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Microbial biofilms, prevalent in nature and inherently resistant to both antimicrobial agents and host
defenses, can cause serious problems in the chemical, medical and pharmaceutical industries. Herein we
demonstrated that conjugation of an aminoglycoside antibiotic (streptomycin) to chitosan could efficiently
damage established biofilms and inhibit biofilm formation. This method was suitable to eradiate biofilms
formed by Gram-positive organisms, and it appeared that antibiotic contents, molecular size and positive
charges of the conjugate were the key to retain this anti-biofilm activity. Mechanistic insight demonstrated
chitosan conjugation rendered streptomycin more accessible into biofilms, thereby available to interact with
biofilm bacteria. Thus, this work represent an innovative strategy that antibiotic covalently linked to
carbohydrate carriers can overcome antibiotic resistance of microbial biofilms, and might provide a
comprehensive solution to combat biofilms in industrial and medical settings.

M
icroorganisms on living or inert surfaces usually form organized multi-cell aggregates in a self-produced
hydrated extracellular matrix, namely microbial biofilms. The failure in the prevention and eradiation of
microbial biofilms might create a number of serious problems such as industrial fluid processing

operations (bio-deterioration)1, food safety (contamination)2, and public health issues (infectious diseases)3.
Biofilm formation makes microbes more resistant to stresses, acids, antibiotics and immune clearance when

compared to planktonic cells4,5. A list of factors have been attributed to this resistance including restricted
penetration of antimicrobials into biofilms, decreased growth rate, and expression of possible resistance genes6,7.
Bypassing antibiotic treatments, new efforts for biofilm growth inhibition, biofilm damage, or biofilm eradication
are being sought. These include bacteriophage8, enzymes9, metal nanoparticles10, plant extracts11 and chitosan
derivatives12,13, all of which have been shown to influence biofilm structures with different efficiencies via various
mechanisms.

Chitosan, the N-deacetylated derivative of chitin, is a polycationic macromolecules composed of randomly
distributed b-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine. As a biomaterial, chitosan has a track
record for its inherent antimicrobial properties against a broad spectrum of organisms14,15. Also, chitosan exhibits
anti-biofilm activities and the ability of chitosan to damage biofilms formed by microbes has been documen-
ted12,13. Among several mechanisms involved16–18, chitosan has been shown to penetrate biofilms due to the ability
of cationic chitosan to disrupt negatively charged cell membranes as microbes settle on the surface17,18.

The present study was to describe an innovative strategy to combat forming or preformed microbial biofilms by
using chitosan as a covalent carrier for an aminoglycoside antibiotic, streptomycin. The conjugateswere synthe-
sized after the reduction of Schiff base formed by chitosan and streptomycin, an aminoglycoside antibiotic19. The
anti-biofilm efficacy of conjugates was evaluated towards Gram-positive or -negative organisms. Structural
requisite and mechanistic insights for their anti-biofilm capacity were addressed.

Results
Synthesis and characterization of chitosan-streptomycin (C 2 S) conjugates. The conjugation between
streptomycin and chitosan was achieved by reduction of the resulting Schiff base formed by free animo
groups in chitosan and aldehyde groups in streptomycin (Figure 1A), as described20. The coupling between
streptomycin and chitosan was evidenced by 1H NMR analysis, and streptomycin contents in C 2 S
conjugates were further determined through quantification of guanidyl groups21. The 1H NMR of one
representative C 2 S conjugate which contains 32% (w/w) streptomycin and was derived from chitosan (Mw
5 ,13 kDa) was presented (Figure S1). The disappearance of weak signals at 9.66 ppm (aldehyde proton) and
appearance of strong signals at 1.22 ppm (methyl protons) in the extensively dialyzed polymer confirmed the
linkage between streptomycin and chitosan successful.
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C 2 S conjugates broke down preformed listeria monocytogenes
biofilms. Listeria monocytogenes (L. monocytogenes) is the causal
organism of the serious foodborne illness listeriosis, and may grow
as biofilms on food and food-processing equipments that protect
them against environmental stress22. Streptomycin alone had a
mild effect on biomass of L. monocytogenes biofilms after 6, 12, or
24 h treatment (Figure 1B). A combination of streptomycin and
chitosan didn’t not improve streptomycin-induced reduction of
biofilm mass dramatically (Figure 1B), although it promoted
killing of L. monocytogenes L. monocytogenes after a prolonged
exposure (12 or 24 h) (Figure 1C). However, the C 2 S conjugate
reduced both biofilm mass and viable cell countsafter 6, 12, or 24 h
treatment. The biofilm mass after treatment with the C 2 S conjugate
was below that at the starting point, indicating that the C 2 S
conjugate was able to disperse the existing biofilms.

Concentration-dependent analysis further confirms that the C 2 S
conjugate at various concentrations (0.125, 0.25, 0.5 mg/mL) was
more efficient in disruption of L. monocytogenes biofilms than the
respective mixture did after 24 h treatment (Figure S2). Visualization
of L. monocytogenes biofilms with scanning electron microscopy
(Figure 1D) and fluorescence microscopy (Figure 1E) showed a wide
spectrum of morphological differences in biofilm architectures.
Notably, very few scattered cell aggregates were observed in the
biofilms after 24 h exposure to the C 2 S conjugate and there were
less viable cells in the aggregates (Figures 1D and 1E).

The anti-biofilm efficacy of C 2 S conjugates was restricted to
Gram-positive organisms. To see whether the C 2 S conjugate was
able to smash up bacterial biofilms built by other organisms, initially
two other Listeria species, Listeria innocua (Figure 2A) and Listeria
welshimeri (Figure 2B) were tested. Quantification of biofilm
biomass and cell viability demonstrated that the conjugate had a
more pronounced effect than streptomycin or chitosan alone and
the mixture did. These results rendered us to ask whether the
conjugate was also effective in breaking down biofilms formed by
other Gram-positive species such as Enterococcus faecalis23 and
Staphylococcus aureus24, both of which can cause life-threatening
infections in humans, especially in the nosocomial (hospital)
environment. As expected, the C 2 S conjugate had stronger anti-
biofilm and bactericidal activities towards Enterococcus faecalis
(Figures 2C) and Staphylococcus aureus (Figures 2D) than the
mixture did. Also, images from scanning electron microscopy
(Figure 2E) and fluorescence microscopy (Figure 2F) evidenced
that the architecture of Staphylococcus aureus biofilms exposed to
the C 2 S conjugate displayed very few scattered cell aggregates, in
which there were much less viable cells than that of the mixture.

Pseudomonas aeruginosa is a Gram-negative opportunistic human
pathogen, which is generally employed as a model organism for
investigation of biofilms25. Streptomycin alone resulted in a decrease
of biofilm biomass and viable cell counts (Figure S3A). Streptomycin
in concert with chitosan didn’t further reduce biofilm mass, but

Figure 1 | C 2 S conjugate disrupted preformed L. monocytogenes biofilms with a high efficiency. The synthesis of C 2 S was achieved by the reductive

amination between streptomycin and chitosan (A). Biofilms were exposed to 0.25 mg/mL C 2 S conjugate (23% streptomycin, ,13 kDa chitosan),

equivalent chitosan (C) or streptomycin (S) alone, and the respective mixture (C 1 S) for hours indicated. Biofilms incubated in TSB containing

phosphate-buffered saline were used as control. Biofilm mass (B) and viable cells (C) were quantified and biofilm architectures after 24 h treatment were

examined by scanning electron microscopy (D) and fluorescence microscopy (E). These experiments were performed three times with similar results each

time. Error bars represent SD.
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killed more Pseudomonas aeruginosa. Differently, biofilm mass and
cell viability of Pseudomonas aeruginosa remained unchanged after
24 h exposure to the C 2 S conjugate (Figure S3A). The similar
findings (Figure S3B) were also observed in case of Salmonella typhi-
murium, another Gram-negative bacterium which is a rod-shaped
foodborne pathogen26. Overall, these results clearly indicated that the
C 2 S conjugate had a potential to disrupt existing biofilms formed
by Gram-positive, but not Gram-negative organisms.

Structural requisites for anti-biofilm capacity of C 2 S conjugates.
To clarify the role of streptomycin contents in anti-biofilm capacity
of C 2 S conjugates, various amounts of streptomycin [0.3%, 15%,
23%, 32% (w/w)] were coupled to chitosan with a molecular mass of
,13 kDa. It appeared that the C 2 S conjugate containing 0.3% (w/
w) streptomycin was not sufficient for induction of higher anti-
biofilm and bactericidal activities than the mixture did (Figure 3A).
An increase in streptomycin contents significantly enhanced the anti-
biofilm and bactericidal capacity of C 2 S conjugates. Particularly,
the C 2 S conjugate containing 23% streptomycin displayed an
optimal activity for biofilm disruption and cell killing towards L.
monocytogenes.

It is generally accepted that the anti-biofilm activity of chitosan
was largely dependent on microbial species12,27, concentrations28,
molecular weights29 and N-deacetylation degrees17. To further

optimize the anti-biofilm capacity of C 2 S conjugates, similar levels
of streptomycin were conjugated to chitosans varied in molecular
mass: ,3 k, ,13 k or ,180 k Da. All three C 2 S conjugates
demonstrated higher anti-biofilm and bactericidal activities towards
L. monocytogenes than the respective mixtures did (Figure 3B). In
particular, the C 2 S conjugate derived from ,13 k chitosan exhib-
ited a greatest capacity in both disruption of L. monocytogenes bio-
films and killing of live cells.

We further conjugated streptomycin to chitosans with different N-
deacetylation degrees (DD: 50%, 75%, 88%) to verify impact of pos-
itive charges on the anti-biofilm capacity. All three C 2 S conjugates
carrying similar amounts of streptomycin [23–26% (w/w)] could
cause a reduction of biofilm mass and viable cell counts, compared
with that of the vehicle control (Figure 3C). Along with the increase
of N-deacetylation degrees in C 2 S conjugates, both anti-biofilm
and bactericidal capacities enhanced. This raised the question
whether conjugates derived from other antibacterial polycationic
biopolymers such as poly-L-lysine30, instead of chitosan, also worked
in a similar fashion. Results showed that the conjugate of poly-L-
lysine and streptomycin indeed had stronger anti-biofilm and bac-
tericidal activities than the respective mixture did (Figure 3D). Taken
together, these findings suggested that polycationic properties
enabled biopolymer-antibiotic conjugates to remain high anti-bio-
film and bactericidal capacities.

Figure 2 | C 2 S conjugate was also effective against preformed biofilms built by other Gram-positive organisms. Biofilms formed by Listeria innocua

(A), Listeria welshimeri (B), Enterococcus faecalis (C) or Staphylococcus aureus (D) were exposed to 0.25 mg/mL C 2 S conjugate (23% streptomycin,

,13 kDa chitosan), equivalent chitosan (C) or streptomycin (S) alone, and the respective mixture (C 1 S) for 24 h. Biofilms incubated in TSB containing

phosphate-buffered saline were used as control. Biofilm mass and viable cells were quantified. Staphylococcus aureus biofilm architectures after 24 h

treatment were further examined by scanning electron microscopy (E) and fluorescence microscopy (F). These experiments were performed twice with

similar results each time. Error bars represent SD.
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Mechanistic insights into the anti-biofilm capability of C 2 S con-
jugates. Several factors accounted for the extraordinary resistance of
biofilm bacteria to antibiotics31. One factor that is generally conceded
to play a role in antibiotic resistance is the inability of the antibiotic to
penetrate into biofilms, thereby reducing antibiotic available to inte-
ract with biofilm bacteria. Given chitosan has been shown to penetrate
and damage biofilms12,13,17,18,32, we attempted to see whether chitosan
conjugation facilitated streptomycin entry into biofilms.

Using a polyclonal antibody to streptomycin produced in rabbit
and a second Dylight 488-conjugated goat anti-rabbit IgG, streptomy-
cin residing in established biofilms was visualized. L. monocytogenes or
P. aeruginosa biofilms exposed to streptomycin alone exhibited a weak
green fluorescence (Figure 4). In contrast, the intense green fluor-
escence was observed in biofilms built by two organisms after treated
with the mixture. L. monocytogenes biofilms exposed to the C 2 S
conjugate elicited more brilliant green fluorescence than the mixture
did. Differently, no green fluorescence was detected in Pseudomonas
aeruginosa biofilms exposed to the C 2 S conjugate. These findings
implied that chitosan conjugation facilitated streptomycin access into
biofilms built by certain organisms such as L. monocytogenes.

C 2 S conjugates prevent bacterial biofilm formation. L. monocyto-
genes biofilm formation was examined in the presence of individual
agents, the mixture or C 2 S conjugate for 6, 12 or 24 h. An exposure
to streptomycin or chitosan alone for 6 h prevented planktonic cells
from biofilm formation (Figure 5A), but didn’t affect the cell viability
as compared with the vehicle control (Figure 5B). A prolonged (12 or
24 h) treatment with individual agents resulted in a decrease of both
biofilm mass and cell viability. The combination of streptomycin and
chitosan suppressed both biofilm formation and cell viability in a
more remarkable manner whereas the C 2 S conjugate facilitated
this suppression (Figures 5A and 5B).

Again, the C 2 S conjugate exhibited a stronger inhibitory activity
towards biofilm formation by two other listeria species, L. innocua
(Figure 5D) and L. welshimeri (Figure 5E) than individual agents
and the mixture did. The similar findings were also observed in case
of Staphylococcus aureus by quantification of biofilm biomass and
cell viability (Figure 5F). The biofilm architectures by microscopic
examination further indicated that there were few viable cells in
scattering patterns after 24 h exposure to the C 2 S conjugate
(Figure 5C).

Figure 3 | Structure-activity relationships in anti-biofilm capacities of C 2 S conjugate. (A–C) L. monocytogenes biofilms were exposed to the following

conjugates (C 2 S) and the respective mixtures (C 1 S) at 0.25 mg/mL for 24 h. Biofilms incubated in TSB containing phosphate-buffered saline were

used as control. Biofilm mass and viable cells were quantified. (A) ,13 k chitosan derived C 2 S conjugates containing 0.3%, 15%, 23% and 32% (w/w)

streptomycin; (B) C 2 S conjugates which contain similar levels of streptomycin and were derived from chitosan with different molecular mass: ,3 k

(streptomycin: 30%), ,13 k (streptomycin: 28%) and ,180 k Da (streptomycin: 30%); (C) C 2 S conjugates which contain similar levels of

streptomycin and were derived from chitosan (,13 k Da) with different N-deacetylation degrees: 50% DD (streptomycin: 25%), 75% DD (streptomycin:

23%) and 88% DD (streptomycin: 26%); (D) L. monocytogenes biofilms were exposed to 0.25 mg/mL of L-S conjugate containing 42% streptomycin,

equivalent epoly-L-lysine (L, 2 , 3 kDa) or streptomycin (S) alone, and the respective mixture (L 1 S) for 24 h. These experiments were performed three

times with similar results each time. Error bars represent SD.
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Discussion
Biofilms are considered as an universal survival lifestyle for microbes
to protect themselves from antimicrobial attack3. Susceptibility tests
with in vitro biofilm models have demonstrated biofilm bacteria
survive after treatment with antibiotics at hundreds or even a thou-
sand times of the minimum inhibitory concentration of planktonic
cells33. The aim of this study was to test whether chitosan conjugation
improved the effectiveness of an antibiotic, streptomycin against
bacterial biofilms.

Our data showed that the C 2 S conjugate was more effective in
eradiation of established biofilms and killings of biofilm bacteria than
streptomycin alone or their mixture did (Figures 1–2). This was the
case for biofilms built by all Gram-positive organisms tested, but not
Gram-negative organisms such as P. aeruginosa and S. typhimurium.
These observations raised the question whether the C 2 S conjugate
had a priority in killings of Gram-positive organisms, when compared
with the mixture of streptomycin and chitosan. In fact, the bacterici-
dal activity of the C 2 S conjugate wasn’t dissimilar to that of the
mixture towards Gram-positive or –negative bacteria, according to
the minimum inhibitory concentration of planktonic cells (Table S1).

Immunofluorescence analysis of streptomycin levels residing in
established biofilms suggested that chitosan conjugation made more
streptomycin access into biofilms built by L. monocytogenes, but not
P. aeruginosa (Figure 4). This observation was in agreement with the
earlier data that the C 2 S conjugate was effective to remove biofilms
built by Gram-positive (Figure 1–2), but not Gram-negative organ-
isms (Figure S3). This data implied that the specificity of the C 2 S
conjugate against biofilms built by Gram-negative organisms was
related to their inherent biofilm architectures.

In summary, our data highlighted that the polycationic property
enabled chitosan as an efficient Trojan horse to deliver streptomycin
into biofilms built by Gram-positive organisms. This made bacterial
biofilms more susceptible to streptomycin at a lowest effective dose.
Given chitosan has received considerable attention as a biomaterial,
due to its good biocompatibility and low toxicity (especially for chit-
osan with a DD higher than 35%)34, this novel strategy might open up
a new avenue to overcome the inherent resistance of biofilms to
antibiotics such as streptomycin and come into wide use for com-
bating biofilms in industrial and medical area.

Methods
Bacterial strains and growth conditions. L. monocytogenes (CMCC 54004),
Staphyloccocus aureus (ATCC 29213), Enterococcus faecalis (ATCC 29212),
Pseudomonas aeruginosa (PAO1) and Salmonella typhimurium (SL1344) were
generous gifts from received from Prof. Xia (Colloge of Food Science and Engineering,
Northwest A&F University). Listeria welshimeri (GIM1.232) and Listeria innocua
(GIM1.365) were purchased from Microbial Culture Collection Center of Guangdong
Institute of Microbiology (GIMCC). The strains were cultured in Tryptone Soya broth
(TSB) at 37uC, and the grown culture was used for inoculation into the wells of plastic
microtiter plate (Corning, NY) for subsequent quantification of biofilm production.

Synthesis of biopolymer-streptomycin conjugates. A solution of streptomycin
sulfate and NaCNBH3 was added into chitosan or poly-L-lysine aqueous solutions20.
The reaction mixture was stirred for 15 h in the dark and then dialyzed 2 days and
finally lyophilized. Streptomycin contents in conjugates were determined through
quantification of guanidyl groups21 and streptomycin sulfate was used as a standard.
For 1H NMR spectral analysis, samples were dissolved in D2O (10 mg/mL), and the
spectra were carried out on a Bruker AV500 MHz (Bruker, Switzerland).

Biofilm formation. One hundred microlitres, approximately 107 cfu of each bacterial
solution were added to individual wells of a sterile flat-bottomed 96-well polystyrene
microtitre plates (Corning, NY). The microtitre plates were covered and incubated at

Figure 4 | C 2 S conjugate facilitated antibiotic access to certain biofilm bacteria. L. monocytogenes (A) or Pseudomonas aeruginosa (B) biofilms were

exposed to 0.25 mg/mL C 2 S conjugate (23% streptomycin, ,13 kDa chitosan), equivalent chitosan (C) or streptomycin (S) alone, and the respective

mixture (C 1 S) for 1 h. Biofilms incubated in TSB containing phosphate-buffered saline were used as control. Streptomycin residing in biofilms is

examined by Immunofluorescence. Immunoreactivity was quantified by using Image Pro Plus. These experiments were performed twice with similar

results each time. Magnifications: 31000. Error bars represent SD.
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37uC for 24 h to allow cell attachment and biofilm formation. Then, the supernatant
containing non-adhered cells was removed and washed three times using 100 mL
0.9% (w/v) NaCl. Existing biofilms were incubated at 37uC in TSB supplemented with
compounds for different periods as indicated, and each treatment includes 6 wells,
and biofilms incubated in TSB containing PBS was used as control. Biofilm mass were
evaluated by crystal violet assay35. To count biofilm bacteria,0.1% Triton X-100 was
added into each well and sonicated for 5 min, and serial dilutions from each well are
plated for enumeration. All assays were performed 3 times with similar results.

Biofilm inhibition assay. Instead of pre-incubation for 24 h at 37uC, one hundred
microlitres of L. monocytogenes in TSB (approximately 107 cfu) were seeded into
individual wells of microtiter plates in the presence of compounds for different periods
as indicated. Biofilm mass and bacterial counts were evaluated as describe above.

Scanning electron microscopy (SEM). A modified SEM method was used to analyze
the biofilm morphology36. Test samples were fixed in 2.5% glutaraldehyde at 4uC for
24 h. Cells were rinsed with 0.1 M PBS three times for 10 min at each interval. The
cultures were then dehydrated in a gradient alcohol concentration (50%, 70%, 80%,
90% and 100%) for 10 min at each concentration. The specimen was left in 100%
alcohol to prevent it from drying and mounted onto an aluminum stub with carbon
tape, sputter- coated with gold a before examination.

Fluorescence microscopy. Bacteria were grown on glass coverslips submerged with
1 ml of TSB in 24-well plates at 37uC for 24 h to allow biofilm formation. Then, the
supernatant containing non-adhered cells was removed and washed. Existing
biofilms were incubated at 37uC in TSB supplemented with compounds for 24 h as

indicated. Biofilms were fixed using a 5% paraformaldehyde solution for 30 min at
room temperature. After washed with 2 ml PBS, 5-(4, 6-dichlorotriazinyl)
aminofluorescein (5-DTAF) was added and incubated with shaking for 2 h at room
temperature. The slides were washed 3 times in PBS and inverted onto a cover glass.
Biofilms were imaged through the following excitation and emission wavelengths:
488 nm excitation and 505 to 530 nm emission detection range for 5-DTAF.

Immunofluorescence. As above, biofilms on glass coverslips were fixed in 4%
paraformaldehyde. After treatment with 0.25% Triton X-100 and blocking with 1%
BSA in PBS, coverslips were incubated with a polyclonal antibody for streptomycin
(rabbit anti-streptomyicn ployclone. Abcam) at 4uC overnight, and then incubated
with a second Dylight 488-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch Inc). Immunoreactivity was quantified by using Image Pro Plus
(version 5.0, Media Cybernetics, Silver Spring, MD).

MIC assay. The minimum inhibitory concentration (MIC) of compounds against
planktonic bacteria was performed using microdilution assay. C 2 S conjugate (23%
streptomycin, ,13 kDa chitosan), equivalent chitosan (C) or streptomycin (S) alone,
and the respective mixture (C 1 S) were dissolved in TSB broth at an initial
concentration of 1024 mg/mL and then serially diluted. The bacteria with a final
concentration of 5 3 105 CFU/mL in TSB broth per well were inoculated at 37uC for
24 h.

Statistical analysis. All graphical evaluations were made using GraphPad Prism 5.0
(GraphPad Software Inc., San Diego, CA). Analysis of variance (ANOVA) was used
to evaluate significant differences.

Figure 5 | C 2 S conjugate inhibited bacterial biofilm formation. The following bacteria were seeded in 96-well plates in the presence of 0.25 mg/mL C 2

S conjugate (23% streptomycin, ,13 kDa chitosan), equivalent chitosan (C) or streptomycin (S) alone, and the respective mixture (C 1 S) for hours

indicated. Biofilms incubated in TSB containing phosphate-buffered saline were used as control. (A and B) L. monocytogenes (6, 12, 24 h); (D) Listeria

innocua (24 h); (E) Listeria welshimeri (24 h); (F) Staphyloccocus aureus (24 h). Biofilm mass and viable cells were quantified, and L. monocytogenes

biofilm architectures after 24 h treatment were further examined by scanning electron microscopy (C). These experiments were performed 3 times with

similar results each time. Error bars represent SD.
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