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Introduction
Bacteria adhering to the surface of medical devices can subsequently generate biofilms 

[1] that can cause infections and pose a significant threat to patient health [2]. Many 
intelligence antimicrobial strategies have been developed to prevent bacterial adhesion [3,4] 
and kill adherent bacteria [5,6], but they all have limitations in that surfaces with a single 
antifouling and bactericidal function cannot achieve the goal of regeneration and long-term 
use. The killed bacteria will gather on the surface of the bacteria, and with the continuous 
maintenance of bactericidal activity, the dead bacteria and debris will gradually cover the 
surface, thus preventing the intelligence surface from continuously playing the antifouling 
and bactericidal role. Stimulus-responsive surfaces are a new type of intelligence surface 
in which the physicochemical properties as well as the performance of the surface change 
significantly in response to external stimuli [7]. 

Based on the need for practical applications, renewable intelligence antimicrobial surfaces 
with bacterial release have gained widespread attention, and many functional polymers 
that respond to environmental stimuli and trigger bacterial release have been applied to 
prepare antimicrobial surfaces. For example, poly (methacrylic acid) (PMAA) that responds 
to pH shift [8], temperature-responsive poly(N-isopropylacrylamide) (PNIPAAm) that is very 
widely used [9], amphoteric polymers that respond to salt solution changes [10,11], and azo 
molecules that respond to light stimulation [12], etc. They are usually used in combination 
with biocides to undergo chemical structure changes or conformational transitions in 
response to stimulation by external environmental changes, thus achieving the function of 
releasing killed bacteria and other debris. Although the active intelligence surfaces prepared 
from the stimuli-responsive polymers described above have efficient bactericidal and release 
capabilities, the widely varying pH and temperature during preparation as well as the UV 
light and other chemical reagents used can have some detrimental effects on the organisms, 
so a safer stimuli-responsive intelligence antimicrobial surface for long-term use needs to be 
sought.
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Abstract
Intelligence antimicrobial strategy with bacterial release function can solve the problem of accumulation 
of dead bacteria and thus biofouling. Many stimulus-responsive intelligence antimicrobial surfaces 
have been developed based on this strategy, such as responding to stimuli such as pH, temperature, salt 
solution and light. Sugar-responsive antimicrobial strategies have been developed to achieve gentler 
intelligence antimicrobial surfaces, mainly based on Phenylboronic Acid (PBA) and boronate ester bonds 
between various diol containing biomolecules trigger the bactericidal activity of the surface, which is 
then treated with a sugar solution to release bacterial debris. In addition, a multi-functional and multi-
responsive intelligent antibacterial surface can be prepared by combining sugar stimulation with other 
stimuli. It provides the foundation for realizing the long-term efficient and renewable antibacterial target.
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Sugar-Responsive Intelligence Antimicrobial 
Surface

The sugar response is a non-invasive and gentle response to the 
organism, mainly through dynamic boronic ester bonding between 
PBA [13,14] and diol-containing biomolecules, which plays a role 
in the recognition and separation of molecules on intelligence 
antimicrobial surfaces (Figure 1a). Chen et al. combined the diol 
structure in β-cyclodextrin (β-CD) [15] with PBA to prepare a 
sugar-responsive intelligence surface with switchable activity. 
β-CD is responsible for recognizing, capturing and killing the 
bacteria attached to the surface, thus “turning on” the bioactivity 
of the surface (Figure 1b) while subsequent treatment with 
fructose solution activates the release of dead bacteria from the 
surface, which can reach 80% (Figure 1c-d), while “turning off” 
the bioactivity of the surface. The whole process is non-invasive 
to the organism, non-cytotoxic, non-resistant and has excellent 
biocompatibility [16].

In addition, the sugar response can act synergistically with other 
stimulus responses to avoid the limitations of a single response. 
They prepared a multifunctional intelligence surface by combining 
sugar content, PH and temperature response (Figure 1e), using 
interactions between borate ester bonds in PBA and molecules 
containing diol structures to trigger the PH response and sugar 
response functions, and adding the temperature response material 
PNIPAAm, which can individually or synergistically modulate the 
bacterial adhesion, killing and release functions of the surface 
(Figure 1f-g). The intelligence surface can reversibly switch between 
the functions of killing bacteria and releasing attached proteins, 
bacteria and other debris, and the multi-stimulus-responsive 
intelligence antimicrobial surface is more in line with the living 
environment in which real organisms live, and its bactericidal and 
release functions are significantly enhanced compared to single-
response stimuli, while the regenerative capacity and long-term 
antimicrobial ability of the intelligence surface will be enhanced 
[17].

Figure 1: a) Schematic illustration of the interaction between boronic acids and cis-diol-containing compounds. b)
Schematic illustration of  sugar-triggered bacterial release from the Au-PBH/CD-QAS surface. c)Density of bacteria 

on different surfaces before and after treatment with PBS or fructose solution (60 mM in PBS). d)Corresponding 
bacterial release ratios. Error bars represent the standard deviation of the mean(n = 3). e) Schematic illustration 
of a multistimulus responsive biointerface with switchable bioadhesion. f) Number density of initially attached E. 
coli and E. coli remaining on the unmodified Si and Si-PNB surfaces after application of different stimuli. g) The 

corresponding release fractions are summarized in panel [16,17].

Summary
Intelligence antimicrobial surfaces based on sugar stimulus 

response provide a theoretical basis for a safe and gentle intelligence 
antimicrobial strategy that not only circumvents various adverse 
effects due to bacterial accumulation but also reduces the side 
effects of other stimuli on the organism. But now this intelligence 
surface is still in the early experimental research stage, for the real 
application and achieve industrial production there is still a certain 
distance. On the one hand its germicidal release ability cannot be 
achieved for a long time, often can withstand several cycles of reuse, 
which is not possible for long-term use in practical applications; on 

the other hand the bacterial environment faced by living organisms 
is complex and variable, unlike the specific few bacteria used in the 
experimental process, lacking the ability to kill a broad spectrum 
of bacteria. Although this intelligence antimicrobial surface still 
lacks certain applicability, it provides new ideas for the preparation 
of renewable intelligence antimicrobial surfaces, adding more 
possibilities for extending the life of medical devices to enhance 
their durability.
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