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Abstract: This paper describes a simple protein concentration measurement system using Mach-

Zehnder interferometry that allows monitoring of the time course evolution of the protein 

concentration distribution (concentration map) during the protein crystal growth or dissolution 

processes under versatile temperature and concentration conditions. A measurement program package 

has been developed to achieve probing of the concentration map. The measurement is based on the 

relationship between the refractive index and the concentration of the solution. The phase shift of the 

interferogram gives the information of the variation of the refractive index, which can be converted to 

the change of the concentration, making it easy to obtain the absolute level of the solute concentration 

in the solution. After the elimination of errors (or noises) caused by the environmental reasons by 

taking the bottom of the sample cell as reference, this non-invasive technique was proved to be a 

highly reliable and powerful tool to monitor the concentration variation in the solution. The stability of 

the protein crystal growth processes under isothermal and gradient temperature conditions were studied 

using this system. It was found that the crystal growth process under a temperature gradient control is 

much more stable than the case in isothermal condition. The statistical error of the lysozyme 

concentration under vertical temperature gradient control is less than ±0.43 mg⋅ml-1; while in the 
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isothermal condition, the concentration evolution shows large discrepancies (sometimes more than 10 

mg⋅ml-1 in the concentration) between the different experimental runs despite that the experimental 

conditions were controlled to be the same. This technique may be applied to other solution systems 

where real-time monitoring of solute concentration map is necessary under diverse temperature and 

concentration conditions.  

 

Keywords: A1. Biocrystallization; A1. Concentration measurement; A2. Growth from solutions; B1. 
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1. Introduction 

Concentration evolution of solute during solution crystal growth provides important mass transport 

information which facilitates understanding of the growth process of the crystals. The measurement of 

the solute concentration thus becomes essential for the scientists who are interested in the mechanisms 

or the processes of the crystal growth. Protein concentration measurement techniques have been 

extensively exploited since the last century. Numerous measurement techniques have been developed. 

Now we know that the concentration of a specific protein in a solution may be determined through 

many ways, some of which are now widely available commercially, such as UV absorption 

spectrophotometry (for example, absorbance 280 nm assay) [1-3], the biuret assay [4-6], Lowry assay 

[7], protein binding dyes method [8], bicinchoninic acid (BCA) method [9], o-phthalaldehyde (OPA) 

fluorescent protein assay [10], magnetic resonance [11], etc., and some other non-invasive techniques 

developed for monitoring the protein concentration during the crystal growth process, like Raman 

spectroscopy [12], near infrared spectroscopy [13], and interferometry [14-23]. Among the above 

techniques, interferometry is a quite promising method in that it can provide information of the spatial 

concentration distribution of the solute, temperature profile, shape contour map, and even convection in 

a fluid [24]. As such a powerful tool the interferometry technique has been widely applied in the crystal 

growth studies, mainly in monitoring advancement of the solid face [25-28], and determination of the 

concentration field [14-23].  
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In the field of concentration measurement using the interferometry, generally the techniques can be 

divided into two groups: conventional interferometry and phase-shift interferometry. The latter was 

developed in 1970s [29], and soon found applications in many fields for its high resolution capability. 

It has been also applied in the field of solution concentration measurement [14, 17, 22]. In crystal 

growth or dissolution systems, as the concentration is varying with time, it is very important to capture 

all the modulated interferograms simultaneously to ensure that the calculated phase is the right one at 

the capture time. Generally the efforts to avoid the acquisition of different interferograms at different 

times can be made by generating the phase-shifted interferograms at spatially different positions [30], 

so that the capturing of different phase-shifted patterns can be carried out synchronously. By using 

polarizers arranged at different orientations, Onuma et al. [14] succeeded in getting three 

interferograms simultaneously, enabling the system to analyze the concentration of NaClO3 around the 

crystal in real time.  Such techniques are promising in monitoring systems if the errors caused by the 

utilization of different optical parts can be minimized, but they may not be suitable in some special 

cases due to the limitations of the experimental setups, for example, due to the compact size of the 

setup, or any extreme conditions like a strong magnetic field in which the polarization of light will be 

rotated because of the Faraday effect. Compared with the phase-shift interferometry techniques, the 

conventional interferometry is still very useful in that it can easily achieve real time monitoring of the 

varying target parameters without taking any measures to succeed the simultaneity for the captures 

because it needs only one interferogram at one time. If its measurement accuracy meets the requirement 

of the study, the conventional technique will be still useful and competitive for its simplicity and low 

cost.  

To date there is no report of the time evolution monitoring of the spatial concentration distribution of 

protein in the solution during crystal growth or dissolution processes using the conventional 

interferometry. Furthermore, in the previous literatures most reports on the concentration measurement 

using interferometry were related to isothermal conditions. In this paper the authors developed a 

lysozyme concentration measurement system which can be used in varying temperature and 

concentration conditions. A measurement program was developed to carry out the concentration 

calculation, enabling monitoring of the concentration profile in the observation field in real time. The 

concentration effect of NaCl, as one important component in the solution, on the measurement result 
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was discussed. Finally, the stabilities of the lysozyme crystal growth under different temperature 

conditions were also studied using this system.  

 

2. Measurement principle 

The optical properties of a solution, like refractive index, are functions of the solute concentration and 

temperature. Through the relationship between the concentration and the refractive index, the 

concentration of the solute in the solution can be obtained by determining the refractive index of the 

solution. Monitoring of the concentration can be therefore achieved by monitoring of the refractive 

index. Interferometry can make possible to monitor the refractive index simply and sensitively.  

Let’s consider a sample cell with solution as illustrated in Fig. 1. The laser beam direction is normal to 

the sidewall of the cell. We assume that along this light direction the concentration is homogeneous (in 

more practical cases when the concentration is not homogeneous especially when the solution thickness 

is large, the concentration here represents its average level over the thickness of the solution in the 

direction of the light), so that we can treat the problem two dimensionally. Every point in the observed 

region can be expressed by an orthogonal coordinate (x,y). (See Fig. 1., the schematic illustration of the 

cell).  

If we study the solution only, and suppose that the initial refractive index of the solution is n0(x,y); after 

a short period of time ∆t, the refractive index changes to n(x,y) at point (x,y) for some reasons (like 

temperature change and/or concentration change). If the phase change at point (x,y) is ∆φ(x,y), then we 

have:  
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where λ: the wavelength of the light beam, d: the thickness of the solution in the direction of the optical 

pathway.  

At a certain wavelength, the refractive index is a function of the temperature and the solute 

concentration [31]: 
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where ∆n(x,y), ∆C(x,y) and ∆T(x,y) are the refractive index, the concentration and temperature 

differences at the point (x,y), respectively. 
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Thus we have 
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where C0(x,y): the initial concentration at (x,y), T0(x,y): the initial temperature at (x,y), T(x,y): the 

temperature at (x,y), and C(x,y): the concentration at (x,y).   

From Eq. (3), we obtain:  
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This is the basic equation for the calculation of the concentration using interferometry under versatile 

temperature and concentration conditions. At a given temperature program, the concentration of the 

solute can be obtained at any point (x,y) in the observation field through monitoring the phase change 

∆φ(x,y).  

 

3. Determination of optical parameters necessary for measurement 

It is important to measure some optical parameters before the concentration measurement because they 

are indispensable for the concentration calculation. If the solution is kept under a constant temperature, 

at least the dependence of the refractive index of the solution on the concentration ([ ∂ ns/ ∂ C]T) should 

be known. If the temperature changes during the process, other two parameters are necessary: the 

dependence of the refractive index of protein solution on temperature ([ ∂ ns/ ∂ T]C), and the 

dependence of the refractive index of the container on temperature ([ ∂ nq/ ∂ T]).  

Fredericks et al. gave a comprehensive report about the physical properties of lysozyme solution [32], 

the dependences of refractive index of the solution (at the sodium D-line, 589 nm) on temperature and 

on concentration were included. Other researchers [20, 21, 33, 34] also reported their own results under 

different conditions. However, if we hope to study the concentration change during the process while 

the temperature is varying with time, the data provided in the literatures (mostly suitable for isothermal 

process) are not enough for the purpose. Furthermore, the actual experimental conditions might be 

different if the light source with different wavelengths, or different solution conditions are used. 

Therefore it is necessary to calibrate specifically before starting actual concentration measurement.  
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In this work, we used the measurement system described currently to determine the parameters at 

wavelength λ= 780nm. Detailed measurement techniques will be presented elsewhere. The calibrated 

results are listed below: 

(1) Temperature dependence of refractive index of cell quartz [∂nq/∂T]:  

 [∂nq/∂T] =(8.49±0.05)×10-6K-1. ().  

(2) Concentration dependence of refractive index of the lysozyme solution:  

[ ∂ ns/ ∂ C]T ≈Constants= (2.16 ± 0.41)×10-4ml⋅mg-1. 

(3) Temperature dependence of refractive index of the lysozyme solution (in the temperature range 

0~60°C):  

(4) The following empirical equation was obtained to predict [ ∂ ns/ ∂ T]C at different concentrations:  
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where C is the concentration. The results of [ ∂ ns/ ∂ T]C at the concentration 0 ~ 70 mg⋅ml-1 were found 

to be in the range of -1.41×10-4K-1~-1.54×10-4K-1.  

The above measurement data enable the determination of lysozyme concentration not only at 

homogeneously constant temperature conditions, but also at various conditions when the temperature 

varies in the process, or even varies differently at different positions at the same time, thus making the 

concentration measurement method using interferometry more versatile and powerful. These 

parameters will also be applicable for other purpose where the temperature or concentration 

dependence of the refractive index of lysozyme solution is necessary.  

4. Effect of NaCl concentration on concentration measurement result 

Protein crystal growth system is complicated since it involves four or more components (protein 

molecule, water, precipitant and counterion) during the crystallization process. Precipitant is 

indispensable in the system to adjust the interactions between the protein molecules so that 

crystallization can occur. In our case we used NaCl as precipitant. Strictly speaking, precipitant NaCl in 

the solution will contribute to the phase change if the concentration of NaCl changes during the 

measurement. Generally the effect of NaCl on the measurement result is neglected because the change 

of the concentration in the solution is very small compared with HEWL [35]. However, for accurate 

measurement we should check the effect of NaCl on the result because NaCl concentration is subject to 

change in the solution during the crystal growth when NaCl incorporates into the crystal.  
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If we consider the solution only, during the measurement the phase shift should consist of two parts 

caused by the concentration variations of NaCl and lysozyme, respectively: 
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where, for simplicity, the position coordinate (x,y) is removed from the following equations and the 

subscripts “lys” and “NaCl” represent that of solute lysozyme and precipitant NaCl, respectively.  

In the actual concentration measurement in our method (also in most other scientists’ methods), we 

take the relationship like this:  
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Here both [ ∂ ns/ ∂ C]T and [ ∂ ns/ ∂ T]C are treated as that of lysozyme, but actually they are combined 

products of the refractive index changes caused by lysozyme and NaCl in pure water.  

It’s necessary to check the relationship between the actual measured and the true concentration levels 

in order to reveal the influence of this treatment is to the final calculation.  

During the calibration measurement of the physical parameters,  
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where the subscripts “cal” and “true” represent that of the parameters obtained or used in the 

calibration, and that of the true values of the parameters, respectively.  calTC
n

−∂
∂

)(  is the parameter we 

used for the subsequent concentration measurement:  
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In an actual measurement process without temperature change:  
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where the subscript “meas” represents that of the measured result.  

Thus:  
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Apparently, comparing Eq. (11) with Eq. (9), we can see trueLysmeasLys CC −− ∆=∆  if we assume:  
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Support for this assumption can be found in the previous experiments [36] that the salt is strongly 

coupled with lysozyme molecules. 
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then. 

For the case when the temperature changes, by using the same method, we can obtain:  
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As the temperature change is always supposed to be the same for both NaCl and lysozyme, we can use 

the above-calibrated data to substitute the true values without causing any error in the measurement.  

In conclusion, we take the calibrated data of the physical parameters to calculate the concentration, the 

final result should be reliable.  

 

5. Measurement system 

Fig. 2. gives an illustration of the current measurement system. Fig. 2. (a) shows the optical system and 

the concentration measurement system. The optical system is a Mach-Zehnder interferometer. LD 

(Laser diode) is the light source with wavelength 780 nm. The interferometer mainly consists of two 

beam splitters BS1 and BS2, and two mirrors M1 and M2. The sample cell is put to the pathway of one 

separated beam; another one is taken as the reference beam. CP is a compensator, which is used to 

compensate the optical path difference caused by the insertion of the sample cell to the optical pathway. 

W is the wedge for the adjustment of the fringe images. The sample cell is fixed to the interferometer 

using a sample holder, which is a combination of a pair of Peltier devices and a water-cooling system 

(Fig. 2. (b)). Temperatures of the upper and lower part of the sample cell could be controlled by the 

Peltier devices with a high temperature control accuracy up to ±0.1°C separately in the range of 0~60°C. 

The interferograms are captured by a CCD camera with 640×480 pixels and sent to a computer for 
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intensity analysis, concentration calculation, and display of the interference images. These images are 

also sent to a videocassette recorder (VCR) to preserve the processes for further possible reference.  

Another computer is connected to the main computer to display the results of the time dependence of 

the concentration evolution. Fig. 3 gives a block diagram of the measurement programs including a 

main program to calculate the concentration and a display program to show the result.  

 

6. Measurement example 

Here we will give an example of the concentration measurement during the dissolution process of the 

lysozyme tetragonal crystals to show the procedures.  

 

6.1. Experiment procedures:  

Hen egg white lysozyme (HEWL: from Seikagaku Kogyo, six times recrystallized) was used in this 

measurement. A layer of the HEWL crystals for the subsequent dissolution was prepared in advance. 

The initial conditions of the aqueous solution are as follows: HEWL: 45 mg⋅ml-1, NaCl: 40 mg⋅ml-1, 

and pH=4.60. No buffer was used. The inner dimensions of the cell are: height: 10mm, length: 15mm, 

and inner thickness of the container: 3mm. The crystal layer was prepared by keeping the cell under a 

temperature gradient, i.e., 50°C at the upper end of the cell, 6°C at the lower end, for 21 hours. Then 

both temperatures of the upper and lower ends were changed to 25°C, and kept at such isothermal 

conditions for 3 hours.  

The dissolution process of the crystals was started by increasing both temperatures at upper and lower 

sides. The temperature at the lower side was increased from 25°C to 50°C, and the upper temperature 

was increased from 25°C to 55°C simultaneously in 30min; then the temperature profile was kept until 

the end of the experiment. Fig. 4. schematically shows the temperature program.  

 

6.2. Results and discussions 

6.2.1. Concentration map acquisition 

Fig. 5. (a) ~ (d) show the processes for obtaining the concentration map. First a fringe image was 

captured. Fig. 5. (a) shows such an image captured at 30 min from the start of the dissolution. The gray 

scale of the image can be taken as the light intensities of the interference, which can be used for phase 

analysis. The gray scale of every pixel in the image was obtained by scanning the image horizontally 
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from the left to the right. Fig. 5. (b) shows a figure of the interference intensities of one scanning line 

after one scan at 3mm above from the cell bottom. The phase of every studied point in the image can be 

calculated based on the light intensities analysis. As there was only one captured interferogram for each 

moment, the phase was calculated using the conventional way according to the positions of intensity 

maxima and minima. After the phase calculation, phase-unwrapping is necessary. The phase 

unwrapping in the current work is very easy because the fringe arrangement is simple and regular 

compared with those complicated fringe images (as in the three dimensional face contour 

measurement). According to the fact that the phase distribution from left to the right changes 

monotonously (increasing as arbitrarily determined in this system), the phase unwrapping can be done 

by comparing the phase difference between the adjacent points in a scanned line. If a jump occurred 

between the two adjacent points, the phase is unwrapped by adding or deducting 2π. Fig. 5. (c) shows a 

three dimensional view of the phase map (unwrapped) at 30min after the dissolution start. The final 

step is to resolve the phase map to concentration map. This can be succeeded using the principle stated 

in Section II. Fig. 5. (d) gives a three dimensional view of the concentration map at the same time.  

 

6.2.2. Time course of concentration evolution 

The time course of the concentration evolution at any point in the observation field can be extracted 

from the resulting measurement data and displayed in real-time in another computer. Fig. 6. (a) and (b) 

show the time evolutions of the phase and the concentrations at two selected points (3 mm and 2 mm 

above from the cell bottom at the center of the horizontal line) in the observation field, respectively. 

This is improved compared with our previous dissolution study [37] in which only the results of several 

selected points were obtained as we measured the concentration evolution manually.  

 

6.2.3. Elimination of environmental errors 

The errors (or noises) caused by the environmental reasons can be very large (sometimes more than 

1mg⋅ml-1) especially in the case of protein crystal growth and dissolution processes, because these 

processes take rather long time. In such a long time the unstable environmental conditions can be 

prominent to make the measurement results unreliable [16, 21]. 

Fortunately we can study the small region around the cell bottom, where the laser beam passes through 

both regions: (1) àquartzàsolutionàquartz (at the upper part of the observation region), and (2) 
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àquartz only (at the lower part of the observation region). At point (x,y) of the upper region, the total 

phase shift ∆φ(x,y)= ∆φq1(x,y) +∆φs(x,y) +∆φq2(x,y)+∆φe(x,y), where ∆φq1(x,y) and ∆φq2(x,y) are 

the phase shifts caused by the temperature change of the quartz at both sides of the solution, 

respectively, ∆φs(x,y) is the phase shift caused by the solution changes (temperature and/or 

concentration), and ∆φe(x,y) is the phase shift caused by the environmental reasons. At point (x,y) of 

the lower part, the total phase shift is much simpler: ∆φ (x,y) = ∆φq(x,y)+∆φe(x,y), where ∆φq(x,y) is 

the phase shift caused by the temperature change of the quartz. As the whole observation region is quite 

small (less than 4.8×6.4mm2) so that we can take the environment induced phase shift as the same at 

both (x,yupper) and (x,ylower) points:  ∆φe(x,ylower)= ∆φe(x,yupper). Therefore by taking the lower part of the 

cell as the reference we can easily eliminate the error caused by the environmental reasons.  

 

6.2.4 Error analysis:  

Statistical error: Statistical error is important for scientific research. Confident experimental 

measurements of any target parameters can be carried out only when the statistical error is small 

enough (for example, smaller than the difference between the comparing quantities). Statistical error 

may arise from any minute vibrations in the measurement apparatus, quantum uncertainties in the 

system, and many other small but uncontrollable factors. Smaller statistical error for the same 

experimental conditions represents better reproducibility of the experiment, thus the measurement 

system can be most valuable when the statistical error is small. Generally the crystal growth process of 

protein is not easy to control precisely. The growth sites and the concentration field may vary largely 

even if they are carried out in the same conditions.  

Using the current measurement system we studied the stabilities of the lysozyme crystal growth under 

isothermal and temperature gradient controlled conditions starting from the as-prepared solution. The 

as prepared aqueous solution conditions are: HEWL: 51.7 mg⋅ml-1, NaCl: 34.5 mg⋅ml-1, pH=4.60.  

Fig. 7. shows the results of several experimental runs. The dashed lines are the results obtained under a 

temperature gradient control (30°C at the upper end of the cell, and 10°C at the lower end of the cell), 

and the solid bold lines are the results obtained under isothermal condition (at 20°C). It is evident that 

the uncertainty of the crystal growth under isothermal conditions is much larger than that under 

temperature gradient controlled conditions. The reproducibility of the crystal growth process is very 
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poor in isothermal conditions, whereas in temperature gradient controlled conditions, the statistical 

error is small. The current results exhibit a statistical error of ±0.43 mg⋅ml-1 under the temperature 

gradient control. This is much better than those using isothermal condition in which the difference in 

the concentration can be as large as more than 10 mg⋅ml-1. From these measurements we know that the 

temperature gradient control can largely improve the reproducibility of the protein crystal growth 

process. The reason for the better reproducibility of the concentration results under temperature 

gradient controlled conditions might come from the smaller difference in the growth area. When the 

nucleation and growth were controlled under the temperature gradient conditions, nearly all of the 

crystals were grown at the cell bottom. When the cell bottom was covered by the crystals, the growth of 

the crystals is restricted in the nearly the same limited area, thus if the growth rate is the same, the 

consumption of the solute will be (nearly) the same. While in the case of isothermal conditions, the 

crystals will nucleate everywhere in the cell, the total area of the growth faces will be strongly affected 

by the number of the nuclei and the positions of them. Larger area of the growth faces will no doubt 

increase the consumption of the solute in the solution. Thus for comparing experiments of protein 

crystal growth process the growth of seed crystals under temperature gradient control is recommended 

based on this experimental result.  

 

Accuracy: the accuracy of the final result is determined by all the parameters used during the 

measurement. Generally in the conventional interferometry measurement we allow for 10% error in the 

phase shift determination. According to Onuma’s work [14], phase-shift technique can achieve 25 

times better resolution than conventional technique. Although (1) better resolution doesn’t mean better 

accuracy, (2) the limitation of the resolution of the CCD camera will also make the resolution of both 

techniques to be nearer to each other, for convenience in the comparison, here we still assume that the 

phase measurement accuracy of the phase-shift technique can also achieve 25 times better accuracy, i.e., 

the phase measurement error is less than 0.4%. The uncertainties of the other parameters for both the 

conventional and phase-shift techniques are assumed to be the same. For example, we use: λ: 

780±10nm, d: 3000±50µm, [ ∂ ns/ ∂ T]C: -1.47×10-4K-1±1.3×10-5K-1, [ ∂ ns/ ∂ C]T: 2.14×10-4±0.41×10-4 

ml⋅mg-1 to estimate the error. If the system is controlled strictly without any temperature change, then 

the final measurement error will be ±0.26 mg⋅ml-1 for conventional system and ±0.23 mg⋅ml-1 for the 

phase-shift technique. That is to say, the difference of the final measurement accuracy is not so large as 
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that of the phase accuracy. The accuracy for both techniques may be highly improved if the errors 

come from the above-stated parameters can be reduced. In that case the phase-shift technique can 

achieve two or three times better accuracy over the conventional interferometry. But the accuracy 

difference between the two is still far smaller than the difference in their resolution capability. If the 

accuracy meets the minimum requirement of the study, the current studied technique should be very 

useful for its privileges in low cost and simplicity, and versatile application conditions.  

 

7. Summary 

In this paper a real-time protein concentration measurement system using a conventional Mach-

Zehnder interferometer has been established. Such system can be used in a versatile temperature and 

concentration conditions to measure the spatial concentration distribution in the solution. Using this 

system, the reproducibility of lysozyme crystal growth under isothermal and temperature gradient 

controlled conditions are studied. It was found that temperature gradient conditions result in a much 

better reproducibility over the isothermal conditions.  
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Figure captions:  

 

Fig. 1. Front (a) and upper (b) views of the cell used in this study. The laser light beam is normal to the 

front side of the cell. The dashed line in (a) is the reference line for the elimination of the 

environmental error.  

Fig. 2. Concentration measurement system. (a) Schematic illustration of the measurement system: a 

Mach-Zehnder interferometer and the image processing system; (b) the sample cell and sample holder 

which are installed in the Mach-Zehnder interferometer. LD: laser diode, the light source; BS1~BS2: 

beam splitters; M1~M2: mirrors; W: fringe adjusting wedges; CP: compensator; VCR: video cassette 

recorder; L: the light beam direction.  

Fig. 3. A block diagram of the measurement programs. It consists of two parts: a main program for the 

spatial concentration acquisition and a display program to show the time dependence of the 

concentration in real time.  

Fig. 4. Schematically illustration of the temperature program for the dissolution experiment. The bold 

dashed line (a) and bold solid line (b) are the temperature programs at the upper side and the lower side 

of the cell, respectively.  

Fig. 5. Example of the procedures of the concentration measurement: (a) an interferogram captured 30 

min after the start of the dissolution; (b) interference intensity distribution of one scanning line at 3mm 

above from the cell bottom; (c) phase map (unwrapped) at 30min after the start of the dissolution; (d) 

concentration map at 30min after the start of the dissolution.  

Fig. 6. Example of the time course of the variations: (a) time course evolution of the phase at two 

points; (b) time course evolution of the concentration at two points. In the figures, 2mm and 3mm 

represent the variations of the points at 2 and 3mm above the cell bottom, respectively. Both points are 

at the center of the horizontal line.  

Fig. 7. Reproducibility of the lysozyme crystal growth processes under the same conditions but with 

different temperature control programs: comparison of the measured concentrations under temperature 

gradient control and isothermal conditions. The dashed lines and solid lines are the experimental runs 

under temperature gradient control (upper end of cell at 30°C, lower end of the cell at 10°C) and 

isothermal (at 20°C) conditions, respectively. Solution conditions in all experimental runs are the same. 

The concentration measurement started from the as-prepared solutions.  
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