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Abstract 

 

Antibiotics are well-known disruptive elements of the intestinal microbiota and antibiotic-associated 

diarrhea appeared as the most common complication related with post-antibiotic dysbiosis. 

Lactobacillus rhamnosus GG (LGG) strain is very effective in preventing antibiotic-associated diarrhea 

in children and adults. However, as any probiotics, it is concerned by the loss of viability during 

storage and gastrointestinal transit. The aim of this study was to develop an encapsulation system 

suitable for the specific colonic delivery of LGG strain after oral administration. For this purpose, 

spray-dried Eudragit® S100 microparticles encapsulating LGG bacteria were developed by using an 

aqueous based spray-drying approach, avoiding the use of organic solvents. Carbohydrates were 

added to the formulation since they are widely used as protective agents of bacteria against the 

harmful effect of dehydration stress. Here, both Surface Enhanced Raman Scattering (SERS) and 

conventional plate count methods showed that carbohydrates increased the survival ratio of bacteria 

after spray-drying from 3 to more than 50%. Moreover, these protective agents ensured low residual 

moisture content thus providing great stability of the cells in the spray-dried powder during storage. 

Significant improvement of the cell viability in simulated gastro intestinal fluid (SGIF) was observed 

for encapsulated cells as compared with free LGG bacteria for which no viable cell was detectable 

after 1h incubation in gastric fluid only. As a consequence, 4.5 ×107 CFU/g of encapsulated LGG were 

found viable after incubation of microparticles 1 h in Simulated Gastric Fluid followed by 6 h in 

Simulated Intestinal Fluid, corresponding to less than 3 log reduction of viable cells during the 7 h 

incubation in Simulated Gastro Intestinal Fluid. These results attested that the developed 

encapsulation system is suitable for its use as a bacteria carrier for specific colonic delivery. 
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1. Introduction  

 

Probiotics are defined as ‘live micro-organisms which, when administered in adequate amounts, 

confer a health benefit on the host’, as proposed by the Joint FAO/WHO Expert Consultation in 2001 

(FAO/WHO, 2001). Lactic acid bacteria (members of the genera Lactobacillus, Bifidobacterium and 

Streptococcus) are widely used as probiotics because they are important and normal constituents of 

the human gut microbiota. Some yeasts such as Saccharomyces boulardii are not naturally present in 

the colon but can also be employed as probiotics (Madsen, 2001; Holzapfel and Schillinger, 2002). 

Lactobacillus rhamnosus GG (LGG) strain is a Gram-positive bacteria isolated from the human 

digestive system for the first time in 1985 by Sherwood Gorbach and Barry Goldin. LGG appeared to 

be very effective in preventing antibiotic-associated diarrhea in children and adults (McFarland, 

2006; Videlock and Cremonini, 2012; Szajewska and Kołodziej, 2015). This strain is often incorporated 

in encapsulation systems in order to improve its stability and preservation against adverse 

environmental conditions related to oral administration (Doherty, et al., 2011; Sohail et al., 2012; 

Burgain et al., 2013; Cheow and Hadinoto, 2013; Zhu et al., 2013; Abbaszadeh et al., 2014; Li et al., 

2016). Indeed, before reaching their target site of activity, which is generally the large intestine, 

probiotic bacteria have to go through the highly acidic conditions of the stomach and enzymes and 

bile salts in the small intestine (Vandamme et al., 2002; Liu et al., 2003; Begley et al., 2005). 

Microencapsulation systems should be also able to release bacteria in the colon lumen in response to 

changes in the environment such as pH variations or enzymatic activity of the colonic microbiota 

(Vandamme et al., 2002; Liu et al., 2003). 

 

Milk proteins (Doherty et al., 2011; Burgain et al., 2013) and polysaccharides such as alginate (Sohail 

et al., 2012; Abbaszadeh et al., 2014; Pirarat et al., 2015), pectin (Li et al, 2016), carrageenan (Cheow 

and Hadinoto, 2013) or xanthan, gellan and pullulan gums (Jiménez-Pranteda et al., 2012) are mainly 

used as polymeric materials for targeted colonic delivery of probiotics. Their gelation properties are 

exploited by the most often used probiotic microencapsulation processes, i.e prilling and 

emulsification/gelation. However, these processes present some difficulties for large-scale 

production of food-grade microencapsulated microorganisms in contrast to the spray-drying 

technique (Anal & Singh, 2007; Burgain et al., 2011). Synthetic polymer with enteric properties such 

as Eudragit® S100 and L100, anionic copolymers based on methacrylic acid and methyl methacrylate, 

are frequently used for the design of pH-dependent colonic delivery systems. Indeed, their free 

carboxylic acid groups make these polymers pH sensitive: Eudragit® S100 and L100 are respectively 

soluble at pH > 7 and at pH between 6 and 7 (Agyilirah and Banker, 1991). Thus, the use of Eudragit® 

S100 or L100 microparticles as a carrier for specific colonic delivery of probiotic bacteria should be a 

suitable approach since such system is expected to protect cells from the acidic gastric fluid while 

allowing their release at the pH of the distal part of the intestine near the ileo-caecal junction. 

However, Eudragit® S100 or L100 polymers are barely used as matrix for the microencapsulation of 

probiotics and are mainly used as enteric coating material of preexistent microspheres containing 

bacteria (De Barros et al., 2015; Ansari et al., 2017) or associated with other polymers as matrix in 

formulated tablets (Villena et al., 2015). Their solubility features often require the use of the 



emulsion/solvent evaporation technique to produce microparticles but this process remains 

inappropriate for the encapsulation of living cells due to the presence of organic solvents (Lee et al., 

1999; Jain et al., 2005; Obeidat and Price, 2006; Rawat et al., 2007; Rawat and Saraf, 2009; Villamizar 

et al., 2010; Mundargi et al., 2011). In this context, spray-drying appears to be a promising and more 

appropriate encapsulation method since avoiding the use of organic solvents. Aqueous-based spray-

drying process, using Eudragit® S100 or L100 soluble salt form in solution, has already been explored 

and applied for the microencapsulation of small molecules like prednisolone (Alhnan et al., 2011) or 

sodium pantoprazole (Raffin et al., 2006, 2007). However, to our knowledge, such systems have 

never been developed for the encapsulation of probiotics. 

 

Spray-drying is far less used for probiotics encapsulation than the previously mentioned gelation-

based methods. The spray-drying process consists of the atomization of a liquid feed (encapsulation 

material and active agent) into a hot drying gas allowing the formation of dried particles separated 

from the drying gas by means of a cyclone that deposes them in a glass collector (Sosnik and 

Seremeta, 2015). This technique offers many benefits: it is a rapid one-step procedure, relatively low 

cost and easily scalable to industrial levels without major modifications (Sosnik and Seremeta, 2015) 

while ensuring high reliability, reproducibility and a control of particle size (Alhnan et al., 2011). But, 

during the spray-drying process, cells are logically subjected to heat stress and to other stresses 

related to dehydration, oxidation phenomena or even osmotic stress. Heat stress inactivation of cells 

is mainly due to the damage inflicted on macromolecules such as DNA, RNA, proteins or 

supramolecular assemblages such as ribosomes or cell membranes. However, the stress related to 

dehydration appears as the main critical in the inactivation of cells. Indeed, the water removal 

imposes important physiological constraints on cells due to the major contribution of the bound 

water to the stability of proteins, DNA molecules as well as bacterial membranes (Santivarangkna et 

al., 2008). To enhance cell protection during drying step, protective agents can be added to the 

surrounding medium. Carbohydrates such as maltodextrins (Reddy et al., 2009; Broeckx et al., 2017; 

Bustamante et al., 2017; Nunes et al., 2018), lactose (Su et al., 2018), mannitol (Broeckx et al., 2017), 

trehalose (Sunny-Roberts and Knorr, 2009; Su et al., 2018; Nunes et al., 2018) or dextran (Broeckx et 

al., 2017) are commonly used for this purpose. Skim milk and milk proteins (i.e whey protein, casein) 

also exhibit good protective effect (Sunny-Roberts and Knorr, 2009; Páez et al., 2013; Liu and Liu, 

2015; Khem et al., 2016; Reddy et al., 2009; Huang et al., 2016).  

 

The development of an encapsulation system of probiotics requires a reliable quantification method 

of the bacteria to determine formulation characteristics such as encapsulation efficiency, release 

kinetics or microorganism viability. The conventional counting method, using plating and culturing, is 

the most widely used method for microorganism quantification although it remains tedious and 

above all time consuming. Surface Enhanced Raman Scattering (SERS) technique appears as a highly 

attractive alternative to limit the duration of the bacteria quantification process and was introduced 

to offset the low sensitivity of the conventional Raman spectroscopy limited to the analysis of highly 

concentrated samples by the weakness of the inelastic light scattering phenomena. This is achieved 

by means of a high enhancement of Raman scattering from molecules adsorbed on a nanostructured 



noble metal surface (silver, gold) (Le Ru and Etchegoin, 2009). Electromagnetic effect (EE) and 

chemical effect (CE) are the two well documented mechanisms used to explain the SERS effect. EE 

exploits the optical phenomenon of localized surface plasmon resonance at the surface of the 

metallic nanostructure leading to the generation of intense electromagnetic fields at “hot-spot” 

zones (Stiles et al., 2008). CE is induced by a charge-transfer between the chemisorbed analyte and 

the metallic nanostructure which can cause an increase of the molecular polarizability of the analyte 

and thus an increase of the Raman scattering (Schlücker, 2014). Due to its simplicity and sensitivity 

while retaining the high molecular specificity of the conventional Raman spectroscopy (Schlücker, 

2014), numerous studies have reported the use of Surface Enhanced Raman Scattering (SERS) 

technique for the detection, identification or quantification of pathogenic or probiotic bacteria 

(Premasiri et al., 2005; Jarvis et al., 2006; Mircescu et al., 2014; Zhou et al., 2014; Ankamwar et al., 

2016; Lemma et al., 2016; Akanny et al., 2019). 

 

In this context, the objectives of this study were first to develop a pH-dependent colonic delivery 

system of LGG probiotics based on Eudragit® S100 microparticles and secondly to investigate the 

potential application of SERS technique to quantify encapsulated bacteria in microparticles. To this 

end, we implemented the SERS method dedicated to the label-free quantification of LGG that was 

developed in a previous work (Akanny et al., 2019). LGG were encapsulated using an aqueous-based 

spray-drying approach. The influence of five protective agents (mannitol, trehalose, maltodextrin 

(Glucidex® IT6) and poly(vinylpyrrolidone) (PVP)) on the viability of the encapsulated strain after 

spray drying was studied. The microparticles obtained were characterized by their size and 

morphology, chemical composition and residual moisture content. The viability of encapsulated LGG 

in the optimal formulation was finally determined during storage and after incubation in simulated 

gastric and intestinal fluids. 

 

2. Materials and Methods 

2.1. Materials  

 

Sodium chloride, sodium hydroxide, hydrogen tetrachloroaurate (III) hydrate (HAuCl4) were 

purchased from Alfa Aesar. MRS agar, MRS broth, trehalose, hydroxylamine solution 50 wt% were 

obtained from Sigma Aldrich. Eudragit® S100 was bought from Evonik. PVP K30 (Kollidon® 30) was 

obtained from BASF. Mannitol and Glucidex® IT6 were obtained from Roquette. Hydrochloric acid 

(HCl), sulfuric acid 98% (H2SO4) and nitric acid 70% (HNO3) were purchased from Carl Roth. 

Lactobacillus rhamnosus GG strain (ATCC 53103) was obtained from American Type Culture 

Collection (ATCC). All glassware used for gold nanoparticles synthesis was previously washed with 

freshly prepared aqua regia (3:1 HCl: HNO3) followed by extensive rinsing with Milli Q water. All 

glassware, centrifuge tubes, pipet tips and solutions (prepared using Milli-Q water) used were 

sterilized at 120 °C for 15 min before use. 

 

2.2. Preparation of bacterial suspensions 

 



LGG cells were cultured on MRS agar plates at 37 °C for 48 h to reach the stationary phase in aerobic 

conditions. Bacteria were then collected with sterile plastic inoculating loops from solid culture 

plates and washed twice by centrifugation using NaCl (0.9% w/v) aqueous solution and re-suspended 

in NaCl (0.9% w/v) aqueous solution. The average LGG concentration of the bacterial suspension was 

approximately 4.5×109 CFU/mL. 

 

2.3. Preparation of feed solutions for spray-drying 

 

Five different feed solutions (F1-F5) were formulated by adding to Eudragit® S100 aqueous solutions 

various protective agents. Their compositions are detailed in Table 1. Eudragit® S100 6.25 % (w/v) 

was first dispersed in phosphate-buffered saline solution (PBS; pH 7.4). The pH of the polymer 

suspension formed (pH 6.5) was then adjusted to 7.6 by adding 1 M NaOH aqueous solution at a 

volume ratio of polymer suspension to NaOH solution of 4.55:1 in order to generate the soluble salt 

form of Eudragit® S100. The resulting Eudragit® S100 5.125 % (w/v) solution was finally mixed with the 

bacterial suspension under magnetic stirring at a volume ratio of polymer solution to bacterial 

suspension of 4:1 (F1 solution). The final concentration of Eudragit® S100 was 4.1 % (w/v). The same 

procedure was followed to prepare F2 to F5 feed solutions including protective agents. PVP, 

mannitol, trehalose or Glucidex® IT6 were dissolved in the Eudragit® S100 5.125 % (w/v) solution, 

before adding the bacterial suspension (Fig. 1). The protective agent final concentration was set at 5 

% (w/v) in the case of PVP and 10 % (w/v) for carbohydrates. The average LGG concentration in the 

final F1-F5 feed solutions was 9×108 CFU/mL.  

 

2.4. Spray-drying process 

 

The feed solutions were spray-dried using a laboratory scale spray dryer (Buchi B-191 Mini Spray 

Dryer). Experiments were carried out under the following conditions: inlet air temperature of 105 °C, 

outlet air temperature of 75-80 °C, feed rate of 3 mL/min and air pressure of 5 bars. 

 

2.5. Characterization of spray-dried powders 

 

2.5.1. Determination of the solid yield after spray-drying 

 

The Solid Yield (SY) of the spray-dried powder was determined for the 5 formulations (F1-F5) tested 

and was calculated as follows: 
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with Mf the mass of collected microparticles and M0 the mass of solid content in feed suspension. 

 

2.5.2. Determination of the probiotic survival after spray-drying  

 



For each formulation, the survival ratio of LGG after spray-drying was determined and calculated as 

follows: 
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N is the CFU per g (CFU/g) of the spray-dried powder quantified immediately after drying and N0 is 

the CFU/g of dry matter in the initial suspension before drying.  

 

To determine N, 1 g of spray-dried microparticles were dissolved in 40 mL of PBS to dissolve 

microparticles and release LGG bacteria. The latter were then washed twice by centrifugation using 

PBS. N and N0 were determined by both conventional plate count method and Surface Enhanced 

Raman spectroscopy (SERS) analysis as described in part 2.6.  

 

2.5.3. Morphology and size distribution of microparticles 

 

Microparticle morphology was observed by scanning electron microscopy (SEM) using a Vega 3 

(TESCAN) microscope. Powders were deposited and fixed on an aluminum stub with a carbon 

conductive tape and then coated with a thin layer of gold (15 nm) deposited by sputtering deposition 

(compact rotary-pumped sputter coater Quorum150RS) to produce a conductive surface. 

 

Atomic Force Microscopy (AFM) image of LGG was obtained using an Agilent M5500 instrument 

operating in tapping mode (Agilent Technologies, Palo Alto, CA, USA). The average resonance 

frequency of tips was 300 kHz. 

 

The particle size distribution was determined by light scattering (Mastersizer 3000, Malvern 

Instruments, UK) with Aero S dry powder dispersion unit. The particle size distribution was 

determined from Mie theory. Polydispersity was given by a span parameter calculated as (Huang et 

al., 2016): 
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Where d10, d50 and d90 are the maximum diameters of 10%, 50% and 90% of the particles, 

respectively. 

 

2.5.4. Moisture content 

 

The residual moisture content of spray-dried samples was determined by thermogravimetric analysis 

with a TA Instruments Q50 thermogravimetric analyzer using 10°C/min ramp rate from room 

temperature to 600 °C in air atmosphere.  

 



2.5.5. Chemical composition analyses of Eudragit S100 – mannitol microparticles by FT-IR 

 
In order to study the chemical composition of microparticles and determine the ratio between 

polymer and protective agent (mannitol), infrared spectroscopy analyses were performed with a 

transformed Fourier Infra-Red (FT-IR) spectrometer model NEXUS (Nicolet-Thermofisher, UK) 

equipped with a DTGS detector with a 4 cm−1 resolution. Quantitative determination of Eudragit® 

S100 and mannitol in the MF3 final powder (Table. 1) was achieved using a KBr compressed pellet 

method in the transmission mode. Solid mixture of mannitol and lyophilized powder of the Eudragit® 

S100 solution in PBS were mixed with KBr (2 mg of solid sample for 200 mg of KBr) and pressed into 

KBr pellets. FT-IR spectra were then recorded in a frequency range of 4000-400 cm-1 and with a total 

of 32 scans per sample. Qualitative analysis of the Eudragit® S100 powder, Eudragit® S100 in PBS 

solution, MF3 microparticles and mannitol were carried out in the attenuated total reflectance (ATR) 

mode with a Thunderdome (Spectratech) accessory containing Germanium crystal with a mono 

reflection at 45°. ATR-FTIR spectra were acquired in a frequency range of 4000-680 cm-1 and with a 

total of 256 scans per sample. 

 

2.6. Quantification of LGG probiotics by the plate count method and by SERS analysis 

 

In the case of the enumeration of LGG living cells using the plate count method, subsequent serial 

dilutions were made in a 0.9% (m/v) NaCl aqueous solution and plated in duplicate on MRS agar. 

Colony forming units (CFU) were determined after 48 h of incubation at 37 °C in aerobic conditions. 

 

Concerning the quantification by SERS, uncoated spherical gold nanoparticles were first prepared 

according to a previously published method (Akanny et al., 2019). Briefly, gold nanostar precursors 

were first produced by a one-step reduction process based on the reduction of a gold precursor in a 

basic environment using hydroxylamine as a reducing agent. 65 µL of 0.2 M hydroxylamine aqueous 

solution were added to 10 mL of 0.01 M sodium hydroxide aqueous solution. Then 200 µL of 0.02 M 

HAuCl4 aqueous solution were quickly added under vigorous stirring. The color of the solution 

changed instantaneously from transparent to deep blue. Suspension of star-like nanoparticle 

precursors was then diluted to a fifth and H2SO4 aqueous solution was added to reach the final 

concentration of 0.55 mM. The color of the solution changed gradually from deep blue to pink under 

10 min due to the formation of uncoated spherical gold nanoparticles (AuNPs) used as SERS 

substrate. 50 µL of the bacterial suspension were finally added to 5 mL of the nanoparticle 

suspensions and SERS signals were then recorded after an incubation time of 10 min. The 

determination of the unknown LGG concentrations from the measured SERS signals at 735 cm-1 was 

achieved using a calibration curve obtained by plotting the intensity of the SERS signal of LGG 

bacteria at 735 cm-1 versus the concentration of LGG from 7.6×105 CFU/mL to 9.2×106 CFU/mL 

(Akanny et al., 2019). RamanRxn1 spectrometer (Kaiser Optical Systems, Ann Arbor, USA), equipped 

with a thermoelectrically cooled CCD detector, was used in combination with a non-contact probe. 

Bacteria SERS spectra were acquired under 785 nm irradiation (400 mW) in 1 cm quartz-cell with 15 

sec data acquisition and two spectral accumulations. Data collection was operated using the 

HoloreactTM software.  



 

2.7. Resistance to gastrointestinal conditions  

 

The resistance in simulated gastro-intestinal fluids of free and microencapsulated LGG was evaluated 

for each formulation. Simulated gastric fluid (SGF) consisted of 0.1 M HCl aqueous solution (pH 1.5). 

Simulated intestinal fluid (SIF) consisted of FASSIF-V2 (Fasted State Simulated Intestinal Fluid) from 

Biorelevant. It was composed of taurocholate 3 mM, phospholipids (lecithin) 0.2 mM, sodium 106 

mM, chloride 69 mM, maleic acid 19 mM (pH 6.5).  

 

The resistance to gastric fluid was first studied by adding 1 g of microparticles or 1 mL of the bacterial 

suspension into 10 mL of SGF for 60 and 120 min at 37°C with constant agitation. After incubation 

the volume was adjusted to 40 mL with PBS to raise the pH to about 6, thus interrupting the acidic 

treatment. In order to investigate the LGG survival in microparticles after their gastric incubation, the 

pH of the suspension was adjusted to 7.6 with 1M NaOH aqueous solution to dissolve the polymer 

and release the LGG. The enumeration of LGG living cells was done using the plate count method 

described in section 2.6. 

 

The effect of SIF was then tested consecutively to the incubation in SGF. 1 g of microparticles were 

first mixed with 10 mL of SGF for 60 min at 37°C under stirring. After 1h of incubation, the 

microparticles were removed, placed in 10 mL of SIF and incubated at 37 C° for 1h, 4h or 6h with 

constant agitation. After incubation, microparticles were finally removed and placed in 40 mL of PBS 

adjusted to pH 7.6 to release LGG bacteria. The effect of SIF on free LGG bacteria was also evaluated 

by mixing 1 mL of bacterial suspension with 10 mL of SIF for 1h, 4h and 6h at 37°C with constant 

agitation. In both cases, the enumeration of LGG living cells was done using the plate count method 

(section 2.6). 

Decrease of viable cells with respect to counts after treatment were expressed as a logarithmic 

reduction of viable cells (LRVC) calculated as: 
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where Q0 and Q refer to the bacterial count before and after treatment, respectively. 

 

2.8. Viability of encapsulated cell during storage  

 

The encapsulated LGG in MF3 microparticles were stored at 5°C in a 50 mL sterile Falcon tubes. The 

viability of encapsulated LGG in the powders was determined after 1, 2, 4 and 8 weeks of storage. For 

each control, 1 g of microparticles were dissolved in 40 mL of PBS to release LGG bacteria. The 

enumeration of LGG living cells was done using the plate count method (section 2.6). LRVC was 

calculated as mentioned in section 2.7 with Q and Q0 referring to the bacterial count at a particular 

storage period and before storage, respectively. 

 



3. Results and discussion 

 

3.1. Microparticle preparation by spray-drying 

 

As previously mentioned, Eudragit® S or L microparticles are mainly prepared by emulsion/solvent 

evaporation technique but this process is highly harmful for probiotic bacteria. Here, we decided to 

perform for this purpose a spray-drying method that avoids the use of organic solvents. The obtained 

Eudragit® S or L microparticles should be used to develop pH-dependent colonic delivery systems of 

probiotics. To our knowledge such systems have already been developed for the encapsulation of 

small molecules but not for that of bacteria. Raffin et al. (2006, 2007) encapsulated sodium 

pantoprazole in spray-dried particles obtained from the water soluble salt form of Eudragit® S100. 

This was made using alkaline sodium hydroxide solution to neutralize the acidic groups in Eudragit® 

S100 polymer. However, it should be noted that the retained sodium hydroxide can lead to an 

increase of the local pH near the microparticles when dispersed in water or gastric fluid. A partial 

dissolution of the polymer matrix may occur thus limiting the protection of bacteria against acidic 

conditions (Alhnan et al., 2011). Alhnan et al. (2011) developed an alternative approach for the 

encapsulation of prednisolone using ammonium hydrogen carbonate instead of sodium hydroxide. 

Unlike sodium hydroxide, ammonium salts can be eliminated under elevated temperature inducing 

the donation of a proton from the ammonium group to the carboxylate group of the polymer 

restoring its acidic form. However, this elimination is only partially achieved in the drying chamber 

and the total removal of ammonium residues requires the incubation of the microparticles at 

elevated temperatures (60-70 ºC) for several hours. This could be inconsistent with the survival of 

probiotics that are already highly stressed by the spray-drying process. In this study, we chose to 

follow the approach developed by Raffin et al. (2006, 2007) with some modifications to develop a 

pH-dependent colonic delivery system for LGG. The feed aqueous solutions for spray drying were 

obtained by solubilizing Eudragit® S100 in PBS solution adjusted at a pH above the polymer solubility 

conditions (pH 7.6) using sodium hydroxide, instead of NaOH solution only. Here, we suggest that the 

presence of phosphate buffer might limit the pH increase. In case of incubation in acidic conditions, 

this should prevent the early dissolution of the Eudragit matrix before the acidic form of the polymer 

is restored. The formation of the soluble salt form of the Eudragit® S100 can be observed in the ATR-

FTIR spectra (Fig. 2) measured for the dry deposit of the Eudragit® S100 solution in PBS and MF3 

microparticles: an IR band at about 1560 cm-1 appeared corresponding to the stretching vibration of 

carboxylic acid salts. The loss of this band in the ATR-FTIR spectra of the microparticles collected 

after 1h incubation in acidic environment (HCl solution at pH 1.5) confirmed the restoration of the 

acidic form of the polymer.  

 

 

3.2. Microparticle size distribution, morphology and solid yield  

 

The size of the microparticles is an important issue since it has to be suitable for the encapsulation of 

probiotics which generally exhibit relatively large size comprised between 1 and 5 µm. The 

microparticles have to be designed to ensure a high loading of microorganisms as well as their 



protection against adverse gastro-intestinal conditions (Anal and Singh, 2007). LGG bacteria used in 

this study had a size between 1 and 2 µm (Fig. 3a) that can be slightly reduced after spray drying 

(Sunny-Roberts and Knorr, 2009). As observed in Fig. 3b, the size distribution of the spray-dried 

microparticles was not really influenced by the presence nor the type of protective agent in the feed 

solutions. The microparticles presented a relatively high polydispersity characterized by a span 

parameter between 1.6 and 1.9. Mean diameters (d50) of about 4.4 µm without protective agent and 

varying from 5.2 to 7.3 µm with protective agents were observed (Table 2). This slight increase of the 

microparticle size might be due to the increase of the viscosity of the feed solutions in the presence 

of the protective agents. Solid yields of 50-60% were obtained in the absence or presence of 

carbohydrate protective agents (Table 2), that appeared as satisfying for a lab-scale spray-drying 

experiment (Sosnik and Seremeta, 2015). The higher yield was obtained using mannitol as a 

protective agent with 59% of solid content retrieved after drying. However, a sharp decrease of the 

solid yield to 30% was observed with PVP in the spray-dried formulation and might be related to its 

sticky behavior (Horaczek and Viernstein, 2004).  

 

The morphology of the obtained spray-dried microparticles was observed by SEM (Fig. 4). Particles 

exhibited a spherical shape and, as previously mentioned, a relatively high heterogeneity in size 

ranging from 1 to 20 µm. Wrinkles can be observed at the particle surface in the case of formulations 

containing mannitol (Fig. 4b) and trehalose (Fig. 4c) as protective agent. Such a phenomenon was 

commonly described and encountered in cases of particles obtained with feed preparations including 

carbohydrates (Su et al., 2017; Bustamante et al., 2018; Nunes et al., 2018). Concavities were also 

observed at particle surface and may be related to a slight collapse of particles during the drying 

process due to the quick water evaporation from the droplet (Bustamante et al., 2018). This 

phenomenon was more pronounced for particles containing carbohydrates. In all cases, no free LGG 

were visible at the particle surface suggesting that they were successfully encapsulated in the 

microparticles. 

 

 

3.3. Cell survival after spray-drying and during storage 

 

During the spray-drying process, bacterial cells are logically subjected to heat and dehydration 

stresses that might impact their viability. The survival of LGG after spray-drying in the presence or 

absence of protective agent was studied. As previously described, five protective agents were tested: 

three carbohydrates namely mannitol, trehalose, maltodextrin (Glucidex® IT6) that are commonly 

used to this end, and also poly(vinylpyrrolidone) (PVP K30) which shows protective properties against 

stresses encountered by cell strains during drying (Lodato et al., 1999) and appears as an interesting 

formulation excipient for its adhesiveness and film forming properties (Horaczek and Viernstein, 

2004; Liu et al., 2009). 

 

The survival ratio of LGG after spray-drying clearly demonstrated the protective effect of 

carbohydrates (Fig. 5a) since it increased significantly from 3 ± 2 % without protective agent to over 



20% with carbohydrates. Mannitol and trehalose allowed to reach the best survival ratio with 

respectively 63±7 % and 55±5 %, versus 23±6 % for maltodextrin. Here, PVP did not exhibit any 

protecting effect with a survival ratio of only 2±1 %. The protective effect of sugar-based components 

has been suggested to be due to their ability to replace the water in membranes and proteins, thus 

maintaining their structural and functional integrity (Crowe et al., 1987, 1988, 1998; Ananta et al., 

2005). It was described in the literature that the removal of bound water induces a state transition of 

the phospholipid bilayer of the cytoplasmic membrane from a lamellar phase to a gel or an 

hexagonal ones leading to an increase in membrane permeability during rehydration and thus 

exposing to the leakage of intracellular components (Ananta et al., 2005; Santivarangkna et al., 2008; 

Khem et al., 2015). The higher survival ratio obtained for mannitol and trehalose as compared to 

maltodextrin (Glucidex®) could be explained by the better protecting effect provided by small 

carbohydrate molecules such as polyols like mannitol or disaccharides like trehalose. Indeed, 

contrary to polysaccharides, these small molecules are most likely to interact directly with the polar 

head groups of membrane phospholipids and thus to ensure membrane stability (Crowe et al., 1996; 

Ananta et al., 2005). 

 

The outlet temperature, i.e the temperature at which the product leaves the drying chamber, is 

highly correlated to the cell inactivation due to heat stress (Santivarangkna et al., 2008). Indeed, 

although the temperature of the spray-dried droplets increases, it remains relatively low and does 

not reach the inlet temperature due to an evaporative cooling effect relating to the instant removal 

of moisture. Afterward, exposure time of dried particles to the high temperature is very short 

(Santivarangkna et al., 2008). Ananta et al. studied the influence of the outlet temperature over the 

range 70-100 °C on the survival of spray-dried LGG in skim milk-based preparations (20 % w/v). They 

reported a better survival rate of bacteria (> 60%) for an outlet temperature between 70 and 80 C° 

associated with a residual moisture content between 3.5 and 4.5%. A similar study was achieved by 

Gardiner et al. encapsulating L. paracasei NFBC and L. salivarius UCC 118 in skim milk matrix at outlet 

temperatures ranging from 70 to 120 C° and from 60 to 90°C, respectively. In both cases, an increase 

of the survival rate was observed with the decrease of the outlet temperature. However, for 

temperatures below 80 °C, the residual moisture content in the final product increases and exceeds 

the optimal content required to ensure the proper cell survival during storage which is between 2 

and 4 % (Zayed and Roos, 2004; Sunny-Roberts and Knorr, 2009; Khem et al., 2016). Therefore, a 

compromise should be made between the outlet temperature and the residual moisture content in 

order to maintain the cell viability during and after the spray-drying process. Generally, both good 

cell viability and residual moisture content are obtained for an outlet temperature comprised 

between 70 and 90 °C (Gardiner et al., 2000; Ananta et al., 2005; Sunny-Roberts and Knorr, 2009; 

Khem et al., 2016; Guerin et al., 2017). In this study, the inlet temperature was set at 105°C in order 

to obtain an outlet temperature of about 75-80°C. However, as previously mentioned (see Fig. 5), 

LGG did not survive the encapsulation process without the addition of a protective agent. Moreover, 

the corresponding residual moisture content of 9.1% (w/w) obtained without protectant was well 

above the recommended values and thus too high to ensure a good cell viability during storage. The 

use of carbohydrates in the formulation led to a decrease in the residual moisture content in 



microparticles from 9.1% (w/w) with no protective agent to 1.9, 3.3 and 5.2 (w/w) in the presence of 

mannitol, trehalose and Glucidex® IT6, respectively (Fig. 4a). The values obtained with mannitol and 

trehalose were in accordance with the recommendation mentioned above for optimal preservation 

of cell viability during storage. 

 

As previously mentioned, the microparticles containing mannitol (MF3) provided the better solid 

yield after spray-drying. They also presented the highest survival ratio (63±7 %) and a residual 

moisture content in accordance with the recommended range (<4 %). Moreover, the encapsulated 

LGG in these microparticles showed a great stability during storage with less than 0.4 log reduction in 

viable cells after 8 weeks of storage at 5°C (Fig. 4b). This formulation was thus retained for further 

investigations: i) IR and SERS analyses and ii) for studying the resistance of encapsulated LGG in 

simulated gastrointestinal conditions. 

  

3.4. IR analyses for chemical characterization of MF3 microparticles 

 

The quantitative analysis of the MF3 microparticles composition was performed by IR spectroscopy 

in transmission using KBr compressed pellet method and references made of solid mixtures of 

mannitol and lyophilized powder of the Eudragit® S100 solution in PBS. Linear relationships (ESM, Fig. 

S1) were observed between the proportion of Eudragit® S100 or mannitol and the area of the IR 

absorption band at 1720 cm-1(-C=O stretching vibrations) (Fig. A.1) and 1020 cm-1 (-C-O vibrations) 

(ESM, Fig. S1b), respectively. These calibration curves allowed to determine a proportion of Eudragit® 

S100 of 24 ± 3 % (w/w) and mannitol of 56 ± 2% (w/w) in the MF3 powder, for theoretical values of 

26% and 65 %, respectively. The closeness between the determined and theoretical values of the 

MF3 powder composition indicated a relatively constant ratio Eudragit®/mannitol before and after 

spray-drying.  

 

3.5. Application of the SERS technique to the quantification of encapsulated LGG in MF3 

microparticles 

 

The tedious and time consuming conventional plate count method is nearly always performed for 

microorganism quantification in order to characterize encapsulation systems. SERS technique 

appears as a promising alternative since it provides high sensitivity and specificity, easy and rapid 

sample preparation, and rapid analysis in aqueous matrices. In a previous work, we developed a SERS 

method based on uncoated spherical gold nanoparticles which was successfully used for the label-

free quantification of Gram-positive Lactobacillus rhamnosus GG (LGG) (Akanny et al., 2019). Here, 

the developed SERS method was applied and compared to the classical plate count method to 

quantify the probiotics encapsulated in microparticles. The LGG quantification by SERS analyses 

requires less than 1 h, from the synthesis of SERS substrate to the acquisition of LGG SERS spectra 

while the duration of the conventional plate method ranges from to 24 to 48h. 

 



An example of LGG SERS spectrum measured in the presence of gold nanoparticles is presented in 

Fig. 6a, where a major feature at 735 cm-1 can be observed. Raman signal enhancement of LGG might 

be especially due to the combination of anion-induced chemical enhancement and gold nanoparticle 

aggregation onto the bacteria cell wall (Akanny et al., 2019). Due to the dependence of the SERS 

enhancement mechanisms on the metal surface proximity (Premasiri et al., 2005), the main feature 

observed at 735 cm-1 is generally assigned to: i) the polysaccharide structures of the bacteria cell wall 

composed of peptidoglycan (Jarvis and Goodacre, 2004), ii) adenine-containing molecules, that might 

be located on or in the cell wall structures (e.g. DNA, RNA, ADP or ATP) (Zeiri et al., 2004; Kahraman 

et al., 2008, 2011), or iii) metabolites of the purine degradation pathway located in the extracellular 

regions near the outer cell walls, such as AMP, adenine, guanine, hypoxanthine, xanthine and uric 

acid (Kubryk et al., 2016; Premasiri et al., 2016). The LGG concentrations in the powder obtained 

after spray-drying (N) and in the suspension before drying (N0) were determined from the calibration 

curve using LGG SERS signals at 735 cm-1 (section 2.6). As shown in figure 7b, 59±8% of the LGG 

initially introduced in the fed suspension was retrieved in MF1 microparticles and 58±4% in MF3 

microparticles using the SERS method. In the case of MF3 microparticles including mannitol, this 

amount appeared as non-significantly different from the ratio of encapsulated LGG of 63±7% 

determined using the conventional plate count method (Fig. 6b). However, regarding the MF1 

microparticles formulated without protective agent, the ratio of encapsulated LGG determined by 

the SERS method was far from the 3±2% measured with the conventional plate count method (Fig. 

6b). The reason for this might be that the count plate method allows to quantify viable LGG only 

while the SERS method detects both live and dead bacteria. As a consequence, the comparison 

between the two quantification methods indicated that all the LGG entrapped in the MF3 

microparticles remained viable whereas LGG encapsulated in MF1 were not enough protected during 

the encapsulation process to survive. The slight decrease in the survival rate for MF3 was mainly due 

to losses of the product in the spray-drier and not to an inactivation of LGG due to the harsh 

conditions of the encapsulation process.  

 

SERS technique appeared as a promising method for the quantification of bacteria applied to the 

characterization of encapsulating systems in a faster and more convenient way than the conventional 

counting method. However, further investigations are required to try to discriminate alive from dead 

bacteria by SERS such as a deeper study of their SERS fingerprints. For example, in addition to the 

dominant band around 735 cm-1, LGG SERS spectrum displays many other features that could be 

exploited (Fig. 6a). The exploitation of SERS spectra recorded for different bacterial strains using 

multivariate data analysis is an approach commonly encountered with the purpose of strain 

discrimination according to their SERS fingerprints (Jarvis & Goodacre., 2004 ; Chu  et al., 2008 ; Dina 

et al., 2017 ;  Zhang et al., 2012 ; Mircescu et al., 2014 ; Akanny et al., 2020). A similar strategy could 

be used to analyze the SERS spectra acquired before and after submitting a bacterial strain to 

deleterious operating conditions. Such conditions have to be chosen so as to mimic those 

encountered during spray-drying or acidic treatment. The operating conditions that affect the 

physiological state of the microorganisms would modify their metabolic activity and thus the SERS 

spectrum since the metabolites secreted by bacteria highly contribute to their SERS signal (Kubryk et 

al., 2016; Premasiri et al., 2016). 



 

3.6. Study of protective effect of Eudragit® S100 microparticles on LGG survival in simulated 

gastrointestinal conditions.  

 

The resistance to simulated gastro-intestinal conditions of LGG free and microencapsulated in MF3 

microparticles was studied using the plate count method. 

 

Firstly, the survival in SGF only was tested. Free LGG showed a dramatic loss in viability after their 

incubation in the acidic environment (pH 1.5) since no viable cells were detectable after 1h exposure. 

In contrast, only 1.5 (±0.1) and 1.5 (±0.4) log reduction in viable cells were observed for encapsulated 

LGG after 1h and 2h exposure, respectively (Fig. 7). This corresponded to a number of living LGG 

loaded in the particles after 2h incubation in SGF of about 2.2 (±0.9) ×108 CFU/g. 

 

To the best of our knowledge, enteric soluble Eudragit® S100 has not been used as matrix polymer 

alone for the encapsulation of probiotics by spray-drying. As mentioned above, Eudragit® S100 was 

mainly used as enteric coating agent of microparticles obtained for example by extrusion-

spheronisation or prilling process (De Barros et al., 2015; Ansari et al., 2017), or associated with other 

polymers in tablets or microparticles (Villena et al., 2015; Rahmati et al., 2020). Moreover, in this 

study Eudragit® S100 was used in aqueous solution to form microspheres by spray-drying in order to 

protect probiotics from denaturation during the encapsulation process. A recent study reported the 

development of Eudragit® RS 100 and Eudraguard® (maize starch-based polymer) microparticles for 

the colonic delivery of Gram-positive and Gram-negative bacteria mediated by pH-independent 

swelling (Yus et al., 2019). However, this kind of polymers required the use of the emulsion/solvent 

evaporation technique potentially deleterious for probiotics viability during process. 

Microencapsulation in natural biopolymer microparticles is usually preferred for targeted colonic 

delivery of probiotics. These polymers should allow the possible achievement, through mild 

processes but difficult to be scale up (i.e. prilling and emulsification/gelation), of sufficiently large 

microparticles to provide a good protection in simulated gastric fluid (Koo et al., 2001; Krasaekoopt 

et al., 2004; Muthukumarasamy et al., 2006; Sandoval-Castilla et al., 2010; Qiang Zou et al., 2011; 

Jiménez-Pranteda et al., 2012; Sohail et al., 2012; Cheow and Hadinoto, 2013; Abbaszadeh et al., 

2014; Li et al., 2016). Hansen et al. (2002) reported that alginate beads with a size smaller than 100 

µm did not significantly improve the survival of acid-sensitive probiotic bacteria in simulated gastric 

fluid. Moreover, improvements in survival of probiotics bacteria under simulated gastric conditions 

have also been reported with the increase of the size of alginate beads, with an optimal protection 

reported for sizes larger than 100 µm (Sheu et al., 1993; Lee and Heo, 2000; Chandramouli et al., 

2004). SEM image of spray-dried MF3 microparticles after 2h of incubation in gastric fluid is shown in 

Fig. 8. In this study, a satisfactory LGG cell protection in SGF was ensured despite the relatively small 

size of the Eudragit® spray-dried particles with d50 <10 µm. 

 

The resistance of encapsulated LGG to SIF (FASSIF V2) consecutively to the SGF was then studied. 

MF3 microparticles were incubated into SGF for 1 h and then into FASSIF V2 for up to 6 h. After 1h in 

FASSIF V2, a 2.0±0.2 log reduction in viable cells was observed, followed by a 2.1±0.6 log reduction 



after 4h and 2.4±0.7 log reduction after 6h of exposure (Fig. 7). This corresponded to a number of 

living LGG loaded in the particles after 7h of incubation in simulated gastro-intestinal fluids of 4.5±2.5 

×107 CFU/g. This result is in accordance with the recommended amount of probiotic bacteria 

required in food products which should be at least 106 CFU/g or mL (FAO/WHO, 2002). It should be 

noted that free LGG were not very sensitive to the tested FASSIF V2, containing bile salts, and 

presented a good surviving rate after 6h of incubation with less than 0.3±0.1 log reduction in viable 

cells observed (without previous incubation in SGF). However, considering the incubation in FASSIF 

V2 only, a 0.9 log reduction in viable cells was observed for encapsulated LGG; a loss slightly higher 

than for free cells. As previously described in literature, this could be explained by the cell membrane 

damages occurring during spray-drying and leading to an increased sensitivity of spray dried cells to 

NaCl (Gardiner et al., 2000; Picot and Lacroix, 2004; Sunny-Roberts and Knorr, 2009) and enzymes 

(Sunny-Roberts and Knorr, 2009). Therefore, the higher reduction in viability observed in case of 

encapsulated cells compared with free cells after incubation in SIF might be due to a developed 

sensitivity of the spray-dried LGG to bile salts. However, in the case of encapsulated LGG, the 

incubation in FASSIV V2 was preceded by 1h incubation in SGF. The undergone pH variation might 

also participate in the sub-lethal damage and in the increased sensitivity to bile salts.  

 

4. Conclusion 

 

In this work, pH-responsive Eudragit® S100 microparticles were developed for the colonic delivery of 

Lactobacillus rhamnosus GG (LGG) using an aqueous-based spray-drying approach as an alternative 

of the classical but deleterious emulsification/solvent evaporation technique. One of the main 

drawbacks of the spray-drying is the thermal and dehydration stresses imposed on bacteria, which 

are the major causes of cell inactivation. The use of carbohydrates as protective agent allowed to 

increase the survival ratio after spray-drying from 3% to a maximum of 63 % using mannitol. SERS 

and IR characterizations indicated the viability of all entrapped LGG in microparticles containing 

mannitol with a constant ratio Eudragit/mannitol during the whole encapsulation process. 

Encapsulated LGG showed a great stability during storage at 5°C with less than 0.4 log reduction in 

viable cells after 2 months thanks to the low residual moisture content (1.9%) achieved in presence 

of mannitol. Moreover, encapsulating carrier was shown to greatly improve the survival of LGG in 

gastric medium in vitro since only 1.5 log reduction in viable cells was observed for encapsulated LGG 

after 2h exposure in SGF while no viable cell was detectable after 1h exposure in case of free LGG. 

This satisfactory cell protection was surprisingly ensured by Eudragit® spray-dried particles with a 

median diameter d50 smaller than 10 µm. 4.5 ×107 CFU/g of encapsulated cells were found viable 

after incubation of microparticles for 1 h in SGF followed by 6 h in SIF. This value, consistent with the 

recommended amount of probiotic bacteria required in food products (>106 CFU/g or mL), attests 

that the developed encapsulation system is suitable for its use as a carrier for colonic delivery of LGG. 

However, in vivo experimentations are required to confirm such the colonic targeting. From an 

analytical point of view, SERS appeared as a very promising alternative to the tedious and time 

consuming plate count method but further investigations are needed to evaluate its potential for a 

selective quantification of live and dead bacteria as mentioned above. 



 

 

References 

 

Abbaszadeh, S., Gandomi, H., Misaghi, A., Bokaei, S., Noori, N., 2014. The effect of alginate and 
chitosan concentrations on some properties of chitosan-coated alginate beads and survivability of 
encapsulated Lactobacillus rhamnosus in simulated gastrointestinal conditions and during heat 
processing. J. Sci. Food Agric. 94, 2210–2216. 
 
Akanny, E., Bonhommé, A., Commun, C., Doleans-jordheim, A., Farre, C., Bessueille, F., Bourgeois, S., 
Bordes, C., 2020. Surface-enhanced Raman spectroscopy using uncoated gold nanoparticles for 
bacteria discrimination. J. Raman Spectrosc. https://doi.org/10.1002/jrs.5827 
 
Akanny, E., Bonhommé, A., Commun, C., Doleans-Jordheim, A., Bessueille, F., Bourgeois, S., Bordes, 
C., 2019. Development of uncoated near-spherical gold nanoparticles for label-free quantification of 
Lactobacillus rhamnosus GG by Surface-Enhanced Raman Spectroscopy. Anal. Bioanal. Chem. 411, 
5563–5576. 
 
Agyilirah G.A., Banker G.S., 1991. Polymers For enteric coating Applications, in : Tarcha, P.J. (Eds.), 
Polymers for Controlled Drug Delivery. CRC Press, USA, pp. 39-67 
 
Alhnan, M.A., Kidia, E., Basit, A.W., 2011. Spray-drying enteric polymers from aqueous solutions: A 
novel, economic, and environmentally friendly approach to produce pH-responsive microparticles. 
Eur. J. Pharm. Biopharm. 79, 432–439.  
 
Anal, A.K., Singh, H., 2007. Recent advances in microencapsulation of probiotics for industrial 
applications and targeted delivery. Trends Food Sci. Technol. 18, 240–251.  
 
Ananta, E., Volkert, M., Knorr, D., 2005. Cellular injuries and storage stability of spray-dried 
Lactobacillus rhamnosus GG. Int. Dairy J. 15, 399–409. 
 
Ankamwar, B., Sur, U.K., Das, P., 2016. SERS study of bacteria using biosynthesized silver 
nanoparticles as the SERS substrate. Anal. Methods. 8, 2335–2340. 
 
Ansari, F., Pourjafar, H., Jodat, V., Sahebi, J., Ataei, A., 2017. Effect of Eudragit S100 nanoparticles and 
alginate chitosan encapsulation on the viability of Lactobacillus acidophilus and Lactobacillus 
rhamnosus, AMB Express. 7, 144. 
 
Begley, M., Gahan, C.G.M., Hill, C., 2005. The interaction between bacteria and bile. FEMS Microbiol. 
Rev. 29, 625–651.  
 
Broeckx, G., Vandenheuvel, D., Henkens, T., Kiekens, S., Van den Broek, M.F.L., Lebeer, S., Kiekens, F., 
2017. Enhancing the viability of Lactobacillus rhamnosus GG after spray drying and during storage. 
Int. J. Pharm. 534, 35–41. 
 
Burgain, J., Gaiani, C., Cailliez-Grimal, C., Jeandel, C., Scher, J., 2013. Encapsulation of Lactobacillus 
rhamnosus GG in microparticles: Influence of casein to whey protein ratio on bacterial survival during 
digestion. Innov. Food Sci. Emerg. Technol. 19, 233–242.  
 



Burgain, J., Gaiani, C., Linder, M., Scher, J., 2011. Encapsulation of probiotic living cells: From 
laboratory scale to industrial applications. J. Food Eng. 104, 467–483. 
 
Bustamante, M., Oomah, B.D., Rubilar, M., Shene, C., 2017. Effective Lactobacillus plantarum and 
Bifidobacterium infantis encapsulation with chia seed (Salvia hispanica L.) and flaxseed (Linum 
usitatissimum L.) mucilage and soluble protein by spray drying. Food Chem. 216, 97–105. 
 
Chandramouli, V., Kailasapathy, K., Peiris, P., Jones, M., 2004. An improved method of 
microencapsulation and its evaluation to protect Lactobacillus spp. in simulated gastric conditions. J. 
Microbiol. Methods. 56, 27–35.  
 
Cheow, W.S., Hadinoto, K., 2013. Biofilm-like Lactobacillus rhamnosus probiotics encapsulated in 
alginate and carrageenan microcapsules exhibiting enhanced thermotolerance and freeze-drying 
resistance. Biomacromolecules. 14, 3214–3222.  
 
Chu, H., Huang, Y., Zhao, Y.,  2008. Silver nanorod arrays as a surface-enhanced Raman scattering 
substrate for foodborne pathogenic bacteria detection. Appl. Spectrosc. 62, 922–931. 
Crowe, J.H., Carpenter, J.F., Crowe, L.M., 1998. The Role of Vitrification in Anhydrobiosis. Annu. Rev. 
Physiol. 60, 73–103.  
 
Crowe, J.H., Crowe, L.M., Carpenter, J.F., Rudolph, A.S., Wistrom, C.A., Spargo, B.J., Anchordoguy, 
T.J., 1988. Interactions of sugars with membranes. Biochimica et Biophysica Acta. 947, 367–384.  
 
Crowe, J.H., Crowe, L.M., Carpenter, J.F., Wistrom, C.A., 1987. Stabilization of dry phospholipid 
bilayers and proteins by sugars. Biochem. J. 242, 1–10.  
 
Crowe, L.M., Reid, D.S., Crowe, J.H., 1996. Is Trehalose Special for Preserving Dry Biomaterials?, 
Biophysical Journal. 71, 2087–2093. 
 
De Barros, J.M.S., Lechner, T., Charalampopoulos, D., Khutoryanskiy, V.V., Edwards, A.D., 2015. 
Enteric coated spheres produced by extrusion/spheronization provide effective gastric protection 
and efficient release of live therapeutic bacteria. Int. J. Pharm. 493, 483–494.  
 
Dina, N.E., Zhou, H., Colniţǎ, A., Leopold, N., Szoke-Nagy, T., Coman, C., Haisch, C., 2017. Rapid single-

cell detection and identification of pathogens by using surface-enhanced Raman spectroscopy. 

Analyst. 142, 1782–1789. 

 
Doherty, S.B., Gee, V.L., Ross, R.P., Stanton, C., Fitzgerald, G.F., Brodkorb, A., 2011. Development and 
characterisation of whey protein micro-beads as potential matrices for probiotic protection. Food 
Hydrocoll. 25,1604–1617.  
 
Food and Agriculture Organization of the United Nations and World Health Organization 
(FAO/WHO)., 2001. Health and nutritional properties of probiotics in food including powder milk with 
live lactic acid bacteria. Report of a joint FAO/WHO expert consultation. 
http://www.fao.org/tempref/docrep/fao/meeting/009/y6398e.pdf5 (accessed 10 March 2019) 
 
FAO/WHO., 2002. Guidelines for the evaluation of probiotics in food. Report of a joint FAO/WHO 
expert consultation. https://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf 
(accessed 10 March 2019) 
 



Gardiner, G.E., O’Sullivan, E., Kelly, J., Auty, M.A.E., Fitzgerald, G.F., Collins, J.K., Ross, R.P., Stanton, 
C., 2000. Comparative survival rates of human-derived probiotic Lactobacillus paracasei and L. 
salivarius strains during heat treatment and spray drying. Appl. Environ. Microbiol. 66, 2605–2612.  
 
Guerin, J., Petit, J., Burgain, J., Borges, F., Bhandari, B., Perroud, C., Desobry, S., Scher, J., Gaiani, C., 
2017. Lactobacillus rhamnosus GG encapsulation by spray-drying: Milk proteins clotting control to 
produce innovative matrices. J. Food Eng. 193, 10–19.  
 
Hansen, L.T., Allan-Wojtas, P.M., Jin, Y.L., Paulson, A.T., 2002. Survival of Ca-alginate 
microencapsulated Bifidobacterium spp. in milk and simulated gastrointestinal conditions. Food 
Microbiol. 19, 35–45.  
 
Holzapfel, W.H., Schillinger U., 2002. Introduction to pre- and probiotics. Food Res. Int. 35, 109–116.  
Horaczek, A., Viernstein, H., 2004. Beauveria brongniartii subjected to spray-drying in a composite 
carrier matrix system. J. Microencapsul. 21, 317–330.  
 
Huang, S., Cauty, C., Dolivet, A., Le Loir, Y., Chen, X.D., Schuck, P., Jan, G., Jeantet, R., 2016. Double 
use of highly concentrated sweet whey to improve the biomass production and viability of spray-
dried probiotic bacteria. J. of Functional Foods. 23, 453-463. 
 
Jain, D., Panda, A.K., Majumdar, D.K., 2005. Eudragit S100 entrapped insulin microspheres for oral 
delivery. AAPS PharmSciTech. 6, E100–E107.  
 
Jarvis, R.M., Brooker, A., Goodacre, R., 2006. Surface-enhanced Raman scattering for the rapid 
discrimination of bacteria. Faraday Discuss. 132, 281–292. 
 
Jarvis, R.M., Goodacre, R., 2004. Discrimination of Bacteria Using Surface-Enhanced Raman 
Spectroscopy. Anal. Chem. 6, 40–47. 
 
Jiménez-Pranteda, M.L., Poncelet, D., Náder-Macías, M.E., Arcos, A., Aguilera, M., Monteoliva-
Sánchez,M., Ramos-Cormenzana, A., 2012. Stability of lactobacilli encapsulated in various microbial 
polymers, J. Biosci. Bioeng. 113, 179–184.  
 
Kahraman, M., Keseroǧlu, K., Çulha, M., 2011. On sample preparation for surface-enhanced Raman 
scattering (SERS) of bacteria and the source of spectral features of the spectra. Appl Spectrosc. 65, 
500–506.  
 
Kahraman, M., Yazici, M.M., Şahin, F., Çulha, M., 2008. Convective assembly of bacteria for surface-
enhanced Raman scattering. Langmuir. 24, 894–901. 
 
Khem, S., Small, D.M., May, B.K., 2016. The behaviour of whey protein isolate in protecting 
Lactobacillus plantarum. Food Chem. 190, 717–723.  
 
Khem, S., Woo, M.W., Small, D.M., Chen, X.D., May, B.K., 2015. Agent selection and protective effects 
during single droplet drying of bacteria. Food Chem. 166, 206–214.  
 
Kubryk, P., Niessner, R., Ivleva, N.P., 2016. The origin of the band at around 730 cm-1 in the SERS 
spectra of bacteria: A stable isotope approach. Analyst. 141,2874–2878.  
 
Le Ru, E.C., Etchegoin, P.G., 2009. Principles of surface enhanced Raman scattering and related 
plasmonic effects, first Ed. Elsevier, UK.  
 



Lee, J., Park, T.G., Choi, H., 1999. Development of oral drug delivery system using coating 
microspheres. J. Microencapsul. 16, 715-729.  
 
Lee, K.Y., Heo, T. R., 2000. Survival of Bifidobacterium longum immobilized in calcium alginate beads 
in simulated gastric juices and bile salt solution. Appl. Environ. Microbiol. 66, 869–873. 
 
Lemma, T., Saliniemi, A., Hynninen, V., Hytönen, V.P., Toppari, J.J., 2016. SERS detection of cell 
surface and intracellular components of microorganisms using nano-aggregated Ag substrate. Vib. 
Spectrosc. 83, 36–45.  
 
Li, R., Zhang, Y., Polk, D.B., Tomasula, P.M., Yan, F., Liu, L.S., 2016, Preserving viability of Lactobacillus 
rhamnosus GG in vitro and in vivo by a new encapsulation system. J. Control. Release. 230, 79–87.  
 
Liu, C.P., Liu, S., 2009. Low-temperature spray drying for the microencapsulation of the fungus 
beauveria bassiana. Dry. Technol. 27, 747–753.  
 
Liu, H., Gong, J., Chabot, D., Miller, S.S., Cui, S.W., Ma, J., Zhong, F., Wang, Q., 2015. Protection of 
heat-sensitive probiotic bacteria during spray-drying by sodium caseinate stabilized fat particles, 
Food Hydrocoll. 51, 459–467.  
 
Liu, L., Fishman, M.L., Kost, J., Hicks, K.B., 2003. Pectin-based systems for colon-specific drug delivery 
via oral route. Biomaterials. 24, 3333–3343.  
 
Lodato, P., Segovia de Huergo, M., Buera, M.P., 1999. Viability and thermal stability of a strain of 
Saccharomyces cerevisiae freeze-dried in different sugar and polymer matrices. Appl. Microbiol. 
Biotechnol. 52, 215–220.  
 
Madsen, K.L., 2001. The use of probiotics in gastrointestinal disease. Can. J. Gastroenterol. Hepatol. 
15, 817–822. 
 
McFarland, L.V., 2006. Meta-analysis of probiotics for the prevention of antibiotic associated 
diarrhea and the treatment of Clostridium difficile disease. Am. J. Gastroenterol.101, 812–822. 
 
Mircescu, N.E., Zhou, H., Leopold, N., Chis, V., Ivleva, N.P., Niessner, R., Wieser, A., Haisch, C., 2014. 

Towards a receptor-free immobilization and SERS detection of urinary tract infections causative 

pathogens. Anal. Bioanal. Chem. 406, 3051–3058. 

 
Mohanta, S., Singh, S.K., Kumar, B., Gulati, M., Kumar, R., Yadav, A.K., Wadhwa, S., Jyoti, J., Som, S., 
Dua, K., Pandey, N.K., 2019. Efficacy of co-administration of modified apple polysaccharide and 
probiotics in guar gum-Eudragit S100 based mesalamine mini tablets: A novel approach in treating 
ulcerative colitis. Int. J. Biol. Macromol. 126, 427–435.  
 
Mundargi, R.C., Rangaswamy, V., Aminabhavi, T.M., 2011. PH-Sensitive oral insulin delivery systems 
using Eudragit microspheres. Drug Dev. Ind. Pharm. 37, 977–985.  
 
Nunes, G.L., Etchepare, M.A., Cichoski, A.J., Zepka, L.Q., Jacob, L.E., Barin, J.S., Flores, É.M.M., Da 
Silva, C.B., De Menezes, C.R., 2018. Inulin, hi-maize, and trehalose as thermal protectants for 
increasing viability of Lactobacillus acidophilus encapsulated by spray drying. LWT - Food Sci. 
Technol. 89, 128–133.  
 



Obeidat, W.M., Price, J.C., 2006. Preparation and evaluation of Eudragit S 100 microspheres as pH-
sensitive release preparations for piroxicam and theophylline using the emulsion-solvent evaporation 
method. J. Microencapsul. 23, 195–202.  
 
Páez, R., Lavari, L., Audero, G., Cuatrin, A., Zaritzky, N., Reinheimer, J., Vinderola, G., 2013. Study of 
the effects of spray-drying on the functionality of probiotic lactobacilli. Int. J. Dairy Technol. 66, 155–
161. 
 
Picot, A., Lacroix, C., Encapsulation of bifidobacteria in whey protein-based microcapsules and 
survival in simulated gastrointestinal conditions and in yoghurt. 2004. Int. Dairy J. 14, 505–515.  
 
Pirarat, N., Pinpimai, K., Rodkhum, C., Chansue, N., Ooi, E.L., Katagiri, T., Maita, M., 2015. Viability 
and morphological evaluation of alginate-encapsulated Lactobacillus rhamnosus GG under simulated 
tilapia gastrointestinal conditions and its effect on growth performance, intestinal morphology and 
protection against Streptococcus agalactiae. Anim. Feed Sci. Technol. 207, 93–103.  
 
Premasiri, V.R., Moir, D.T., Klempner, M.S., Krieger, N., Jones II, G., Ziegler, L.D., 2005. 
Characterization of the Surface Enhanced Raman Scattering (SERS) of Bacteria. J. Phys. Chem. B. 109, 
312–320. 
 
Premasiri, W.R., Lee, J.C., Sauer-budge, A., Theberge, R., Costello, E., Ziegler, L.D., Hospital, W., 2016. 
The biochemical origins of the surface enhanced Raman spectra of bacteria: metabolomics profiling 
by SERS. Anal. Bioanal. Chem. 408,4631–4647. 
 
Raffin, R.P., Colomé, L.M., Haas, S.E., Jornada, D.S., Pohlmann, A.R., Guterres, S.S., 2007. 
Development of HPMC and Eudragit S100® blended microparticles containing sodium pantoprazole. 
Pharmazie. 62, 361–364. 
 
Raffin, R.P., Jornada, D.S., Ré, M.I., Pohlmann, A.R., Guterres, S.S., 2006. Sodium pantoprazole-loaded 
enteric microparticles prepared by spray drying: Effect of the scale of production and process 
validation. Int. J. Pharm. 324, 10–18.  
 
Rahmati, F., 2020. Microencapsulation of Lactobacillus acidophilus and Lactobacillus plantarum in 
Eudragit S100 and alginate chitosan under gastrointestinal and normal condition. Appl. Nanosci. 10, 
391-399 
 
Rawat, M., Saraf, S., 2009. Formulation optimization of double emulsification method for preparation 
of enzyme-loaded Eudragit S100 microspheres. J. Microencapsul. 26, 306–314.  
 
Rawat, M., Saraf, S., Saraf, S., 2008. Influence of selected formulation variables on the preparation of 
enzyme-entrapped eudragit S100 microspheres. AAPS PharmSciTech. 8, 289–297.  
 
Reddy, K.B.P.K., Madhu, A.N., Prapulla, S.G., 2009. Comparative survival and evaluation of functional 
probiotic properties of spray-dried lactic acid bacteria: original research. Int. J. Dairy Technol. 62, 
240-248.  
 
Santivarangkna, C., Kulozik, U., Foerst, P., 2008. Inactivation mechanisms of lactic acid starter 
cultures preserved by drying processes. J. Appl. Microbiol. 105, 1–13.  
 
Schlücker, S., 2014. Surface-enhanced Raman spectroscopy: Concepts and chemical applications. 
Angew Chemie – Int. Ed. 53, 4756–4795.  
 



Sheu, T.Y., Marshall, R.T., Heymann, H., 2010. Improving Survival of Culture Bacteria in Frozen 
Desserts by Microentrapment. J. Dairy Sci. 76, 1902–1907.  
 
Sohail, A., Turner, M.S., Prabawati, E.K., Coombes, A.G.A., Bhandari, B., 2012. Evaluation of 
Lactobacillus rhamnosus GG and Lactobacillus acidophilus NCFM encapsulated using a novel 
impinging aerosol method in fruit food products. Int. J. Food Microbiol. 157, 162–166. 
 
Sosnik, A., Seremeta, K.P., 2015. Advantages and challenges of the spray-drying technology for the 
production of pure drug particles and drug-loaded polymeric carriers. Adv. Colloid Interface Sci. 223, 
40–54.  
Stiles, P.L., Dieringer, J.A., Shah, N.C., Van Duyne, R.P., 2008. Surface-Enhanced Raman Spectroscopy. 
Annu. Rev. Anal. Chem. 1, 601–626. 
 
Su, Y., Zheng, X., Zhao, Q., Fu, N., Xiong, H., Wu, W.D., Chen, X.D., 2018. Spray drying of Lactobacillus 
rhamnosus GG with calcium-containing protectant for enhanced viability. Powder Technol. 
https://doi.org/10.1016/j.powtec.2018.09.082 
 
Sundaram, J., Park, B., Kwon, Y., Lawrence KC., 2013. Surface enhanced Raman scattering (SERS) with 
biopolymer encapsulated silver nanosubstrates for rapid detection of foodborne pathogens. Int. J. 
Food Microbiol. 167, 67–73. 
 
Sunny-Roberts, E.O., Knorr, D., 2009. The protective effect of monosodium glutamate on survival of 
Lactobacillus rhamnosus GG and Lactobacillus rhamnosus E-97800 (E800) strains during spray-drying 
and storage in trehalose-containing powders. Int. Dairy J. 19, 209–214. 
 
Szajewska, H., Kołodziej, M., 2015. Systematic review with meta-analysis: Lactobacillus rhamnosus 

GG in the prevention of antibiotic-associated diarrhoea in children and adults. Aliment. Pharmacol. 
Ther. 42, 1149–1157. 
 
Vandamme, T.F., Lenourry, A., Charrueau, C., Chaumeil, J.C., 2002. The use of polysaccharides to 
target drugs to the colon. Carbohydr. Polym. 48, 219–231.  
 
Videlock, E.J., Cremonini, F., 2012. Meta-analysis: Probiotics in antibiotic-associated diarrhoea. 
Aliment. Pharmacol. Ther.35, 1355–1369. 
 
Villamizar, L., Barrera, G., Cotes, A.M., Martínez, F., 2010. Eudragit S100 microparticles containing 
Spodoptera frugiperda nucleopolyehedrovirus: Physicochemical characterization, photostability and 
in vitro virus release. J. Microencapsul. 27, 314–324.  
 
Villena, M.J.M., Lara-Villoslada, F., Martínez, M.A.R., Hernández, M.E.M., 2015. Development of 
gastro-resistant tablets for the protection and intestinal delivery of Lactobacillus fermentum CECT 
5716. Int. J. Pharm. 487, 314–319.  
 
Yang, D., Zhou, H., Haisch C., Niessner R., Ying Y., 2016. Reproducible E. coli detection based on label-
free SERS and mapping. Talanta. 146, 457–463. 
 
Yus, C., Gracia, R., Larrea, A., Andreu, V., Irusta, S., Sebastian, V., Mendoza, G., Arruebo, M., 2019. 
Targeted Release of Probiotics from Enteric Microparticulated Formulations. Polymers. 11, 1668. 
 
Zayed, G., Roos, Y.H., 2004. Influence of trehalose and moisture content on survival of Lactobacillus 
salivarius subjected to freeze-drying and storage. Process Biochem. 39, 1081–1086.  
 



Zeiri, L., Bronk, B.V., Shabtai, Y., Eichler, J., Efrima, S., 2004. Surface-Enhanced Raman Spectroscopy 
as a Tool for Probing Specic Biochemical Components in Bacteria. Appl. Spectrosc. 58, 33–40. 
 
Zhang, L., Xu, J., Mi, L., Gong, H., Jiang, S., Yu, Q., 2012. Multifunctional magnetic-plasmonic 
nanoparticles for fast concentration and sensitive detection of bacteria using SERS. Biosens. 
Bioelectron. 31, 130–136. 
 
Zhou, H., Yang, D., Ivleva, N.P., Mircescu, N.E., Niessner, R., Haisch, C., 2014. SERS detection of 
bacteria in water by in situ coating with Ag nanoparticles. Anal. Chem. 861, 525–1533.  
 
  



Figure legends 

 

Fig. 1. Schematic overview of the preparation of the feed solutions (F2 to F5) to be spray-dried. 

 

Fig.  2. FTIR-ATR spectra of Eudragit® S100 powder, Eudragit® S100 in PBS solution, MF3 
microparticles and mannitol, in the IR spectral region 1700-1300 cm-1.  

 

Fig. 3. (a) AFM image of LGG bacteria. (b) Spray-dried microparticle size distributions as a function of 

the protective agent used in the formulation. 

 

Fig.  4. SEM images of Eudragit® S100 spray-dried microparticles in the absence (a) or the presence of 
protective agents such as mannitol (b), trehalose (c), Glucidex® IT6 (d) and PVP (e) 
 
Fig. 5. (a) LGG survival after spray-drying with or without protective agent. Bars and error bars 

represent the mean ± Standard Deviation estimated from triplicates. (b) Logarithmic reduction of 

viable cells in spray dried MF3 microparticles (Eudragit®S100/mannitol) during 1, 2, 4 and 8 weeks 

storage at 7°C. The results are means based on data from triplicate, and standard deviations (n=3) 

are indicated by vertical bars. 

 

Fig. 6. (a) Example of SERS spectrum obtained from 3.1×106 CFU/mL LGG suspension with AuNPs (b) 
Ratio of encapsulated LGG (%) determined with plate count or SERS method for MF1 (no protective 
agent) and MF3 (10% w/w mannitol) microparticles. Bars and error bars represent the mean ± 
Standard Deviation estimated from triplicates. Note that N is the CFU per g (CFU/g) of the spray-dried 
powder immediately after drying and N0 is the CFU/g of dry matter in the initial suspension before 
drying. 
 
Fig. 7. Logarithmic reduction of viable cells for encapsulated LGG in MF3 microparticles after 
incubation in SGF and/or FASSIF V2. Bars and error bars represent the mean ± Standard Deviation 
estimated from triplicates. 
 
Fig. 8. SEM image of spray-dried MF3 microparticles after 2h incubation in gastric fluid. 

 

 



















Tables 

 

Table 1 Compositions of feed solutions. 

 

Feed 

solution 

Obtained 

Microparticles 

Enteric 

polymer 
Protective agent 

F1 MF1 

Eudragit® 

S100 4.1% 

(w/v) 

- 

F2 MF2 PVP 5% (w/v) 

F3 MF3 Mannitol 10% (w/v) 

F4 MF4 Trehalose 10% (w/v) 

F5 MF5 Glucidex IT6 10% (w/v) 

 

 

 

  



Table 2 Size and solid yield as a function of the protective agent used in the formulation.  

 

Protective 

agent 
d10 d50 d90 Solid Yield (%) Span 

- 1.6 4.4 9.8 54±5 1.9 

PVP 2.0 6.3 13.7 30±6 1.9 

Mannitol 3.1 7.4 15.0 59±3 1.6 

Trehalose 1.9 5.2 10.6 50±3 1.7 

Glucidex IT6 2.2 7.3 16.3 54±4 1.9 
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