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Abstract: In order to integrate the natural biofilm of probiotics with microencapsulation technology in a synergistic manner,
so as to construct a novel and synergistic probiotic protection strategy. This study aimed to select the optimal combination

of bacterial strains from various prebiotic culture media based on their growth rate and ability to form biofilms. The
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selected strains were then used to prepare single-layer, double-layer, biofilm-like single-layer, and biofilm-like double-

layer microcapsules. The protective effects of the freeze-dried microcapsules containing the selected strains on the viability

of the probiotics under simulated gastrointestinal conditions and conditions of low temperature storage were investigated.

The results showed that the highest growth and biofilm formation was achieved when Lactobacillus fermentum F7 and Bifi-

dobacterium longum B22 were co-cultured in a medium containing 1.5% IMO at a 1:1 inoculation ratio. The particle size

was determined to be in the range 2.29~2.45 mm for all four microcapsule types, and viable counts were recorded between

9.58~10.03 1g CFU/g. Stress tests showed that the biofilm-like bilayer microcapsules provided the strongest protection against

the compound bacteria, with a survival rate of more than 93% after freeze-drying. Even after storage at —18 °C and 4 °C for

7 weeks, the viable counts were maintained above 10° CFU/g in the biofilm-like bilayer microcapsules. This study lays the

foundation for the development of freeze-dried biofilm-like composite probiotic microcapsules and suggests an effective

protective strategy for probiotics under stressful conditions.

Key words: biofilm; compound probiotics; microcapsule; freeze-drying; biofilm like double-layer microcapsules
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Fig.2 Formation of biofilm in different levels of bacterial strains
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Table 1 Growth of strains in monoculture and coculture under different prebiotic media
bk Glu GOS FOS D-Trehalose Inulin X0S RS Pectin Mucin

F7 1.2044+0.004 0.785+0.023 / 1.191+0.002  0.530+0.07  0.509+0.043 0.173+0.059 0.317+0.137 0.303+0.023 /

F10 1.174+0.015 0.775+0.009 / 1.385+0.005 0.664+0.041 0.350+0.005 0.185+0.023 0.328+0.021 0.364+0.031 /

P7 1.148+£0.018 0.861+0.058 0.736+0.053 1.164+0.023 0.841+0.077 / 0.192+0.005 0.414+0.02  0.520+0.007 0.144+0.019
P11 1.192+0.019 1.210£0.042 1.244+0.017 1.401£0.01  0.985+0.069 / 0.647+0.044 0.541+0.014 0.240+0.022 0.248+0.033
R11 1.2104+0.025 0.850+0.023 / 1.346+0.005 0.624+0.072 / 0.282+0.015 0.416+0.01  0.290+0.006 0.238+0.009
R19 1.2344+0.018 0.832+0.061 / 1.358+0.052 0.748+0.046 / 0.251+0.013  0.446+0.029 0.329+0.01  0.234+0.025
B21 1.11540.022  0.671+0.051 / 0.074+0.005 0.346+0.068 0.368+0.032 0.069+0.014 0.039+0.003 0.110+0.017 /

B22 1.0544+0.041 0.677+0.019 / 0.012+0.003  0.644+0.05 0.270+0.018 0.066+0.008 0.105+0.006 0.197+0.024 /
b82 0.554+0.019 0.303+0.032 0.487+0.007 0.026+0.007 0.434+0.031 / 0.046+0.025 0.085+0.016 0.088+0.03  0.487+0.007
bl12 0.613+0.035 1.064+0.023 0.473+0.038 0.047+0.025 0.611+0.075 / 0.185+0.021 0.070+0.003  0.085+0.02  0.473+0.038
F7+B21  1.218+0.006 0.871+0.081 / 1.155+0.039 0.777+0.072 0.541+0.029 0.206+0.008 0.360+0.026 0.372+0.009 /
F7+B22  1.301+0.021 0.874+0.08 / 1.256+0.018 1.689+0.07  0.544+0.02 0.186+0.011 0.361+0.008 0.394:+0.032 /
F7+b82  1.202+0.001 0.875+0.015 1.134+0.037 1.286+0.029 0.548+0.066 / 0.213+0.039 0.385+0.024 0.386+0.02  0.376+0.05
F7+b112  1.203+0.018 0.871+0.08 1.109+0.047 1.299+0.024 0.905+0.078 / 0.152+0.045 0.417+0.013 0.208+0.018 0.503+0.033
F10+B21 1.191£0.025 1.056+0.021 / 1.319+0.041 0.833+0.075 0.195+0.032 0.204+0.028 0.393+0.044 0.366+0.016 /
F10+B22 1.245+0.025 0.822+0.007 / 1.311+0.006 0.813+0.079 0.229+0.009 0.197+0.009 0.434+0.03  0.288+0.025 /
F10+b82  1.224+0.023 0.983+0.005 1.068+0.027 1.361+0.009 0.775+0.073 / 0.213+0.031 0.364+0.046 0.315+0.043 0.477+0.019
F10+b112 1.271+0.037 0.910+0.07 1.071+£0.011 1.347+0.01  0.831+0.059 / 0.128+0.045 0.319+0.032 0.302+0.017  0.493+0.05
P7+B21  1.094+0.007 1.048+0.012 / 1.104+0.019 0.804+0.077 0.237+0.032 0.182+0.009 0.413+0.019 0.663+0.015 /
P7+B22  1.1324+0.027 1.037+0.07 / 1.156+0.005 0.878+0.061 0.239+0.023 0.196+0.004 0.435+0.005 0.279+0.025 /
P7+b82  1.254+0.028 0.970+0.007 0.798+0.008 1.185+0.069 0.821+0.071 / 0.180+0.018 0.423+0.011 0.255+0.027 0.426+0.038
P7+b112  1.216+0.031 1.014+0.058 0.686+0.018 1.273+0.053 0.764+0.083 / 0.205+0.020 0.388+0.002 0.272+0.053 0.497+0.049
P11+B22 1.307+0.029 1.115+0.073 / 1.430+0.013  0.963+0.086 0.409+0.015 0.640+0.05 0.563+0.008 0.290+0.022 /
P11+b82 1.033+0.011 1.211+0.083 1.084+0.079 1.304+0.004 0.903+0.064 / 0.513+0.012  0.467+0.046 0.180+0.028 0.638+0.049
P11+b112 1.232+0.022 1.104+0.046 1.153+£0.056 1.357+0.02 0.955+0.095 / 0.581+0.011 0.505+0.070 0.177+0.022 0.642+0.006
R11+B22  1.233+0.026 1.060+0.015 0.839+0.033 1.262+0.015 0.682+0.079 0.298+0.002 0.244+0.01 0.552+0.032 0.404+0.028 /
R11+b82  1.192+0.004 0.746+0.072 / 1.290+0.024  0.706+0.066 / 0.328+0.01  0.485+0.003 0.219+0.032 0.470+0.097
R11+b112  1.214+0.01 0.945+0.059 / 1.307+0.059 0.779+0.072 / 0.237+0.028 0.469+0.004 0.274+0.016 0.532+0.068
R19+B22  1.262+0.022 0.994+0.097 0.869+0.027 1.453+0.05 0.790+0.072 0.298+0.004 0.240+0.022 0.368+0.022 0.289+0.019 /
R19+b82 1.268+0.013 0.867+0.014 / 1.339+0.004 0.635+0.084 / 0.282+0.039 0.371+0.027 0.318+0.038 0.478+0.083
R19+b112 1.275+0.028 0.935+0.099 / 1.314+0.012  0.835+0.065 / 0.161+0.037 0.341+0.032 0.277+0.031 0.459+0.063
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Table 2 Measurement of biofilm formation capacity by strains in monoculture and coculture under different prebiotic media

Wtk Glu GOS FOS D-Trehalose

Inulin XOS RS Pectin Mucin

F7 0.254+0.029 0.169+0.024 0.153+£0.014 0.133+0.008 0.271£0.015 /

0.146+0.02  0.131+0.006 0.132+0.003  0.177+0.01

F10 0.239+0.027 0.291£0.039 0.166+0.007  0.160+0.007 0.318+0.031 / 0.143+0.018 0.131+0.005 0.128+0.006 0.208+0.023
P7 0.231+£0.01  0.376+0.019 0.176+0.011  0.190+0.01  0.268+0.028 / 0.232+0.041 0.166+0.005 0.14+0.008 0.140+0.008
P11 0.231£0.003  0.258+0.04 0.171£0.009 0.161+0.011 0.245+0.022 / 0.141£0.02  0.131+0.004 0.145+0.006 0.145+0.006
R11 0.195+0.014  0.310+0.02 / 0.282+0.013  0.277+0.014 / 0.146+0.016 0.181+0.008 0.144+0.012 0.202+0.004
R19 0.214+0.025 0.209+0.005 / 0.224+0.01  0.330+0.016 / 0.145+0.02  0.177+0.013 0.162+0.019 0.190+0.014
B21 0.163+£0.016 0.203+0.004 0.207+0.04  0.157+0.008 0.282+0.017 0.163+0.001 0.123+0.002 0.116+0.004 0.163+0.015 /
B22 0.164+0.014 0.217+0.012  0.149+0.01  0.180+0.018 0.226+0.024 0.162+0.002 0.127+0.002 0.116+0.006 0.143+0.003 /
b82 0.178+0.007 0.161£0.012 / 0.155+0.027  0.178+0.01 / 0.128+0.004 0.132+0.002 0.145+0.005 0.263+0.026
b112 0.174+0.015 0.195+0.006 / 0.151£0.008  0.199+0.007 / 0.126+0.003 0.126+0.006 0.139+0.007 0.276+0.015
F7+B21  0.200+0.013 0.405+0.041 / 0.176+0.005  0.462+0.022 0.158+0.009 0.179+0.011 0.138+0.012 0.158+0.006 /
F7+B22  0.199+0.006 0.143+0.029 / 0.160+0.003b  0.474+0.019 0.172+£0.009 0.281+0.01 0.154+0.002 0.185+0.017 /
F7+b82  0.198+0.017 0.236+0.022 0.261+0.029 0.269+0.034  0.157+0.054 / 0.207+0.006 0.149+0.022 0.131+0.003 0.292+0.004
F7+b112  0.190+0.014 0.162+0.046 0.243+0.005 0.129+0.002 0.240+0.031 / 0.348+0.046 0.156+0.033 0.141£0.003 0.285+0.023
F10+B21 0.171+0.024 0.344+0.035 / 0.243+0.026  0.472+0.034 0.175+0.013  0.165+0.01  0.127+0.003 0.146+0.006 /
F10+B22 0.206+0.012 0.311+0.064 / 0.221£0.043  0.195+0.035 0.173+0.005 0.195+0.011 0.249+0.022 0.171+0.002 /
F10+b82 0.203+0.012 0.267+0.068 0.144+0.002 0.219+0.057 0.307+0.031 / 0.207+0.002 0.131£0.001 0.137+0.009 0.295+0.023
F10+b112 0.210+£0.007 0.248+0.06 0.177£0.004 0.276+0.038 0.247+0.048 / 0.206+0.006  0.18+0.004 0.159+0.004 0.253+0.018
P7+B21  0.173+0.007 0.491+0.033 / 0.187+0.007  0.406+0.056 0.190+0.001 0.240+0.04b 0.134+0.002 0.140+0.003 /
P7+B22  0.173+£0.007 0.491+0.033 / 0.454+0.029  0.244+0.075 0.234+0.004 0.336+0.015 0.156+0.007 0.139+0.008 /
P7+b82  0.202+0.013 0.320+0.043 0.243+0.007 0.318+0.029 0.291+0.029 / 0.306+0.057 0.137+0.011 0.136+0.009 0.358+0.031
P7+b112  0.195+0.021 0.257+0.012 0.234+0.031 0.338+0.045  0.437+0.04 / 0.311£0.049 0.152+0.017 0.132+0.003 0.350+0.026
P11+B22 0.158+0.035 0.236+0.038 / 0.217+0.045 0.300+0.078 0.174+0.01 0.174+0.002 0.151+0.017 0.202+0.009 /
P11+b82  0.192+0.021 0.219+£0.036 0.361x0.004 0.239+0.028  0.264+0.029 / 0.208+0.002 0.185+0.023 0.150+0.008 0.332+0.024
P11+b112 0.186+0.021 0.209+£0.026 0.327+0.066  0.228+0.03  0.241+0.057 / 0.243+0.021 0.193+0.026 0.159+0.017 0.308+0.016
R11+B22  0.186+0.009 0.339+0.024 0.354+0.022 0.266+0.007 0.446+0.077 0.183+0.016 0.196+0.005 0.163+0.003 0.249+0.026 /
R11+b82 0.238+0.012 0.303+0.054 / 0.217+0.026  0.363+0.072 / 0.168+0.006 0.146+0.016 0.288+0.01 0.276+0.015
R11+b112 0.218+0.008 0.265+0.056 / 0.390+0.01  0.419+0.061 / 0.203+0.011 0.187+0.003 0.272+0.009 0.303+0.025
R19+B22 0.187+0.011 0.265+£0.037 0.371+£0.024 0.357+0.061 0.456+0.038 0.174+0.006 0.155+0.007 0.173+0.006 0.219+0.009 /
R19+b82  0.234+0.007 0.198+0.012 / 0.407+0.031  0.326+0.028 / 0.190+0.012  0.159+0.019  0.194+0.01 0.246+0.034
R19+b112 0.226+0.009 0.224+0.061 / 0.402+0.031  0.477+0.036 / 0.195+0.006 0.144+0.007 0.258+0.053 0.210+0.009
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Fig.3 Effects of inoculation ratio and IMO dosage on bacterial
growth and biofilm formation
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Fig.4 Morphological observation of biofilms in pure and co-

cultures using microscopy and scanning electron microscopy
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Fig.5 Appearance of microcapsules
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Table 3 Particle size, viable bacteria count and embedding rate
of composite probiotic microcapsules

TR e (mm) JEEE (g CFU/E) AR (%)

R (MC) 2.29+0.02¢ 9.7140.02°  93.07£0.08°
BRI RE(MC2) 2.43+0.02°  9.58£0.06°  91.87+0.68
AW RERE A R # (MC3) 2.39+0.02°  10.03+0.03°  96.1+0.14°
HEPIIERESUZ U HE (MC4)  2.45+0.01° 9.9240.03"  95.13+0.33

TE: AR TR 22 5 3 (P<0.05)
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Fig.6 Surface morphology of complex probiotic microcapsules
after lyophilization
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Fig.7 Survival rate and heat resistance analysis of microencap-
sulated probiotic strains after freeze-drying
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Table 4 Survival rate of bacterial strains in lyophilized composite probiotic microcapsules after sequential exposure
to simulated gastrointestinal fluids

ik AL B R A7 1 R g 2 1
Bikk
MCl1 MC2 MC3 MC4 MCI MC2 MC3 MC4
F7 72.78+0.56° 79.79+0.42° 83.66+0.58" 85.214+0.13° 50.82+0.42° 65.47+0.11° 71.18+0.09% 75.53+0.54°
B22 70.82+0.25° 76.00+0.14° 80.26+0.32% 85.32+0.45° 47.75+0.17¢ 63.24+0.12¢ 69.9440.28" 73.68+0.57°
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