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 
Abstract— In recent years, the use of probiotics in food and 

health has increased so much that usually market offers several 

functional fermented food or nutraceuticals containing probiotics, 

often also associated to prebiotics. Both in food industry and in 

pharmaceutics, it is very important the development and use of 

methodologies that quickly allow a precise overview about the 

microbial population present in a specific biological matrix, and to 

monitor over time any changes that it may undergo. In this work, 

we propose bio-speckle decorrelation as a tool for the fast 

evaluation of the effectiveness of microencapsulation as a 

preservation system. Although speckle grains are often treated as 

an impairment for imaging, they represent a precious source of 

information. Such information is rich enough to characterize 

bacterial dynamics in a fast and simple way suitable for 

applications in food science and industry. In fact, here we show 

that through bio-speckle decorrelation it is possible to quantify the 

shelf-time of alginate-encapsulated probiotic bacteria and their 

survival rate under simulated gastro-intestinal conditions. 

Index Terms— Biophotonics, Measurement techniques, Food 

industry, Food products. 

I. INTRODUCTION 

OLLOWING the recent expert consensus document,
probiotics are microbial species that have been shown in 

properly controlled studies in conferring benefits to health [1]. 
This definition can be inclusive of a broad range of microbes 
and applications, and involves the own essence of probiotics 
(microbial, viable and beneficial to health).  

A sufficient concentration of probiotics in the intestine 
(1∙106-1∙109 cells) supports the action of a healthy microbiota 
against pathologies such as obesity, diabetes, etc. [2-4].  
Conversely, if probiotics are not able to maintain their viability 
during their transit through the gastro-intestinal apparatus, they 
cannot act to neither enhance the immune system, nor positively 
balance the microbiota. Thus, if we refer both to probiotic food 
and health ingredient, the protection and preservation of 
probiotics are fundamental. 

Microencapsulation represents undoubtedly one of the most 
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common methods of preservation, applicable to several 
biological matrices, including probiotics [5]. Generally, it is 
necessarily performed using food and safe-grade materials 
(alginate, chitosan, whey, dextrin, etc.) in order to allow the use 
of final products as components, for example, in the 
formulation of a new product, e.g. a functional beverage or a 
functional dairy product. Microencapsulation should be capable 
to avoid the presence of stress conditions, like acidic 
environments, that could lower probiotics’ efficacy [6], or 
thermal stress [7]. 

Alginate is one of the most used biomaterials to entrap 
bacteria [8], and has been broadly studied and used for many 
biomedical applications. Bacteria, as well as drug molecules, 
can be released from alginate gels in a controlled manner, 
depending also on the pH value of the external environment, 
Figure 1(a). Indeed, at acidic values of pH such as those of the 
upper portion of the gastro-intestinal system, the alginate 
network tightens up protecting everything inside it. In contrast, 
when exposed to a more alkaline environment, such as the 
lower portion of intestine, the network of alginate widens, 
allowing the release of everything that was trapped inside its 
meshes [9]. Moreover, alginate is broadly used for its 
biocompatibility, low toxicity, relatively low cost, and mild 
gelation by addition of divalent cations such as Ca2+. 

If food products or pharmaceutical formulations contain 
microencapsulated probiotics, it is essential for both research 
and industry to quantify the effectiveness of micro-
encapsulation as a microbial protection system over the time, 
e.g. during the shelf life of a functional fruit juice containing 
encapsulated probiotics, sold in supermarket refrigerated 
counters, and during gastro-intestinal transit. Today, the 
common methodologies of basic microbiology can be replaced 
by biomolecular methodologies. These, although certainly 
faster than the former ones, require some preliminary steps 
(DNA extraction, gene amplification by PCR-RT, material 
analysis), which can still cause an undesired loss of time. 

In this work, we propose bio-speckle decorrelation as a tool 
for the fast evaluation of the effectiveness of micro-

B. Mandracchia is now with the Department of Bioengineering, Stony Brook 
University, NY 11794 USA (email: biagio.mandracchia@stonybrook.edu). 

J. Palpacuer is with École des mines d'Alès, 6 Avenue de Clavières, 30100 
Alès, France. (e-mail: julie.palpacuer@mines-ales.org). 

F. Nazzaro is with the CNR - Institute of Food Sciences, Via Roma, 64, 
83100 Avellino, Italy. (e-mail: mena@isa.cnr.it ) 

Bio-speckle decorrelation quantifies the performance 
of alginate-encapsulated probiotic bacteria 

Biagio Mandracchia, Member IEEE, Julie Palpacuer, Filomena Nazzaro, Vittorio Bianco, Romina Rega, 
Pietro Ferraro, Senior Member, IEEE, and Simonetta Grilli 

F 

1



encapsulation as a preservation system. We used our system 

with alginate-encapsulated Lactobacillus rhamnosus and 

Lactobacillus plantarum probiotic strains during the simulation 

of gastrointestinal transit, when the alginate microcapsules 

containing the two trapped lactobacilli came into contact with 

an acidic and subsequently alkaline environment.

II. EXPERIMENTAL SETUP

Bio-speckle decorrelation occurs as a consequence of 

biological activity inside the investigated area, or Field of View 

(FoV) [10]. In particular, our aim is seeking to detect bacteria 

motility that is encoded in the bio-speckle patterns dynamic 

evolution. In fact, any variation on the object surface occurring 

on the wavelength scale, although not visible by naked-eye 

inspection, determines a change in the coherent noise (speckle). 

Thus, the analysis of this change alone provides an ensemble 

characterization of the sample with no need of any detailed 

image. 

The success of this type of analysis for this application is 

mainly due to the simplicity of the recording setup, Figure 1(b). 

In our setup, the laser beam emitted by a He-Ne source ( =

632.8nm, 30mW) impinges the sample after four times 

expansion through two lenses in telescopic arrangement 

(f1=50mm, f2=200mm). The angle of incidence of the laser is 

around 45°. The scattered light is then captured by a CCD 

camera (iDS uEye UI-1240SE) placed orthogonally respect to 

the laser beam. The distance between the sample and camera is 

approximately 30cm.

Even though the experimental setup is relatively simple, 

particular attention should be placed in the size of the beam 

illuminating the sample and the stability of the sample. In 

principle, the laser beam can be expanded in order to illuminate 

the whole sample. However, a practical limit is given by the 

presence of borders and other reflecting parts, which can lower 

the quality of the images and, then, worsen the detection 

sensitivity. Likewise, the presence of moving parts other than 

bacteria produces a slow change in the speckle pattern, thus 

affecting the limit of detection. Given these constraints, we 

have chosen the beam magnification (4x) so that it illuminates 

only a circular area (4.8mm diameter) at the center of the 

sample. This area is large enough for the detection of bacteria’s 
movement but also small enough to limit the presence of 

floating beads during the measurements.

III. SPECKLE DECORRELATION

Whenever a coherent source is used to illuminate an object 

whose roughness is comparable to the light wavelength, speckle 

grains can be observed at the detector plane.  The rough object 

surface is generally modelled as made of a number N of 

independent scatterers. The contributions from each scatterer 

reach the recording device after experiencing various paths, 

depending on the object roughness. Since any detector is only 

Figure 1: (a) Flow diagram of microencapsulation of bacteria with alginate. (b) Experimental setup. (c) Comparison of the speckle pattern 

variation in case of sterilized PBS (left column)  and in case of PBS with planktonic bacteria, OD 6 (right column). Scale bar 1.5mm. 
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capable to measure intensity signals, each pixel of the sensor 

records the resultant of the coherent superposition of complex 

contributions. The intensity signal recorded by each sensor 

element can be written as: 𝑆 = |∑ 𝐴𝑖exp⁡(𝑗𝑖)𝑁𝑖=1 |2 = |∑ 𝐴𝑖exp⁡(𝑗𝑘𝑂𝑃𝐷𝑖)𝑁𝑖=1 |2,⁡ (1)

where 𝐴𝑖 and 𝑖 respectively denote the amplitude and phase

of the i-th contribution, 𝑂𝑃𝐷𝑖 is the optical path delay (OPD)

this experienced along its path toward the sensor, 𝑘 = 2𝜋 𝜆⁄ is 

the wavenumber. In Eq. (1), we omitted the dependence on the 

spatial variables for the sake of brevity. The intensity of each 

pixel, thus, is mainly governed by the phase differences 

between the contributions, with maxima obtained when these 

add in phase and minima when they are in phase opposition 

[11]. Due to the presence of the wavenumber in the phase term 

of Eq. (1), tiny differences in the OPDs experienced by light 

contributions coming from two close-by points are amplified. 

The resulting succession of bright and dark spots in the image 

is commonly referred to as speckle pattern, shown in Figure 

1(c). 

When the scatterers are living microorganisms, the speckle 

pattern will change in time accordingly to their concentration 

and motility. This change can be easily measured and, 

subsequently, the presence of living microorganisms can be 

assessed even if they cannot be properly imaged because the 

optical resolution of the imaging system is not sufficient.

Let 𝑆(𝑥, 𝑦; 𝑡) be the speckle intensity image acquired at time 

t. The normalized autocorrelation function is:𝐶(𝑥, 𝑦; 𝜏) = 1𝑇−𝜏 ∑ 𝑆(𝑥, 𝑦; 𝑡)𝑆(𝑥, 𝑦; 𝑡 + 𝜏)𝛥𝑡,𝑇−𝜏𝑡=1 (2)

where τ is the time lag and Δt the time resolution. In the absence 
of biological activity, the speckle grains keep substantially 

static and⁡𝐶 approaches the unity. Whenever biological activity 

takes place inside the FoV, it is straightforward to detect a 

decrease of 𝐶 until reaching a plateau. The saturation value and 

the decay time of the curve 𝐶 depend on both the bacteria 

concentration and their motility.

IV. SYSTEM CALIBRATION

The performance of the experimental setup was assessed 

measuring the effect of external noise on correlation signal in 

comparison to the decorrelation introduced by free bacteria in 

the sample. Firstly, we have conducted all the measurements in 

not ideal experimental conditions in order to test the 

effectiveness of the system as close as possible to a real working 

environment. Here, we considered a non perfectly controlled 

environment, yet stable enough to let only mild vibrations affect 

the measurement task. We have achieved such condition putting 

the experimental setup on a table without any isolation system. 

This resulted in the presence of a slight decorrelation in the 

speckle pattern introduced by external vibrations instead of the 

expected constant unity, Figure 2(a) (yellow line). Apart from 

the environmental noise, the presence itself of diverse beads in 

the sample, which slowly float in the aqueous solution, has an 

effect to the correlation signal. However, the diffusion of beads 

is so slow that this effect is minimal, Figure 2(a) (red line). In 

both cases, the speckle correlation remains above C=0.82, 

which marks the limit of detection. 

The sensitivity to bacteria concentration was calibrated 

measuring the behavior of correlation signal as a function of the 

concentration of free bacteria in the sample. The collective 

movement of bacteria can be seen as a random motion and 

shows a correlation signal very close to the typical exponential 

decrease of the Brownian motion. Thus, we fitted the 

correlation curves obtained for each concentration with a 

negative exponential function: 𝑦 = 𝑎𝑒−𝑏𝑥 + 𝑐; (3)

where c is the plateau value. The higher the concentration of 

bacteria, the lower will be the value at which the signal reaches 

a plateau. The presence of a certain concentration of free 

bacteria in the sample can be assessed, then, simply by looking 

at this last number. We estimated a calibration curve by plotting 

c as a function of concentration, expressed in Optical Density 

(OD), Figure 2(b) and (c). The bacteria concentration was 

evaluated by the spectrophotometric measurement (Bio-Rad 

SmartSpecTM Plus Spectrophotometer, California, USA) of 

the suspension absorbance at 600 nm (OD at 600nm, i.e. 

OD600), considering that 8 x 108 cell/mL have an OD600 =1.

V. GASTRO- INTESTINAL PATHWAY SIMULATION

The most important feature of alginate is their capability to 

shrink in the presence of acid environments, such as that of 

Figure 2: (a) Speckle decorrelation associated to external vibrations (yellow line), Beads diffusion (red line), and bacteria movement 

(blue line). Calibration curve for L rhamnosus (b) and L. plantarum (c) bacterial strains, measured in a solution of PBS. The shaded 

areas represent the values that fall below the limit of detection and, thus, are indistinguishable from measurement noise. 
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human stomach and to dissolve in basic ones, such as in the 

intestines, Figure 3(a). This property has proven valuable for an 

efficient delivery of probiotic bacteria directly in the intestinal 

flora [6]. Nonetheless, bacterial branches can show diverse 

behaviors and affinities. Previous studies show that the 

reliability of alginate for bacteria confinement and deliver 

should always be checked for different bacterial species [12].

Here we tested the effectiveness of the response of the 

alginate beads with both L. rhamnonsus and L. plantarum

bacterial species. We have also performed the same experiment 

with empty beads as a control. First, we measured the 

concentration of bacteria in plain PBS to check the sterility of 

the sample (out of the beads). Secondly, we have put the beads 

in the acid solution and let it incubate to simulate the passage 

through the stomach during human digestion. After that, we 

performed the second measurement in order to look for a 

possible leak of bacteria. Finally, for each sample the beads 

were put in the basic solution and the bacteria concentration was 

immediately measured. In the case of empty beads, no 

significant difference can be noticed, as expected, Figure 3(b). 

Instead, the release appears almost equally efficient for both L.

rhamnosus and L. plantarum samples, Figure 3(c) and (d). 

VI. SHELF-TIME MEASUREMENT

The assessment of shelf-time for micro-encapsulated bacteria 

is another important feature for an effective commercialization 

of this system for probiotics delivery. Indeed, bacteria are kept 

encapsulated by alginate in a state of low activity but this effect 

is not permanent and in principle can change depending on the 

bacteria species’ affinity and motility. To estimate the shelf-
time for the two species we examined in this work, we have put 

the beads with encapsulated L. rhamnonsus and L. plantarum

in sterilized PBS and stored them at 4°C. We stored also a 

sample with empty beads as a control for external 

contamination. Each sample was placed in a Petri dish and 

sealed with sealant paraffin film. We checked the concentration 

of bacteria in the samples without removing the sealing on a 

weekly basis for 9 weeks. As shown in Table 1, the beads 

containing bacteria of the L. plantarum species have a shorter 

shelf time, between 3 and 4 weeks. The beads containing the L.

rhamnonsus species showed no sign of degradation for the 9 

weeks of the experiment.

VII. DISCUSSION

Both in food industry and in pharmaceutics, it is very 

important the development and use of methodologies that 

quickly allow a precise overview about the microbial 

population present in a specific biological matrix, and to 

monitor over time any changes that it may undergo.  

Traditional methods for the detection of microbes in foods as 

well as in pharmaceutical formulations rely on time consuming 

culturing of the microbes onto agar plates. Currently, existing 

rapid methods are often incompatible for a daily use also in 

industrial laboratories, due to their lack of sensitivity, high cost, 

complexity and specialized expertise need to operate. In the last 

years, more steps have been taken regarding the detection of 

pathogens. Nucleic Acid-based Tests (NAT), for example, are 

used to rapidly identify pathogens like Chlamydia and 

Gonococci [13]. The advantages of NAT include rapid results 

in a short period of time, starting from 4 hours. More important 

are the PCR-based techniques, which are able to detect DNA of 

interest specifically, and multiplex-PCR systems were applied 

for the detection of few target organisms by using target-

specific primers. However, these techniques need of at least 6-

8 hours [14]. The bacteriophage-based bioluminescence used, 

for example, to detect E. coli O157:H7 (4 hours) [15] and 

Salmonella (1–3 hours) [16] can be considered fast techniques 

too and for detection of other microbial populations. However, 

they do not arrive to allow a punctual monitoring within much 

less than 1 hour. The same “omics” approaches, such as 
proteomics and lipidomics, are relatively fast but require long 

preparation steps, with the extraction of the protein or lipid 

TABLE I

SHELF-TIME ESTIMATION FOR MICRO-ENCAPSULATED BACTERIA

Sample Minimum Shelf-Time

Control 9 weeks 
L. rhamnosus 9 weeks 
L. plantarum 3-4 weeks 

Figure 3: (a) Cartoon depicting the tightening and loosening of the alginate mesh with the acidity of the environment and the subsequent 

diffusion of probiotics (blue) outside the capsule walls (gray). (b-d) Assessment of the efficiency of bacteria delivery in the intestines during 

simulated digestion: control sample (b), L. rhamnosus (c), L. plantarum (d). 
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fraction, total or of the microbial cell wall, and the subsequent 
analysis by LC-MS or GC-MS, respectively. The initial high 
investments in mass spectrometry instrumentation as well as 
open issues in protocol optimization seems to be major blocks 
for broader use of this technique in routine food analyses too 
[17]. 

Here we proposed bio-speckle decorrelation as a simple and 
fast method for ensemble measurements of bacterial viability. 
Although speckle grains are often treated as an impairment for 
imaging [18-22], they represent a precious source of 
information [23,24]. Bio-speckle time monitoring has been 
successfully applied in the field of biomedicine and 
neuroscience to image the blood flow in the retina, skin and 
brain tissue [25], and in food preservation to observe the action 
of endogenous enzymes responsible for the aging process 
occurring in beef [26]. In the case of bacteria, a monitoring of 
bio-speckle changes can be particularly advantageous, since 
self-propelling bacteria colonies have been demonstrated to 
decorrelate speckle as a moving diffuser [27]. Time 
decorrelation due to bacteria activity has been studied to 
evaluate fruit quality during shelf life [28], the conservation 
status of chicken and turkey breast tissues [29], and to 
discriminate between fresh and contaminated water [30]. 
Recently, bio-speckle imaging has been combined to learning 
algorithms, where the combination of various descriptors is 
used to classify different bioactivities taking place in different 
portions of the object surface, e.g. labelling of healthy and 
bruising regions in apples has been accomplished [31]. 

VIII. CONCLUSIONS

We have used our setup to establish the effectiveness of 
alginate-based microencapsulation of two probiotics. We 
observed in both cases an efficient release of the bacteria 
through a simulated gastro-intestinal pathway. However, in the 
case of L. plantarum, we have also observed a short storage 
time (<4 weeks) that could be a limitation industrial application. 
Whereas microencapsulated L. rhamnosus, with its longer 
storage time (>9 weeks) proved a good candidate for the use in 
functional beverage or food. 
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