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Quaternary ammonium salts (QASs) are excellent candidates for treating stubborn bacterial infections
caused by biofilms due to their high sterilization efficiency and potential inhibition of the development of
drug resistance. However, the inherent toxicity of QASs, including cytotoxicity, protein absorption and
hemolysis, severely limits their applications in vivo. Herein, a charge-convertible quaternary ammonium
salt-based micelle (QAS-SL@CM) was constructed by co-assembly of two amphiphiles with opposite
charges and shell cross-linking strategy. The toxicity of the QAS-SL@CM could be greatly reduced towards
human cells contrast to the corresponding QASs. By response to the acidic environment at infection sites,
the surface charge of QAS-SL@CM could be immediately changed to positive and then target to negatively
charged bacteria. Furthermore, β-thiopropionate bonds onQAS-SL@CM could also be disintegrated under
acid environment to release QASs to kill bacteria. Importantly, the QAS-SL@CM showed significant
therapeutic effect in mice subcutaneous abscesses models without interference with normal cells.
Therefore, a surface adaptive micelle constructed by charge-convertible strategy has been developed to
overcome the cytotoxicity of QASs, and could intelligently respond to the microenvironment of infected
wound for in vivo infection therapy, which shows promising application in clinic.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Persistent infection caused by bacterial biofilms accounts for
about 80% of nosocomial infections, which is a major hazard to
human health [1–4]. Bacteria can readily colonize skin, teeth and
internal organs to form biofilms, result of skin lesions, oral diseases
and suppurative infections of organs [5–8]. Due to the shielding of
extracellular polymeric substances (EPS), a hundredfold increase
of antibiotic doses is required to eliminate bacterial biofilms [9–
11]. More seriously, abuse of antibiotics has already induced the
emergence of drug-resistant pathogenic bacteria, which severely
threatens human’s lives [12–16].

As well-known, amphiphilic quaternary ammonium salts
(QASs) have been considered as effective antibacterial agents for
both planktonic bacteria and biofilms [17–22]. The positive charge
of QASs can readily target on the negative surface of bacterial cell
membranes. Meanwhile, the hydrophobic alkyl chains of amphi-
philic QASs can insert into the phospholipid bilayer, leading to the
disruption of membrane structure and outflow of intracellular
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substances to cause death of bacteria [17,19,20]. The antibacterial
mechanism of QASs is a kind of physical sterilization, which
potentially inhibits the development of drug resistance [19,23]. In
addition, QAS-based antimicrobial nanoparticles (NPs) have been
continuously reported to prevent and eliminate bacterial biofilms
in vitro due to the penetration and decomposition of biofilms [22–
26]. Despite the remarkable efficiency of combating planktonic
bacteria and biofilms, the inherent toxicity of QASs, including
cytotoxicity, protein absorption and hemolysis, severely limits the
widespread application of disinfection in vivo [27–29]. Hence,most
usage of QASs could only be found on design of antibacterial
surfaces and dental materials [30–32]. In order to solve the toxic
issues of QASs, many strategies have been proposed, such as
variation of molecular structures [33–35], composited with
biocompatible materials [5,36] and shielding alkyl chains [17,20]
etc. However, some disadvantages are still existed, including
tedious synthetic steps, high cost, low loading efficiency and QASs
leaking. Recently, charge-convertible strategy (CCS) is gradually
becoming prevalent in tumor diagnosis and therapy to promote
long blood circulation and precise tumor targeting of drugs
[19,23,37]. As the cytotoxicity of QASs is mainly derived from the
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Particle size of the samples (mean� SD, n = 5). (b) The change of particle
size and zeta potential under different pH conditions (mean� SD, n = 5). (c, d) TEM
images of QAS@CM and QAS-SL@CM. All samples were stained with an aqueous
solution of 2% phosphotungstic acid. [QAS 1] = 2.5mmol/L.
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positive moiety, we propose that controlled toxicity of QASs can be
achieved by CCS to shield the positive charge and accomplish the
bacterial disinfection application in vivo.

Herein, we developed a charge-convertible crosslinked micelle
system by co-assembly of amphipathic QAS 1 and sodium laurate
(SL), named QAS-SL@CM, for bacterial disinfection in vivo. As
shown in Scheme 1, QAS 1 and SL can freely co-assemble to form
negatively charged micelles to shield the positive charge. After
cross-linking, QAS 1 could be firmly fixed in the micelles to restrict
the movement of alkyl chains. Then the toxicity of the micelles
system could be greatly reduced towards human cells [38]. By
response of the acidic environment at infection sites, the surface
charge of QAS-SL@CM could be immediately changed to positive
due to the protonation of SL [17,20]. Furthermore, β-thiopropionate
bonds on QAS-SL@CM could also be disintegrated under acid
environment to release QAS 1 and SL to kill bacteria both in vitro
and in vivo [39,40]. Therefore, through CCS and shell cross-linking
strategy, a surface adaptive QAS-SL@CM could be constructed to
intelligently respond to themicroenvironment of bacterial infected
wound site to solve the toxicity problem of QASs in vivo. The
strategy reported here will provide new thoughts and methods for
eliminating bacteria and biofilms, and has promising application of
wound disinfection in clinic.

Detailed synthesis and characterization of QAS 1 (Scheme S1
and Figs. S1–S3) can be found in Supporting information. In order
to reduce the overall positive charge of QAS 1, a series of fatty acid
sodium salts with various chain lengths (C10-C16) were selected to
co-assemble with QAS 1 (Table S1, Figs. S4 and S5 in Supporting
information). Dynamic light scattering (DLS) results showed that
SL (C12) could co-assemblewith QAS 1 to form stablemicelleswith
particle size of ca. 59 nm and zeta potential of ca. �40mV, named
as QAS-SL. After cross-linked by dithiothreitol (DTT), co-assembled
crosslinked micelles (QAS-SL@CM) could be formed with a
diameter of ca. 52 nm (Fig. 1a and Table S1), which remained
unchanged after incubation inwater and serum for more than 24 h
(Fig. S6 in Supporting information). Further tests showed that zeta
potential of QAS-SL@CM could actually change from �25mV to
30mV under different pH conditions (5.0–8.2), while the particle
size barely changed (Fig. 1b and Fig. S4). At pH 7.4, zeta potential
showed �21mV, as the negative charge of carboxylate in SL
shielded the positive charge of QAS 1 at the preset ratio. When pH
was changed to 6.3, the overall charge of QAS-SL@CM was shifted
to about 20mV due to the protonation of carboxy group, indicating
a charge-convertible process with pH variation. Transmission
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Scheme 1. (a) Schematic illustration for preparation of the quaternary ammonium
salt and sodium laurate co-assembled crosslinked micelles (QAS-SL@CM) and (b)
the treatment of subcutaneous abscesses infection in mice.
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electronmicroscope (TEM) images showed that QAS@CMandQAS-
SL@CM had uniform spherical shape with particle size of 38 and
45 nm (Figs. 1c and d), consistent with the data of DLS.

To test the biocompatibility of QAS-SL@CM, blood compatibility,
cytotoxicity and protein adsorption capacity were characterized
Fig. 2. Biocompatibility assessment assays of QAS-SL@CM andQAS@CM. (a) Optical
photographs (mean� SD, n = 5, *P< 0.05) and (b) Hemolysis ratio of blood cell test.
(c) Cytotoxicity against L929 cells for 48 h incubation (mean � SD, n = 5). (d)
Fluorescence imaging of live/dead (green/red) staining of L929 cells incubated with
QAS@CM and QAS-SL@CM. Scale bar: 200mm. [QAS 1] = 3000mmol/L.



[(Fig._3)TD$FIG]

Fig. 3. (a) Charge-convertible mechanism of QAS-SL@CM in different pH
conditions. (b) Three-dimensional CLSM images of S. aureus biofilms incubated
with different samples for 2 h. (c) SEM images of biofilms incubated with QAS@CM
and QAS-SL@CM (100mmol/L).
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separately [38,41]. As shown in Figs. 2a and b, QAS-SL@CM
displayed good blood compatibility even at a high concentration
of 3000mmol/L with hemolysis rate less than 5%. In contrast,
positively charged QAS@CM showed extremely higher hemolysis
than QAS-SL@CM. Just at a low concentration of 500mmol/L, the
hemolysis rate was above 5%. At the same time, the solution
almost completely turned red, indicating that a large number of
cells had underwent hemolysis (Fig. 2b). Positive charge of
QAS@CM can disturb the membrane structures of red cells to
outflow inner contents to cause hemolysis. As the positive
charges are shielded in QAS-SL@CM, the corresponding blood
compatibility is greatly improved. Moreover, as shown in Fig. 2c,
the cell compatibility of co-assembled QAS-SL@CM was also
enhanced compared to that of QAS@CM. Meanwhile, the staining
diagram of cells was represented in Fig. 2d after incubation with
QAS-SL@CM and QAS@CM at a concentration of 3000mmol/L.
Due to the cytotoxicity of QAS@CM, about 50% dead cells could be
found after incubation. While, almost no cell apoptosis was
observed for QAS-SL@CM group just as the control group.
Following, the adsorption capacity to BSA protein was also
tested. As shown in Fig. S7 (Supporting information), a high
protein adsorption rate of about 10% was obtained for positive
QAS@CM after co-incubation for 6 h. For QAS-SL@CM, the
adsorption rate did not exceed 5% even after increase the
incubation time to 24 h. All the results above showed that the
cytotoxicity, hemolytic toxicity and protein adsorption capacity
could be controlled by co-assembly of QAS 1 and SL.

In order to evaluate the biofilm elimination activity, S. aureus
biofilm was firstly built, and then incubated with QAS@CM and
QAS-SL@CM with various concentrations [1,2,42]. Crystal violet
staining results in Figs. S8a and b (Supporting information) showed
that biofilm mass decreased with the increase of QAS 1
concentration, corresponding to the colour gradually becoming
lighter. As quantitatively characterized in Fig. S8b, when the QAS 1
concentration increased to 110mmol/L, almost all the biofilm was
cleared and the optical absorbance approached zero. In addition,
plate colony experiment in Fig. S8c showed that almost no colonies
existed after treatedwith QAS@CMandQAS-SL@CMat 110mmol/L.
Furthermore, the antibacterial mechanism of QAS-SL@CM was
investigated by the live/dead staining of bacteria in biofilms. For
QAS-SL@CM, there existed a balance between gain and loss of
protons between lauric acid and SL in various acidic environments,
resulting in different overall zeta potential (Fig. 3a). Numerous
reports indicated that S. aureus were negatively charged, and the
positively charged NPs were more likely to enter the interior of
biofilm along pores in biofilms because of the charge attraction. As
shown in Fig. 3b, buffer solutions of pH 7.4 and 6.3 were used to
simulate the change of external environment to study the
penetration of QAS-SL@CM and QAS@CM against S. aureus
biofilms. At pH 7.4, QAS-SL@CM was mainly negative charged
and not easy to enter the interior of biofilm. While, positive
chargedQAS-SL@CMat pH 6.3, was conducive to penetrate into the
biofilm, leading to the death of bacteria (death rate 89%). For
QAS@CM, the biofilm elimination efficiency was independent of
pH, and the bacterial death rate of 85% and 83% could be obtained
at pH 7.4 and 6.3 separately. The live bacteria were dyed green and
the dead dyed red inside the biofilm. Also, scanning electron
microscope (SEM) was conducted to observe the morphological
change of S. aureus biofilms. As displayed in Fig. 3c, biofilms layers
were destroyed severely and the number of bacteria greatly
reduced for QAS-SL@CM and QAS@CM group, compared with the
control group.

Furthermore, antibacterial application of QAS-SL@CM in vivo
was studied in BALB/c mice with S. aureus infected subcutaneous
abscess model (Approved by the Ethics Committee of Sichuan
University) [43,44]. Injection of saline and QAS@CM were applied
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as control groups, and the experimental design was shown in
Fig. 4a. Images of abscesses sites were captured at various time
after in-situ injection of saline, QAS@CM and QAS-SL@CM,
separately. As displayed in Fig. 4b, serious suppuration could be
found for saline treated group during the first five days, also
accompanying with sharp weight loss (Fig. S9 in Supporting
information). Even after 14 days, obvious skin damage could be
observed due to the bacterial infection. ForQAS@CM treated group,
the abscesses volume decreased gradually with increase of time.
However, still 10% of wound site could be observed after 14 days.
While, the damaged skin for QAS-SL@CM treated groupwas almost
completely healed for the same time. Meanwhile, no obvious
weight loss could be found during the treatment period. In order to
verify the bacterial elimination efficiency, pus in abscess site of
mice was collected on day 2 and day 5. After plate colony
incubation, bacterial colony was imaged and counted, which was
shown in Figs. 4c and d. Large number of bacteria could be found on
control group, even after 5 days’ treatment. For QAS@CM and QAS-
SL@CM group, bacteria were almost completely killed after 5 days,
indicating good antibacterial effect, which agreed with the
antibacterial results in vitro. All mice were sacrificed at 14th day
and the skin tissues were collected for hematoxylin-eosin (H&E)
staining. As shown in Fig. 4e, severe defects of skin epidermis could
be observed for saline and QAS@CM groups. Meanwhile, there
were large amounts of inflammatory cells dispersion. Though
QAS@CM has good performance on bacterial elimination, the
inherent cytotoxicity could trigger organism immune to induce
inflammation response. In contrast, H&E slices of QAS-SL@CM
treated group showed that dermal tissues at abscesses sites
completely healed with less inflammatory cells. It was known that
negatively charged QAS-SL@CM had good biocompatibility in vitro.
Under acidic environment of bacterial infection, QAS 1 could be
exposed to eliminate bacteria and biofilm due to charge-
convertible. Thus, less inflammatory response could be induced
during the treatment. Following, the pathological images were
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Fig. 4. (a) Establishment and treatment process of mouse subcutaneous abscesses
models. (b) Optical photographs of abscesses in mice of different groups. (c)
Histogram analysis and (d) bacterial plate tests of bacteria in abscesses of different
groups (mean� SD, n = 5, *P< 0.05). (e) Histological section analysis of
subcutaneous abscesses models of different groups.
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demonstrated by H&E assay of heart, liver, spleen, lung and kidney
tissues, and shown in Fig. S10 (Supporting information). In contrast
with normalmice, therewere no apparent damage inmajor organs
of QAS-SL@CM treated mice after 14 days.

In summary, charge-convertible quaternary ammonium salt-
basedmicelles (QAS-SL@CM)were fabricated by the strategy of co-
assembly of two amphiphiles with opposite charges. It is proved
that the QAS-SL@CM presents lower cytotoxicity, hemolysis and
protein adsorption compared with QAS@CM. Due to surface
charge-convertible at acidic environment, QAS-SL@CM shows
prominently antibacterial biofilms efficiency as QAS@CM. Signifi-
cantly, experiments in vivo indicate that QAS-SL@CM not only has
remarkable therapeutic effect of abscesses, but also performs no
damages on major organs. This work may have guided significance
in the development of QAS-based antibacterial materials for in vivo
infection therapy.
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