mg/L) bulk concentration, the highest concentration investigated, is about 20 

times that of pure water. Despite the difficulty in estimating the charge-per-protein 

ratio (Zp) of interfacial BSA, data from vibrational sum-frequency generation and 

ellipsometry,33 showing a conserved isoelectric point of BSA at air/water interface 

with respect to the bulk, allow us to estimate Γ(C) using bulk values of Zp. In fact, 

assuming Zp ≈ 5,30,88 we calculate the amount of adsorbed proteins at 7 nM  to be in 

the range of  Γ ≈ 6·10-10 – 6·10-9 mol/m2, depending on the charge density used for 

the bare bubble (see above). These figures are in agreement with the literature. Cho 

et al. found Γ ≈ 7·10-9 – 1.5·10-8 mol/m2 for BSA bulk concentration of  1 - 10 mg/L 

(i.e. 15 nM –  150 nM),89 while at higher concentration, 40 mg/L, the coverage was 

evaluated as 3.7·10-8 mol/m2 by ellipsometry.40 

Charge increase due to SDS adsorption (Figure 7 b)) behaves linearly in the low 

concentration range (from 0 to 0.04 mM), in agreement with Henry’s law. In this 

region, the bubble charge increases, being three times that of the bare bubble at 

0.01 mM. Electrophoretic mobility measurements on nanobubbles in SDS solutions 

reported similar behavior, measuring a Z-potential variation from -20 mV in pure 

water to -40 mV in 0.01 mM SDS,90 followed by a smoother increase in the Z-

potential at higher concentrations. Again, we can thrust the experimental findings to 

a comparison with estimations in the literature by phenomenological isotherm 

models, suggesting  surface charge ≈ 1·10-7 – 3·10-7 mol/m2 at 0.1 – 0.2 mM bulk 

concentrations.56 Such values are compatible with our evaluation that, by arbitrarily 

hypothesizing a 30% ionization degree of SDS at the interface,56 indicates a surface 
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coverage of Γ ≈ 2·10-8 – 1·10-7 mol/m2 (depending on the value given to the air/water 

interface charge). Importantly, we recall that the investigated concentration range 

covers the induction time and the very beginning of the adsorption isotherm, where 

the surface tension is only slightly affected by surface active molecules, in 

agreement with the litterature.54  

 

  

4. CONCLUSIONS  

The oscillating bubble interferometric technique is apt to follow the charge uptake 

by the interface with excellent sensitivity. Variation of the electrostatic surface 

potential modifies both the oscillation frequencies at resonance (through a Rayleigh-

type instability mechanism) and the oscillation amplitudes (through a surface 

charge-electric field coupling). The first important consequence is that the technique 

has been demonstrated to be among the very few monitoring surface charge 

alterations. Protein/surfactant uptake modifies the charge in a concentration 

dependent manner.  As a consequence, if one knows the molar charge, an 

estimation of the surface coverage can be done without any modelling, especially at 

low concentrations.  

On the other hand, depending on the degree of coverage and on protein/surfactant 

specificity, adsorption may involve rearrangements of the water molecules of the 

interfacial layer, modulating the effective charging.91,33 To this respect the bubble 

interferometer, applied in solutions at varying pH, ionic strength, or in the presence 

of more than one surface-active molecule, can represent a powerful tool of 

investigation. In fact, despite absolute quantifications can be difficult and model 

dependent, to obtain high sensitivity on surface charge variations is quite a desirable 

feature in many experimental situations.  

The technique may be of major relevance in the perspective of future applications in 

biology. In fact, it represents a promising methodology for in vitro investigation of 

protein coated surfaces, to which charge variations are induced by the interaction 

with the controlled surrounding bulk environment. In this scenario, it is worth noting 

that a very low amount of protein (in the order of nanomoles) is needed and this 

potentially opens to the possibility to study highly relevant proteins, for which a 

limiting step is the yield of production and purification.92  In fact, other technologies 
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developed for studying receptor-ligand interactions93,94 normally require a large 

amount of material, in the µM to mM range, often only obtained for protein isolated 

domains,95,96 thus limiting the global understanding of the receptor-ligand 

interaction. 

It is worth to underline that also the transition-like fall of the resonance frequency, 

observed once a large enough charge surface concentration has been reached, is the 

other face of the same coin. Although, a complete interpretation is still missing, the 

strongly non linear behaviour of the frequency against the surface charge, may offer 

an excellent expansion of sensitivity in this concentration region.  

Moreover, we recall that the same technique can be developed to follow the charge 

properties of drops in water upon loading of very low amount of proteins or other 

surface-active molecules or combinations of them thus profitably following kinetics. 

This can be an interesting outlook in technological applications involving foam and 

emulsion stabilization issues.97 
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