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A B S T R A C T   

Surface of Lactobacillus crispatus DSM 20584 (LBC) and Lactobacillus rhamnosus GG (LGG) from stationary and 
exponential phase were chemically modified using hexanoic anhydride (HA) and octanal via grafting hydro-
phobic moieties onto the bacterial surface hydroxyl and amine groups. The physicochemical properties of the 
bacteria were measured using a range of surface-sensitive methods including x-ray photoelectron spectroscopy 
(XPS), zeta potential measurement, contact angle measurement (CAM) and microbial adhesion to solvents 
(MATS). Before modification, the surface of two strains was distinctly different, where LBC was covered by 
hydrophobic surface-layer proteins (SLPs) while LGG was hydrophilic with the rich presence of polysaccharides. 
Surface hydrophilic polymers rendered steric hindrance of LGG against autoaggregation, whereas LBC lacking 
polysaccharides showed strong autoaggregation. After HA and octanal modifications, the intrinsic surface dif-
ferences between two strains were reduced according to the Principal Component Analysis (PCA). The 
enhancement of hydrophobicity by HA and octanal was most likely derived from the lowered Lewis acid-base 
characters via elimination of hydroxyl and amine groups. Chemical modification using the two treatments can 
be a useful tool to tune the surface of lactic acid bacteria, which might be further applied to other microor-
ganisms, enabling applications such as altered bacterial adhesive behaviors and biofilm formation.   

1. Introduction 

Lactic acid bacteria are extensively used as food components due to 
their applications in both the processing and preservation of dairy 
products, as well as their health-promoting effects on the human 
gastrointestinal system. Surface properties of lactic acid bacteria can 
influence the manufacturing of fermented dairy products, and can 
manifest itself as either desirable autoaggreation of e.g. Lactobacillus. 
diacetylactis assisting continuous fermentation [1], or in unwanted 
biofouling and contamination by e.g. Streptococcus thermophiles due to 
biofilm formation [2–4]. The surface properties and hence the adhesion 
of bacteria to the human gastrointestinal epithelium also determine 
their probiotic effects due to interactions with other microorganisms [5, 
6]. 

The composition and conformation of cell wall constituents play 
important roles in bacterial surface properties. As Gram-positive 

bacteria, the cell wall of lactic acid bacteria consists of a thick layer of 
peptidoglycan, decorated by lipoteichoic acid, polysaccharides and 
surface-bound proteins [7]. Lipoteichoic acid is a linear polymer con-
sisting of long hydrophobic tails and strongly acidic phosphate groups, 
contributing to its polyelectrolyte character [8,9]. The abundant poly-
saccharides on the surface of the cell wall are either neutral or acidic, 
leading to the intrinsically hydrophilic nature of most lactic acid bac-
terial strains [10]. Surface proteins (mainly S-layer proteins) are 
non-covalently bound and strongly basic with high isoelectric points 
[11]. For example, S-layers occur in many strains of Lactobacillus. 
crispatus and govern their adhesion behaviors [12,13]. In comparison, 
the surface of species like Lactobacillus. rhamnosus is predominated by 
long and polymeric polysaccharides, even though the limited presence 
of proteinaceous components has also been reported [14,15]. 

Surface modification of lactic acid bacteria allows the tuning of 
surface properties for various purposes such as enhanced tolerance 
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during industrial production [16] and improved functionality in pro-
biotic interactions with intestinal tract and pathogenic bacteria [9]. 
Modification of bacterial surface can be accessed by biologically altering 
growth conditions such as growing phase [10], temperature [17] and 
composition of medium [18], or by physical coating of surface-active 
polymers [19,20]. Chemical grafting is another modifying approach 
that connects hydrophobic moieties via covalently binding to bacterial 
functional groups that are hydrophilic. Compared to biological and 
physical routes, chemical modification enables more accurate targeting 
of surface hydrophilic groups, covalently adding hydrophobic parts 
without largely altering the bacterial cell wall compositions. 

Chemical modification by long-chain carboxylic acid anhydrides and 
aldehydes has been reported on polysaccharide particles. Anhydride 
modification of polysaccharides has been extensively studied on 
starches [21–23], celluloses [24,25] and chitins [26]. Using anhydride 
modification, hydrophobicity of polysaccharides can be increased 
through connection of hydrophobic chains onto hydroxyl groups, 
enabling the formation of lipophilic films [22]. Similar principles have 
been applied to bacteria where lactic acid bacteria modified using 
octenyl succinic anhydride (OSA) were able to produce stable Pickering 
foams and emulsions [27]. In comparison, aldehyde modification grafts 
result in hydrophobic chains via reductive amination of primary or 
secondary amines forming imines. One example of aldehyde modifica-
tion was on chitosan particles, where substitution degrees from 0.3 to 
0.7 of surface amine groups were obtained by using aldehydes bearing 
long chains from C3 to C12 [28–30]. Since aldehyde modification re-
quires the presence of primary or secondary amines, the relevant re-
searches are still limited to chitosan. 

In this study, we aim to tune the surface of lactic acid bacterial strains 
Lactobacillus rhamnosus GG (LGG) and Lactobacillus crispatus DSM20584 
(LBC) by applying either hexanoic anhydride (HA) or octanal modifi-
cation, and to probe changes in surface properties induced by modifi-
cations using a series of surface-sensitive techniques. Due to the 
constitutional difference between the cell walls of the two strains, it is 
hypothesized that the hydrophobization by HA and octanal modification 
should accompany different changes in other physicochemical proper-
ties such as charge density and Lewis acid-base properties. The idea is 
that a deeper understanding of the modified physicochemical properties 
of bacteria can be gained by probing the bacterial surface using a 
combination of chemical and physicochemical approaches including 
XPS, zeta potential measurement, CAM and MATS assay. 

2. Materials and methods 

2.1. Materials and chemicals 

Hexanoic anhydride (HA), octanal, glycerol, dimethyl sulfoxide 
(DMSO), hexadecane, chloroform, ethyl acetate, decane, sodium chlo-
ride (NaCl), potassium chloride (KCl), disodium hydrogen phosphate 
(Na2HPO4), potassium dihydrogen phosphate (KH2PO4), formamide, 1- 
bromonaphthalene, lithium chloride (LiCl), Coomassie Brilliant Blue G- 
250 were purchased from Sigma-Aldrich, Steinheim, Germany. 
NuPAGE™ Lithium dodecyl sulfate (LDS) sample buffer (4X), 
NuPAGE™ 12% Bis-Tris Mini Protein gel (1.0 mm, 15 wells), Pierce™ 
BCA Protein Assay Kit was purchased from Thermo Fisher Scientific, 
USA. Lactobacillus rhamnosus GG (LGG) was bought from Collections of 
Micro-organisms BCCM, Ghent, Belgium and Lactobacillus crispatus DSM 
20,584 (LBC) was kindly obtained from strain collection of Department 
of Food Science, University of Copenhagen (Finn Kvist Vogensen, Per-
sonal communication). MRS broth (de Man, Rogosa and Sharpe) was 
bought from Oxoid, Basingstoke, England. All the chemicals were used 
as received, except for MRS broth which was sterilized in an autoclave 
(115 ◦C, 10 min) before use. MilliQ water (18.2 MΩcm at 25 ◦C) was 
used in all the experiments. 

2.2. Growth of bacteria and dry biomass determination 

Lactobacillus rhamnosus GG and Lactobacillus crispatus DSM20584 
from the previous stock were inoculated in MRS broth at 37 ◦C for 24 h, 
and then culture stocks were prepared by mixing equal volumes of 
culture and glycerol (40 v/v%). The prepared culture stocks were kept at 
− 80 ◦C. 

Bacteria from frozen stock were anaerobically propagated (100 µL) 
in 10 mL MRS broth at 37 ◦C for 24 h. Then, 250 µL of the bacterial 
preculture was anaerobically incubated in 50 mL MRS broth at 37 ◦C. 
Finally, cells were collected from late exponential phase (16 h) and 
stationary phase (24 h) by centrifugation at 5000 × g for 5 min at 4 ◦C, 
and washed twice with sterile MilliQ water. 

The dry weight of bacteria was determined following a standard 
method [31]. Briefly, after growth, cells were collected by centrifuga-
tion at 5000 × g for 5 min at 4 ◦C, followed by washing twice with MilliQ 
water passed through a 0.2 μm-pore-size cellulose membrane. The 
harvested cell pellets were re-suspended in 3 mL sterile MilliQ water. 
One milliliter of cell suspension was transferred to a pre-weighed sterile 
aluminum boat and the bacteria were dried in a hot air oven at 105 ◦C, 
and the total weight was measured regularly until a stable dry weight 
was obtained. The procedure was carried out in triplicate. In the end, the 
dry biomass of bacteria from the exponential phase and stationary phase 
corresponding to 250 μL preculture in 50 mL broth was 75.5 ± 2.7 and 
77.9 ± 1.7 mg for LGG, and 31.1 ± 1.3 and 34.8 ± 0.5 mg for LBC, 
respectively. 

2.3. Extraction and analysis of bacterial surface-layer proteins (SLPs) 

To investigate the intrinsic SLP profiles of LBC and LGG, the 
extraction of bacterial SLPs was conducted using LiCl solution based on a 
previous work with some modifications [32]. Briefly, bacteria grown in 
50 mL MRS broth were collected after 16 and 24 h incubation by 
centrifugation. After washing twice with MilliQ water, bacterial pellets 
(15 mg in dry biomass) were re-suspended in 3 mL LiCl solution (5 M) 
and the SLPs were allowed to be extracted for 1 h at 37 ◦C with vigorous 
shaking. Then, cell pellets were removed by centrifugation at 5000 × g 
for 15 min at 4 ◦C and the supernatant was collected by filtering through 
a 0.2 μm-pore-size cellulose membrane and transferred to a Amicon 
10-kDa centrifugal filter (Merck Millipore Ltd, USA). The supernatant 
was dialyzed and concentrated by centrifugation at 4000 × g for 20 min 
at 4 ◦C, and the concentrated supernatant was continuously dialyzed 
twice by adding same amount of MilliQ water. Finally, the dialyzed LiCl 
extract was transferred to a new Eppendorf tube for further analyses. 

The analysis of SLPs using SDS-PAGE was performed as described 
previously [33]. Briefly, LiCl extract was mixed undiluted with 
NuPAGE™ LDS Sample Buffer (4X) at a volume ratio of 3:1 and the 
sample was then heated under 80 ◦C for 10 min to denature the proteins. 
Ten microliter of sample was loaded into each well, and the gel was let to 
run at 200 V for 45 min and finally stained overnight with Coomassie 
Brilliant Blue. In addition, total protein concentration of the LiCl ex-
tracts was determined using BCA assay [34] according to the Pierce™ 
BCA Protein Assay Kit protocol provided by the manufacturer. 

2.4. Anhydride and aldehyde modification of bacteria 

Anhydride modification of bacteria was adapted from a previous 
protocol [27]. Briefly, after bacteria grown in 50 mL broth for 16 h and 
24 h were collected and washed twice with MilliQ water, the cell pellets 
were re-suspended in phosphate buffered saline (PBS), pH 7.4 with a 
final bacterial concentration of 0.4 wt% and the pH of bacterial sus-
pension was adjusted to approximately 7.8. Then, hexanoic anhydride 
(20 w/w% based on the cell dry weight) in DMSO solution was slowly 
added into the cell suspension while stirring (final DMSO conc. in bac-
terial suspension = 2%). During the modification, the pH was main-
tained between 7.4 - 7.9 by adding 0.1 M NaOH solution. When the pH 

X. Jiang et al.                                                                                                                                                                                                                                    



Surfaces and Interfaces 38 (2023) 102848

3

was constant for at least 15 min, cells were harvested by centrifugation 
at 5000 × g for 5 min at 4 ◦C, and washed twice with sterile MilliQ 
water. 

Aldehyde modification of bacteria was conducted by firstly re- 
suspending the cell pellets in citric acid-sodium citrate buffer (pH 5) 
with a final bacterial conc. of 0.4 wt%. A predetermined amount of 
octanal (30 w/w%) was dissolved in DMSO and this solution was added 
to the bacterial suspension while stirring (final DMSO concentration in 
bacterial suspension = 2%). During the modification process, the pH was 
maintained between 4.9 – 5.1 by adding 1 M NaOH or HCl solution. The 
reaction mixture was stirred under room temperature for 24 h and the 
reaction was ceased by adjusting pH to 7. Finally, bacteria were 
collected by centrifugation at 5000 × g for 5 min at 4 ◦C, and washed 
twice with sterile MilliQ water. 

2.5. X-ray photoelectron spectroscopy (XPS) 

For XPS analysis, bacteria grown in 50 mL broth for 16 h and 24 h, 
with and without modifications were washed twice and re-suspended in 
MilliQ water to a cell concentration of 1 × 109 CFU/mL. Then, 50 µL of 
this cell suspensions was carefully transferred onto the surface of a sil-
icon wafer and air-dried in a clean fume hood. After the formation of a 
bacterial layer on the surface, the silicon wafers were stored at room 
temperature in a desiccator containing phosphorous pentoxide for 
further analysis. The XPS experiments were carried out in a Kratos Axis 
Ultra DLD fitted with a monochromatic AlKα X-rays source (Kratos 
Scientific, Manchester, UK). The charge neutralizer of the instrument 
was used against charging of the samples. Data were analyzed using the 
commercial software CasaXPS and its associated sensitivity factor li-
brary (Casa Software Ltd, UK). Energy step for high resolution scan was 
0.1 eV. The binding energy was calibrated using aliphatic C 1 s line fixed 
at 285 eV. 

2.6. Zeta potential measurements 

The surface charge of the bacteria was investigated in terms of zeta 
potential using a zeta sizer (Malvern Zetasizer, Nano ZSP, UK) at 25 ◦C. 
The used background electrolyte solution was 10 mM KH2PO4 (pH 
3–11). For the measurement, unmodified and modified bacterial pellets 
corresponding to 250 µL preculture grown in 50 mL MRS broth for 16 h 
and 24 h were re-suspended in 50 mL KH2PO4 and the suspensions were 
diluted 10 times with the same buffer. Then, 1 mL of this suspension was 
injected into the capillary cell using a disposable syringe. The capillary 
cell was rinsed subsequently with MilliQ water and sample before 
starting the measurement. 

2.7. Microbial adhesion to solvents (MATS) 

Evaluation of bacterial surface properties was carried out as 
described in previous reports [2,35] with modifications. Briefly, bacte-
rial pellets grown for 16 h and 24 h with or without chemical modifi-
cation were re-suspended in 10 mM KH2PO4 solution and an initial 
optical density (OD) of around 0.8 at 600 nm was obtained (SpectraMax 
i3x, Molecular Devices LLC, USA), which indicated an approximate cell 
density of 108 CFU/mL. An aliquot of cell suspension (250 μL) was 
mixed with 42 μL solvent in an Eppendorf tube. After 10 min incubation 
under room temperature, the mixtures were simultaneously vortexed at 
highest speed for 90 s using a vibrating shaker (IKA Shakers VXR basic 
Vibrax®, Germany), which consisted of three times of 30 s vortexing 
with an interval of 1 min rest between each 30 s. After vortexing, mix-
tures were let to stand for 15 min at room temperature to allow complete 
phase separation. Then, 200 μL of the aqueous phase was carefully 
transferred to the 96-well plate to measure OD values without disturbing 
the interface. The percentage of microbial adhesion to solvents (A) was 
calculated by the following equation; 

A (%) =

(

1 −
A1

A0

)

× 100 (1)  

where A0 is the initial OD600 of the bacterial suspension and A1 is the 
OD600 value of the lower aqueous phase after phase separation. The 
used solvents included chloroform, a monopolar acidic solvent paired 
with hexadecane, a nonpolar solvent; and ethyl acetate, a monopolar 
basic solvent paired with decane, a nonpolar solvent. The hydropho-
bicity of bacteria was evaluated by their adhesion to hexadecane (AH), 
and the Lewis base (A− ) and acid (A+) properties were calculated by the 
adhesion difference within the selected solvent pairs; 

A− = AC − AH (2)  

A+ = AEA − AD (3)  

where AC, AH, AEA and AD represent bacterial adhesion to chloroform, 
hexadecane, ethyl acetate and decane, respectively. 

2.8. Contact angle measurements (CAM) 

Contact angles of unmodified, 20 w/w% HA-modified and 30 w/w% 
octanal-modified bacteria grown for 16 h and 24 h were measured ac-
cording to a previous protocol with minor modifications [36]. Briefly, 
bacterial pellets (80 mg in dry biomass) were re-suspended in 50 mL 
KH2PO4 (10 mM) solution and a thick layer of bacteria was deposited on 
a 0.45 μm (pore size) polyvinylidene difluoride membrane filter using 
negative pressure. Then, the wet filters with mounted bacterial lawns 
were glued onto glass slides and air-dried for approximately 90 min, 
which allowed the formation of plateau contact angles [37]. The contact 
angle measurements were carried out at room temperature by using 
sessile drop method with water, formamide and 1-bromonaphthalene as 
probe liquids (OCA 25, Dataphysics Instruments, Stuttgart, Germany). 
For each measurement, at least three filters were prepared and five 
droplets were dispensed on the dry areas of the same filter. 

The Lifshitz–van der Waals (γLW
B ), Lewis base (γ−B ) and Lewis acid (γ+B ) 

components of the surface free energy of bacteria (B) were calculated 
from the contact angles (θ) of three reference liquids using Van Oss- 
Good model [38]. In this model, the contact angle (θ) of pure liquid 
(L) can be expressed as; 

cosθ = − 1 +
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γLW

B γLW
L

√

γL
+

2
̅̅̅̅̅̅̅̅̅̅̅
γ+

B γ−
L

√

γL
+

2
̅̅̅̅̅̅̅̅̅̅̅
γ−

B γ+
L

√

γL
(4)  

where the contact angle (θ) was experimentally measured, and the Lif-
shitz–van der Waals (γLW

L ), Lewis acid (γ+L ) and base (γ−L ) components, 
and surface tension (γL) of all three reference liquids (L) were obtained 
from the database of SCA software (Dataphysics Instruments). 

The overall Lewis acid-base surface tension component (γAB
B ) of 

bacteria is defined as; 

γAB
B = 2

̅̅̅̅̅̅̅̅̅̅̅

γ+
B γ−

B

√

(5) 

Moreover, the hydrophobicity of bacteria was evaluated by deter-
mining the cohesive energy of bacteria in water (ΔGBWB), based on the 
approach proposed by Van Oss [39,40]. According to the Dupré equa-
tion, ΔGBWB is only related to the interfacial tension between bacteria 
and water (γBW) and is defined by; 

ΔGBWB = − 2γBW (6) 

The interfacial tension (γBW) in Van Oss-Good model can be further 
expressed as; 

γBW =

( ̅̅̅̅̅̅̅̅

γLW
B

√

−

̅̅̅̅̅̅̅̅

γLW
W

√ )2

+ 2
( ̅̅̅̅̅̅̅̅̅̅̅

γ+
B γ−

B

√

+

̅̅̅̅̅̅̅̅̅̅̅̅

γ+
Wγ−

W

√

−

̅̅̅̅̅̅̅̅̅̅̅

γ+
B γ−

W

√

−

̅̅̅̅̅̅̅̅̅̅̅

γ−
B γ+

W

√ )

(7) 
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where the Lifshitz–van der Waals (γLW), Lewis acid (γ+) and base (γ− ) 
components of water (W) and bacteria (B) were known from the data-
base and previous calculations, respectively. Therefore, ΔGBWB can be 
obtained by inserting Eq. (7) to (6), and this value, if negative, indicates 
that bacteria tend to attract each other in water so their surface is 
considered hydrophobic, and vice versa. 

2.9. Bacterial autoaggregation assay 

The bacterial autoaggregation assay was performed according to a 
previous method [41] with a minor modification. Briefly, bacterial 
pellets grown for 16 h and 24 h in 50 mL MRS broth were washed twice 
with MilliQ water and resuspended in PBS (pH 7.2) to obtain an initial 
OD of around 1 at 600 nm, which corresponded to a cell concentration of 
2 × 108 CFU/mL. Then, the bacterial suspensions were let to stand for 
certain time intervals (2, 4, 8, 18, 24, 48 h) and the upper part of sus-
pension was carefully pipetted without disturbing the lower bacterial 
suspension and the OD600 was measured spectrophotometrically. The 
kinetics of bacterial sedimentation termed as autoaggregation coeffi-
cient (ACt) was calculated based on the equation; 

ACt (%) =

(

1 −
At

Ai

)

× 100 (8)  

where Ai represents the initial OD of the bacterial suspension at 600 nm 
and At is the OD600 of the upper part of bacterial suspension at time t. 

2.10. Statistical analysis 

Statistical analysis was carried out using Origin Software 9.4 (Origin 
Lab Coorporation, USA). Principal Component Analysis (PCA) of all the 
samples was carried out in terms of selected surface properties. All the 
data reported are the averages of at least two samples and the results are 
presented as average ± standard error. 

3. Results 

3.1. Analysis of surface-layer proteins (SLP) 

Two bacterial strains, LGG and LBC, were harvested each from 
exponential phase and stationary phase, giving rise to four combinations 
of unmodified (UM) bacteria (LGG-E, LGG-S, LBC-E and LBC-S). Before 
modifications, the SLPs of four unmodified bacteria were extracted and 
analyzed to examine the distinct surface protein profiles of the two 
strains. 

The band patterns of LGG and LBC by SDS-PAGE (Fig. 1A) showed 
completely different SLPs profiles, although the effect of growth phases 
was not evident. Compared to LBC, the band patterns of LGG showed a 
significantly reduced number and intensity, indicating their lack of non- 
covalently bound SLPs. In contrast, SLPs of LBC were efficiently 
extracted using 5 M LiCl, where a similar pattern but slightly decreased 
intensity was found for LBC from exponential phase than from stationary 
phase. The same quantitative information on the total protein concen-
tration in the LiCl extracts was also confirmed by BCA assay (Fig. 1B). 
Even though bands were observed in various molecular weights (from 
12 to 70 kDa), SLPs of LBC were still dominated by protein of molecular 
weight ranging from 40 to 70 kDa, with the strongest intensity shown at 
around 45 kDa and 55 kDa. It was also reported by previous studies that 
the SLPs of Lactobacillus species varied in molecular mass between about 
40 and 55 kDa [32,42,43]. 

3.2. Surface chemical composition by XPS analysis 

The four unmodified bacteria were treated using two modification 
schemes, hexanoic anhydride (HA) and octanal (O) modification, which 
yielded totally 12 types of unmodified and modified bacteria. The con-
centration of HA and octanal was optimized according to the induced 
changes in hydrophobicity and zeta potentials of bacteria, and finally 20 
w/w% and 30 w/w% were selected for HA and octanal modification, 
respectively (Figs. S1 and S2). 

The elemental concentration of unmodified and modified bacterial 

Fig. 1. SDS-PAGE analysis (A) and BCA-quantified protein concentrations (B) of LiCl extracts from the surface of unmodified LGG and LBC from stationary and 
exponential phase. Error bars represent standard errors (n = 2). 
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surface expressed as percentage ratios of three elements O, N and P to C 
was demonstrated (Table 1). For unmodified bacteria, the N/C ratios of 
LBC, regardless of growth phases, were systematically three times higher 
than LGG, indicating a rich amount of proteinaceous components on LBC 
surface, as also confirmed by SDS-PAGE and BCA assay. In contrast, 
higher O/C ratios displayed by LGG than LBC suggested a larger pres-
ence of oxygen-rich compounds such as phosphate groups, carboxylate 
groups and polysaccharides on the surface of LGG. Combining with the 
rather low occurrence of phosphorus on LGG compared to LBC, the high 
amount of oxygen-rich compounds were more likely attributed to car-
boxylates or polysaccharides instead of phosphate groups. Even though 
modification by either HA or octanal caused slight reductions in the N/ 
C, O/C and P/C ratios of both strains probably due to the grafting of 
carbon chains, these changes were still seen not significant. 

3.3. pH dependence of surface charge 

Fig. 2 shows that unmodified LGG and LBC exhibited different pH 
dependence of surface charges, whereas no obvious difference was 
observed in terms of difference between growth phases within each 
strain. Unmodified LGG showed an almost neutrally-charged surface 
over the whole pH range, and zeta potential was not further influenced 
by modifications. In contrast, the surface charge of unmodified LBC 
showed a stronger pH dependence, where a highly positive and negative 
zeta potential was observed at pH 3 and 10, respectively, even though 
the overall charge profile was still dominated by acidic pH from 3 to 7, 
indicating the deprotonation of amines in SLPs or peptide stems of 
peptidoglycan. For LBC in stationary phase, octanal modification did not 
bring evident effects, whereas HA modification slightly lowered the 
steepness of the curve, mainly by introducing more positive charges at 
high pH above 7. For LBC in exponential phase, a similar effect on 
lowering the steepness by HA modification was observed and even 
exaggerated, where the zeta potential decreased from approx. 20 to 
− 0.2 mV at pH 3 and increased from approx. − 21.8 to − 14.2 mV at pH 
10. Octanal modification, on the other hand, seemed to pose an opposite 
effect to HA modification, as seen from the higher maximum value (from 
20 to 23.7 mV) and lower minimum value (from − 21.8 to − 34 mV). 
Moreover, all the bacteria possessed a clearly-defined isoelectric point 
(IEP), which was directly read from the crossover with x axis. Generally, 
the IEPs of LBC bacteria were slightly higher than LGG, due to more 
positively-charged surface of LBC at lower pH range. 

3.4. Cell hydrophobicity by MATS and CAM 

In MATS, cell hydrophobicity can be theoretically reflected by bac-
terial adhesion to nonpolar solvents such as hexadecane and decane 
[44]. Hexadecane was considered here because it is the standard model 
solvent for MATS to describe cell hydrophobicity [35,45]. 

According to Fig. 3A, an overall higher affinity to hexadecane was 

demonstrated by unmodified LBC (> 60%) than LGG (~10%), regardless 
of growth phases, indicating an intrinsically higher surface hydropho-
bicity of LBC than LGG. Also, no obvious growth dependence of hy-
drophobicity was found for unmodified LGG, while slightly higher 
adhesion to hexadecane was observed for LBC in exponential phase 
(75.3%) than stationary phase (63.9%). After both of the modifications, 
a rise in adhesion to hexadecane was shown by all the modified bacteria, 
where HA modification was typically more capable of improving hy-
drophobicity than octanal modification, and LBC with intrinsically 
higher hydrophobicity, also showed a stronger response (approx. 90%) 
to the two modifications than LGG (approx. 20%) in terms of adhesion to 
hexadecane. 

As a complementary method for MATS, the contact angles of bac-
terial surface against three solvents were measured to calculate the three 
surface energy components, Lifshitz–van der Waals (γLW

B ), Lewis base 
(γ−B ) and acid (γ+B ) property, which were used to further deduce the 
surface hydrophobicity expressed in the cohesive free energy of bacteria 
in water (ΔGBWB). In Fig. 3B, the unmodified LBC, regardless of growth 
phases, showed more negative values of ΔGBWB (− 23.38 and − 47.27 
mJ/m2 for stationary and exponential phase, respectively) than LGG 
(− 6.62 and − 6.79 mJ/m2), indicating again the higher intrinsic hy-
drophobicity of LBC, as also confirmed by MATS. After modification of 
LBC and LGG in two growth phases, all bacteria demonstrated more 
negative ΔGBWB values, confirming the effective hydrophobization by 
HA and octanal. In contrast to MATS, the improved hydrophobicity by 
CAM was more evident for LGG than LBC. For LGG, the enhanced hy-
drophobicity was also strongly dependent on growth phase, where HA 
brought a better enhancement for LGG in exponential phase whilst 
octanal caused more evident changes for LGG in stationary phase. 

3.5. Lewis acid-base properties by MATS and CAM 

The Lewis acid (A+) and base (A− ) properties by MATS after two 
types of modifications were demonstrated (Fig. 4A). Almost all the 
bacteria expressed higher adhesions to chloroform than to hexadecane 
and lower adhesions to ethyl acetate than to decane, suggesting their 
predominantly basic surface. The only exception was unmodified LGG, 
which regardless of growth phase, displayed a stronger Lewis acidic than 
basic character, and this acidic property was totally eliminated after HA 
and octanal modification. However, modifications in the basic property 
of LGG were greatly dependent on the growth phases, where only LGG in 
stationary phase showed a dramatic reduction (almost to zero) after 
either of the two modifications. For LBC, no acidic character was 
detected for any samples. A stronger basic property was displayed by 
unmodified LBC in exponential phase, which was also more impaired 
after both modifications. 

Regarding the total Lewis acid-base properties (γAB
B ) deduced from 

CAM (Fig. 4B), unmodified LGG exhibited much stronger acid-base in-
teractions in both stationary phase (21.16 mJ/m2) and exponential 
phase (22.45 mJ/m2) than unmodified LBC (8.15 and 5.57 mJ/m2). 
After two modifications, the acid-base interactions were diminished for 
all bacteria. The constituents Lewis acid (γ+B ) and base (γ−B ) parameter 
components were separately presented (Fig. 4C). Unlike MATS, which 
did not describe the acidic property for most of the samples, the acidic 
property was detected by CAM, even though the values were still low 
(0.02 - 6.63 mJ/m2) compared with that of Lewis base components (0.03 
- 19.61 mJ/m2), in line with the findings of MATS. Another agreement of 
the two methods was that the strong acid character of unmodified LGG 
at both growth phases was suppressed upon modifications. Likewise, the 
basic character of all bacteria was impaired by two modifications and 
the degree of reduction was related to both the growth phases and 
modification approaches. For example, a stronger effect of HA modifi-
cation was found for LGG in stationary phase (12.24 mJ/m2) than 
exponential phase (0.49 mJ/m2), whilst the opposite was observed for 
octanal modification. 

Table 1 
Concentrations of carbon, oxygen, nitrogen and phosphorus measured by XPS 
analysis.  

Samples O/C N/C P/C 

LGG-S UM 0.533 ± 0.036 0.055 ± 0.009 0.002 ± 0.002 
HA 0.489 ± 0.007 0.063 ± 0.001 0.000 ± 0.000 
O 0.467 ± 0.024 0.061 ± 0.024 0.000 ± 0.000 

LGG-E UM 0.544 ± 0.040 0.067 ± 0.011 0.005 ± 0.007 
HA 0.478 ± 0.002 0.053 ± 0.006 0.003 ± 0.004 
O 0.448 ± 0.041 0.056 ± 0.017 0.000 ± 0.000 

LBC-S UM 0.351 ± 0.013 0.195 ± 0.017 0.014 ± 0.002 
HA 0.330 ± 0.012 0.171 ± 0.008 0.011 ± 0.001 
O 0.309 ± 0.006 0.174 ± 0.011 0.013 ± 0.000 

LBC-E UM 0.330 ± 0.019 0.202 ± 0.007 0.015 ± 0.001 
HA 0.345 ± 0.020 0.188 ± 0.016 0.013 ± 0.001 
O 0.318 ± 0.001 0.179 ± 0.002 0.012 ± 0.004 

Values are represented as mean values resulted from duplicated experiments. 
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3.6. Bacterial autoaggregation 

The autoaggregation of bacteria was measured based on the rate of 
cell sedimentation over 48 h. Almost all the bacteria sedimented after 
48 h and the autoaggregating ability of two strains seemed independent 
on the growth phase (Fig. 5). Generally, LBC regardless of growth pha-
ses, exhibited better ability to autoaggregate than LGG over the 
observed period. After HA and octanal modification, autoaggregation 
ability was notably reduced for LBC, where the weakest autoaggregation 
ability was observed for HA-modified bacteria with an initial Act (2 h) of 
only 0.26. In comparison, no such remarkable changes were found for 
LGG after HA and octanal modification except that the autoaggregation 
within 5 h was, in contrast to LBC, slightly improved by two ways of 
modifications. However, the overall autoaggregation rate of LGG was 
still reduced over the later period of observation. 

3.7. Relationships among surface properties of bacteria by PCA analysis 

Bacteria before and after modifications were grouped in terms of 
surface properties assessed in different investigations using PCA anal-
ysis. It should be noted that among all the investigated properties, only 
ΔGBWB values are negatively correlated with hydrophobicity, and 
therefore the absolute values of ΔGBWB (|ΔGBWB|) were used in the PCA 
analysis, to be more consistent with other properties. 

The two strains with and without modifications were differentiated 
by selected surface properties using PCA analysis, with the first two 
components explaining 74.04% of the total variance (Fig. 6). Regarding 

the vectors, the |ΔGBWB| values deduced in CAM were negatively 
correlated with Lewis acid (γ+B ) and base (γ−B ) characters, whilst no such 
negative correlation was found between the hydrophobicity (AH) and 
Lewis acid (A+), base (A− ) characters evaluated by MATS, even though 
the two methods yielded positively-correlated acid properties. More-
over, O/C ratio, as one of the only two factors pointing to the lower 
quadrants, was negatively correlated with N/C ratio, autoaggregation, 
IEP and hydrophobicity by MATS. In terms of bacteria, the unmodified 
LGG samples were clearly separated by Lewis acid properties, whereas 
unmodified LBC bacteria were grouped in another quadrant by N/C 
ratios, autoaggregation and IEPs. After modification, the first two 
dominant factors differentiating modified LGG became O/C ratio and 
hydrophobicity in terms of |ΔGBWB| value. Likewise, hydrophobicity 
also well grouped the modified LBC samples, where HA-modified and 
octanal-modified LBC were better separated using CAM and MATS, 
respectively. 

4. Discussion 

The two investigated strains LBC and LGG displayed intrinsically 
different surface chemical compositions and physicochemical proper-
ties. Unmodified LBC possessed large amount of SLPs with molecular 
weights in the regions of 45 and 55 kDa. SLPs of especially 45 kDa were 
previously reported to be responsible for the bacterial surface hydro-
phobicity, adhering properties and autoaggregation ability [41,46,47]. 
The proteinaceous surface of unmodified LBC rendered their 
naturally-high hydrophobicity, as evaluated by MATS and CAM. In 

Fig. 2. Zeta potential profiles as a function of pH (3–11) for unmodified (squares), HA-modified (circles) and octanal-modified (triangles) LGG in stationary (A), 
exponential phase (C) and LBC in stationary (B) and exponential phase (D). Error bars represent standard errors (n = 2). 
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contrast, for unmodified LGG, the abundance of oxygen-rich groups such 
as carboxylic acids, carboxylates and hydroxyls together with their 
neutrally-charged surface over the whole pH range, suggested the 
dominance of hydrophilic anionic or neutral polysaccharides on their 
surfaces. 

The two modification schemes, according to PCA analysis, greatly 
diminished the abovementioned intrinsic surface differences of LBC and 
LGG, mainly by enhancing hydrophobicity. Concomitantly with this, the 
Lewis acid-base properties of bacteria were also reduced to different 
extents depending on the involved strains, growth phases and modifi-
cation schemes, as confirmed by both CAM and MATS. These findings 
were in line with several studies demonstrating that bacterial hydro-
phobicity was increasingly recognized originating from Lewis acid-base 
properties and highly-hydrophobic cells were typically weak electron 
donors (Lewis bases) [36,39,48]. 

In terms of Lewis acid-base properties, basic characters were detec-
ted for all the bacteria by both MATS and CAM, suggesting abundant 
presence of basic (electron donating) groups such as phosphates from e. 
g. lipoproteins and (lipo-)teichoic acids, carboxylates and amine groups 
associated with surface-bound proteins [49,50]. Hydroxyl groups in cell 
wall polysaccharides were considered as both strongly basic and weakly 
acidic groups [51]. Therefore, HA and octanal modification removing 
–OH and –NH2 groups should in principle lower the acidic and basic 
characters of bacteria. 

Indeed, after HA modification, CAM showed a clear reduction or 
even elimination of basic character for all the HA-modified bacteria, and 
a stronger reduction of LGG from exponential phase than from 

stationary phase possibly revealed a richer content of –OH and/or –NH2 
on their surfaces. A higher N/C ratio and surface protein concentration 
of unmodified LGG from exponential phase confirmed the larger pres-
ence of –NH2 groups. Similar findings were previously reported that the 
surface protein concentration of LGG decreased along with growth [10]. 
In MATS, the basic character after HA modification showed a similar 
decrease but was nearly unchanged for LGG in exponential phase. It 
should be noted that the pKa of –NH2 is about 10 - 11 [52], and the acidic 
pH (~4.2) used in MATS would therefore protonate –NH2, forming 
–NH3

+ groups that were on the other hand more acidic than basic [49]. 
Consequently, if there were high amount of –NH2 on the unmodified 
surface, MATS might underestimate the basic character of unmodified 
cells compared to the corresponding modified cells. In view of this, a 
somewhat unchanged basic character of HA-modified LGG at exponen-
tial phase shown by MATS, could be attributed to the higher presence of 
–NH2 groups on the unmodified surface, compared with LGG at sta-
tionary phase. This inference was supported by the results from CAM, 
XPS and SDS-PAGE analysis. 

Octanal modification is based on the reduction of primary amines 
into imines or imine derivatives. In this reaction, the reductive products 
were not always imines, because the last step involving deprotonation of 
iminium ions is very much dependent on the chemical properties of 
connected variable groups [53]. Therefore, the elimination of –NH2 
groups by octanal could either diminish basic character by forming 
imines or increase the acidic character by generating intermediate 
iminium cations. Similar to HA modification, the weakest response to 
octanal modification assessed by MATS was again found for LGG in 

Fig. 3. Hydrophobicity of unmodified and modified bacteria in stationary and exponential phase by MATS and CAM method. A: Hydrophobicity in terms of bacterial 
adhesion to hexadecane, AH by MATS. B: Hydrophobicity in terms of cohesive energy of bacteria in water, ΔGBWB by CAM. Error bars represent standard errors (n 
= 2). 
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exponential phase due to the potential underestimation of amount of 
–NH2 groups on the unmodified cells. In CAM, this was no longer a 
problem and the reduced basic character after octanal modification was 
demonstrated, but typically less reduced than HA modification, which 
substituted both –OH and –NH2 groups. 

The induced changes in Lewis acid-base properties enables the un-
derstanding of the autoaggregation behaviors of LGG and LBC affected 
by the two modifications. Seeing bacteria as colloidal particles, the ag-
gregation can be induced by long-range forces including electrostatic 
and steric interactions, as well as short-range Lewis acid-base in-
teractions [41]. We propose the following hypothesis: In the setup of the 
autoaggregation assay involving high ionic strength (0.15 M PBS), the 
electrostatic interactions were greatly suppressed, and thus the steric 
interactions took the determinant roles among the long-range forces. For 
unmodified LGG, the hydrophilic polysaccharides on the surface formed 
steric hindrance against cell autoaggregation, while SLPs possessed by 

LBC were crystalline arrays with high compactness [43,54]. This may 
have consequently led to the insufficient steric repulsion causing more 
severe autoaggregation of unmodified LBC. The instability of unmodi-
fied LBC may have enabled the further approach of cells and ultimately 
short-range Lewis acid-base interactions started to become prevalent 
[55]. Therefore, the reduced autoaggregation of LBC after two modifi-
cations could be explained by the reduced Lewis acid-base attractions, as 
confirmed by MATS and CAM, where HA with a stronger effect in 
lowering acid-base interactions also resulted in lower autoaggregation 
than octanal. In contrast to the LBC, the two modifications showed no 
significant influence on the autoaggregation of LGG. Hence, even though 
the grafting of hydrophobic moieties might slightly decrease the entropy 
of hydrophilic polysaccharides, the effect seemed still too small to 
overcome the energy barriers rendered by strong steric repulsions, and 
therefore short-range acid-base interactions may have had less effect. 

Interestingly, MATS and CAM as complimentary methods, did not 

Fig. 4. Surface Lewis acid and base properties 
of unmodified and modified bacteria in sta-
tionary and exponential phase assessed by 
MATS and CAM method. A: Lewis acid (A+) and 
base (A− ) properties by MATS, where all the 
negative values of A− and A+ were assigned the 
value of “zero”, indicating no Lewis acid or base 
property displayed by bacteria. B: The total 
Lewis acid-base components (γAB

B ) by CAM. C: 
Lewis acid (γ+B ) and base (γ−B ) parameter com-
ponents by CAM. Error bars represent standard 
errors (n = 2).   
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Fig. 5. Autoaggregation ability of unmodified, HA-, octanal-modified LGG and LBC cells from stationary (A) and exponential (B) phase. Error bars represent standard 
errors (n = 2). 

Fig. 6. Principal component analysis (PCA) biplot showing relationships among surface properties of unmodified and modified bacteria including isoelectric point 
(IEP), autoaggreation after 2 h (AC2), N/C and O/C ratios by XPS analysis, cell hydrophobicity in terms of adhesion to hexadecane (AH) and absolute cohesive energy 
of bacteria in water (|ΔGBWB|), as well as Lewis acid-base properties evaluated by MATS (A+, A− ), and CAM (γ+B , γ−B ). The first two principal components explained 
54.46% and 19.58% of the total variance, respectively. 
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always lead to the same conclusions. According to PCA analysis, a 
negative correlation was obtained between the acid/basic properties 
(γ+B , γ−B ) and hydrophobicity (|ΔGBWB|) by CAM, whereas such correla-
tion was not found in MATS. Also, for LGG samples, CAM revealed 
notably-improved hydrophobicity after modifications, whilst only slight 
improvement was detected by MATS. Such discrepancies might be 
explained by different measuring principles and performances of two 
methods. MATS is based on the Pickering stabilization of hydrocarbon 
droplets by bacteria, so a minimum water contact angle of 35̊ - 40̊ is 
required to ensure bacterial adsorption at interface [56]. Therefore, 
MATS might show low sensitivity in evaluating hydrophilic cells, which 
complied with our finding that unmodified LGG with a water contact 
angle of around 55̊ showed low adhesion to hexadecane. In addition, 
because of a Pickering mechanism, it is difficult for MATS to well 
distinguish the effects of e.g. electrostatic interactions and van der Waal 
attractions. Despite these weaknesses, MATS allowed the investigation 
of naturally-hydrated bacterial cells, meaning that the steric effects 
provided by surface polymers could also be captured in this method. 
Hence, for LGG samples, an overall low adhesion to hexadecane (< 25%) 
could also be attributed to the strong steric repulsions by surface hy-
drophilic polysaccharides. In contrast, CAM measuring on dry bacterial 
lawns might oppositely lead to the conformational changes of such 
polymers by limiting their mobility. Therefore, the steric effect of LGG 
might become not fully-detectable in CAM as the hydrophilic polymers 
would collapse upon drying. 

The PCA plot has revealed some potential correlations between 
different surface properties. For example, the IEPs of bacteria were 
negatively correlated with O/C ratios and positively correlated with 
aggregation and N/C ratios. Indeed, a high O/C ratio suggested the 
presence of a large number of oxygen-rich groups, namely phosphates, 
carboxylates or carboxylic acid and sulfate groups, which are normally 
contained in strong polyelectrolytes contributing to the surface negative 
charges [57,58]. In contrast, SLPs with considerably high pI of 9 – 11 can 
oppositely raise the IEP of bacteria [7]. This was confirmed by the highly 
distinguishable unmodified LBC from unmodified LGG according to 
factors of IEPs, aggregation and N/C ratios, which were mostly related to 
the presence of SLPs in LBC. However, these factors again became less 
dominant after HA and octanal modification, which in a way gave rise to 
the similarity of SLP-carrying LBC and non-SLP-carrying LGG based on 
their increased hydrophobicity and decreased Lewis acid/base 
properties. 

Understanding the mechanisms behind HA and octanal modification 
lays the fundamental aspects for the potential applications of such 
modifications in future. Regarding applications, one essential question is 
that if the modifications kill the bacteria. According to our previous 
studies where lactic acid bacteria were surface-modified using acid an-
hydrides, the viability of bacteria was greatly affected by the dosage of 
chemical agents, and applying proper concentrations succeeded in 
improving cell hydrophobicity without compromising their viability 
[59,60]. Hence, living bacteria with desirable surface properties allows 
for different functionalities in food, pharmaceutical and biotechnolog-
ical applications. For example, tuned autoaggregation ability helps the 
adhesion and colonization of lactic acid bacteria in human gastrointes-
tinal tract, providing the prerequisites of their health-promoting func-
tionality as probiotics. Moreover, micron-sized Lactobacillus bearing 
partial hydrophobicity were reported as effective Pickering stabilizers, 
creating various colloidal structures including foam [20,61], emulsion 
[59,62], double emulsion [63] and colloidosomes [60]. 

5. Conclusion 

The present study modified the surface of lactic acid bacterial strains, 
LBC and LGG, using two chemical modifying schemes, which induced 
changes in surface properties as confirmed by using a series of physi-
cochemical approaches. Unmodified LGG possessed a hydrophilic and 

neutrally-charged surface rich in polysaccharides, rendering sufficient 
steric repulsions against cell autoaggregation, while unmodified LBC 
was covered by compact SLPs and polyelectrolytes containing phos-
phates which displaying high charge density, hydrophobicity and 
autoaggregation ability. However, these surface differences of two 
strains were greatly suppressed after HA and octanal modifications, 
mainly by enhancing hydrophobicity and reducing Lewis acid-base 
properties due to the grafting of hydrophobic moieties onto bacterial 
functional groups. Growth phases affected the degree of such outcomes 
based on the amount of –OH and –NH2 groups on the unmodified cells. 
Regarding this, MATS and CAM were in agreement when evaluating 
hydrophobic LBC samples, but lacking systematic correlations for LGG 
due to the different mechanisms and experimental performances of two 
methods. By understanding the modification of two strains using HA and 
octanal, this study provides insights into the probing of physicochemical 
properties of lactic acid bacteria, along with further possibilities to 
precisely tune the surface of microorganisms, in order to serve purposes 
in applications such as improving probiotic adhesion to intestinal tract, 
biofilm formation and Pickering stabilization of colloidal structures. 
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