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Abstract: Drug resistance substantially compromises antibiotic therapy and poses a serious threat
to public health. Fusidic acid (FA) is commonly used to treat staphylococcal infections, such as
pneumonia, osteomyelitis and skin infections. However, Gram-negative bacteria have natural
resistance to FA, which is almost restrained in cell membranes due to the strong interactions between
FA and phospholipids. Herein, we aim to utilize the strong FA-phospholipid interaction to pre-form
a complex of FA with the exogenous phospholipid. The FA, in the form of an FA—phospholipid
complex (FA-PC), no longer interacts with the endogenous membrane phospholipids and thus can be
delivered into bacteria cells successfully. We found that the water solubility of FA (5 ug/mL) was
improved to 133 pg/mL by forming the FA-PC (molar ratio 1:1). Furthermore, upon incubation for
6 h, the FA-PC (20 pg/mL) caused a 99.9% viability loss of E. coli and 99.1% loss of P. aeruginosa,
while free FA did not work. The morphology of the elongated bacteria cells after treatment with the
FA-PC was demonstrated by SEM. The successful intracellular delivery was shown by confocal laser
scanning microscopy in the form of coumarin 6-PC (C6-PC), where C6 served as a fluorescent probe.
Interestingly, the antibacterial effect of the FA-PC was significantly compromised by adding extra
phospholipid in the medium, indicating that there may be a phospholipid-based transmembrane
transport mechanism underlying the intracellular delivery of the FA-PC. This is the first report
regarding FA-PC formation and its successful reversing of Gram-negative bacteria resistance to FA,
and it provides a platform to reverse transmembrane delivery-related drug resistance. The ready
availability of phospholipid and the simple preparation allow it to have great potential for clinical use.

Keywords: drug delivery; drug resistant; phospholipid complex; antimicrobial; antibiotics

1. Introduction

Bacterial infections, especially drug-resistant bacteria-induced ones, are a serious
threat to human health and have caused many deaths [1-3]. Antibiotic therapy is the most
important strategy to combat pathogenic bacteria. Unfortunately, the inappropriate use of
antibiotics has led to the emergence of drug-resistant bacteria, which highly compromise
the therapeutic efficacy [4-7]. In addition to the acquired drug resistance, some bacteria
also have intrinsic resistance to a specific type of antibiotics.

Fusidic acid (FA), a steroidal antibiotic, is commonly used for the treatment of staphy-
lococcal infections, including skin, bone and joint infections [8-10]. The antibacterial
mechanism of FA is based on its irreversible binding to the elongation factor G (EF-G)
located on the ribosome [11-14]. Consequently, the translocation of the nascent polypeptide
chain from the A site to the P site, the formulation of the peptide bond and the release of
the ribosome complex on reaching the stop codon are all blocked [15-18]. However, FA
only has potent antibacterial activity against Gram-positive bacteria, and Gram-negative
pathogens have natural resistance to FA [19-21]. It is reported that FA tends to be captured
in the membrane of Gram-negative bacteria cells, due largely to its strong interactions
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with phospholipids in the membranes [22,23]. Another issue with FA is its poor water
solubility. As we know, appropriate water solubility is of great importance for the con-
venient delivery of drugs. However, FA has a low water solubility due to its steroidal
structure (5.2 pg/mL [24]). These issues highly limit the clinical applications of FA. As
such, developing an approach for simultaneously enhancing FA solubility and reversing
the natural resistance of Gram-negative pathogens is of great importance and significance.

The drug—phospholipid complex (Drug-PC) is a physical composite formed by the
interactions of drugs with phospholipids, basically by hydrogen bonding [25-27]. It has
been well documented that the Drug-PC is highly effective in improving the solubility and
bioavailability of the associated drugs [28-33]. For instance, the solubility of insulin in
water was significantly enhanced from 59 pg/mL to 1150 nug/mL by forming an insulin—
phospholipid complex (molar ratio 1:80) [31]. Due to these benefits, pre-formation of
the Drug-PC between FA and an exogenous phospholipid may be an effective way to
simultaneously enhance FA solubility and reverse the natural FA resistance of Gram-
negative bacteria, and such an idea has never been reported.

In this work, inspired by the strong interaction of FA with the endogenous membrane
phospholipid and the benefits of the phospholipid complex, we aim to pre-form the FA-
phospholipid complex (FA-PC) by compositing FA with an exogenous phospholipid and
systematically investigate the properties and antibacterial activity of the FA-PC against two
representative Gram-negative bacteria (E. coli and P. aeruginosa). It is hypothesized that the
FA-PC can significantly enhance the water solubility of FA due to the solubilization capacity
of phospholipids. More importantly, FA, in the form of the FA-PC, no longer interacts with
the endogenous phospholipids in the bacteria cell membrane, since the reaction sites of FA
have already been occupied by the exogenous phospholipid in the FA-PC. As a result, the
FA-PC is not captured in the bacterial cell membrane but can be successfully delivered into
the bacteria cells, ultimately reversing the natural resistance of Gram-negative pathogens
to FA (Scheme 1).
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Scheme 1. Schematic illustration of the formation of the fusidic acid—phospholipid complex (FA-PC)
and its intracellular transportation into Gram-negative bacteria cells. Free FA is insoluble in water
and commonly restrained in Gram-negative bacteria cell membranes due to the strong interactions
between FA and membrane phospholipids. FA-PC is easily formed by physically compositing FA
with exogenous phospholipid, which not only enhances the solubility of FA but also facilitates the
intracellular delivery of FA.
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2. Materials and Methods
2.1. Materials

Phospholipid (soybean lecithin containing 90.4% phosphatidylcholine) was purchased
from Shanghai Tai-wei Pharmaceutical Co. Ltd. (Shanghai, China). Fusidic acid was
obtained from Shanghai Aladdin Biochemical Technology Co. Ltd. (Shanghai, China).
Trifluoroacetic acid (TFA, analytical grade) and Coumarin 6 (C6) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Luria-Bertani Medium was supplied by Coolaber
Science & Technology Co., Ltd. (Beijing, China). DAPI staining solution (C1006) was
purchased from Beyotime Biotech Inc. (Shanghai, China).

2.2. Preparation of FA-PC

The FA-PC was prepared according to previous methods with some minor modifi-
cations [28,29]. In detail, 13 mg of FA and 20 mg of phospholipid (molar ratio 1:1) were
co-dissolved in 1 mL of absolute ethanol under magnetic stirring at room temperature.
The mixture solution was further stirred at 55 °C for 2 h to yield a clear and transparent
solution. The above solution was then subjected to rotary evaporation at 55 °C for 30 min
under vacuum to remove the solvent. The dried FA-PC was sealed and stored at —20 °C
immediately after evaporation until further use.

2.3. Characterization of FA-PC
2.3.1. High-Performance Liquid Chromatography (HPLC)

The analysis was conducted using an HPLC system (Thermo Scientific, UltiMate
3000, Waltham, Mass, USA) equipped with a C18 (Acclaim™ RSLC 120, Thermo Scientific,
UltiMate 3000, Waltham, Mass, USA) analytical column (2.2 um, 120 A, 2.1 %100 mm). The
mobile phase consisted of acetonitrile and 0.1% TFA at a ratio of 80:20 (v/v). The system
was run at a flow rate of 0.3 mL/min, with the column temperature at 30 °C. The detection
was performed at the wavelength of 215 nm, and the injection volume was 1 pL.

The samples were prepared as follows: deionized water was added to the prepared
FA-PC, followed by constant shaking under 100 rpm and 25 °C for 24 h. Subsequently, the
resultant liquid was centrifuged at 12 krcf and 4 °C for 5 min to separate the undissolved
drug. Then, the supernatant was collected and diluted with the mobile phase, and a 10 pL
aliquot of the solution was injected into the HPLC system. In addition, FA powder was
also dissolved in 1 mL of mobile phase, and a 10 pL aliquot of the solution was injected
into the HPLC system.

2.3.2. The UV Spectroscopy

The samples (FA-PC, FA and PC) were dissolved in absolute ethanol and added to
the 96-well plates, respectively. The UV absorption spectra within the wavelength range
of 200-400 nm were recorded using the Multiskan Sky Microplate Spectrophotometer
(Thermo Scientific, USA). The solvent absolute ethanol was used as the blank.

2.3.3. The FT-IR Spectroscopy

The FTIR spectra of FA-PC, FA and PC were measured by Attenuated Total Reflectance
FTIR spectroscopy (ATR-FTIR, Spectrum Two FI-IR Spectrometer, PerkinElmer, USA). In
brief, the sample was dissolved in absolute ethanol, and 10 pL of the resultant solution
was added on the testing board. After air-flow drying, the specimen was examined by
ATR-FTIR in the range between 400 and 4000 cm ™.

2.4. Solubility

The water solubility of the FA-PC was examined by HPLC. In brief, the HPLC-based
calibration was established by measuring the peak areas of FA standard samples (2.5,
5,10, 20 and 40 pg/mL). The linear regression equation was obtained and used for the
quantification of FA content. The prepared FA-PC (at molar ratios of 1:0.5, 1:1 and 1:2) was
dissolved in deionized water under shaking (100 rpm and 25 °C) for 24 h, followed by
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centrifugation (12 krcf, 5 min). The resultant supernatant was analyzed by HPLC as above.
The FA content was calculated according to the regression equation obtained above.

2.5. Bacterial Culture

The selected pathogens E. coli (ATCC25922), P. aeruginosa (ATCC15692) and S. aureus
(ATCC29213) were incubated in the Luria—Bertani (LB) culture medium at 37 °C with
shaking at 150 rpm. At the exponential growth phase, bacteria suspension was centrifuged
(20 °C, 1800 rcf, 15 min) and diluted to a final concentration of ~5 X 10* CFU (colony-
forming unit)/mL in fresh LB for further use.

2.6. Antibacterial Activity of FA-PC

The antibacterial activity of the FA-PC (molar ratio 1:1) against Gram-negative pathogens
E. coli and P. aeruginosa was examined by CFU counting-based quantification as previously
reported [34-36]. The FA-PC water solution was prepared the same as above. The phos-
pholipid water solution was also prepared in the same way. For FA water suspension
preparation, the FA powder was suspended in water and subjected to the probe sonication
(Scientz-1ID, Ningbo, China) at 25 W for 5 min (3 s on and 3 s off), followed with continuous
shaking (100 rpm and 25 °C) for 24 h.

At the volume ratio of 4:1 (drug solution to bacterial suspension), the FA-PC, FA,
phospholipid (equivalent to the content in the FA-PC) and water (control) were mixed with
bacterial suspension, respectively. The final concentration of sample equivalent to FA was
20 ng/mL. At predetermined time intervals (6, 12 and 24 h) post-incubation at 37 °C, the
bacterial suspension was serially diluted with PBS, and 10 pL of the diluted suspension
was inoculated onto LB agar plates. After incubation for 16 h, the CFU grown on the agar
plates was counted.

The concentration-dependent antibacterial activity of the FA-PC against E. coli and P.
aeruginosa was investigated at the concentrations of 5, 10 and 20 ug/mL (equivalent to FA).
In addition, the antibacterial activity of the FA-PC against a typical Gram-positive pathogen
S. aureus was also examined at the concentrations of 1, 2 and 4 pug/mL (equivalent to FA).
The antibacterial effect was presented by the loss of viability according to the following
equation [1,7]:

Loss of Viability (0/0) = (CFUControl - CFUSample)/CFUCont-rol % 100.

2.7. Scanning Electron Microscopy (SEM)

The morphology of E. coli and P. aeruginosa cells before and after the FA-PC treatment
was examined by SEM (S5U8200, Hitachi Ltd., Tokyo, Japan). Briefly, the clean round cover
glasses were placed in the 24-well culture plates in advance, followed by adding bacterial
suspensions and samples. After treatment, the cover glasses were taken out carefully and
the bacteria cells were fixed with 2.5% glutaraldehyde at 4 °C for 3 h, followed by gradient
dehydration in 30%, 50%, 75% and 100% ethanol solutions (10 min in each). After air-drying
at room temperature, the specimens were coated with gold and examined by SEM at a
voltage of 10 kV.

2.8. Fluorescence Analysis of Intracellular Drug—Phospholipid Complex

In order to further demonstrate the intracellular delivery of the FA-PC, a hydrophobic
green fluorescent probe coumarin-6 (C6) was used to replace FA to form the complex with
phospholipid (that is C6-PC), and the intracellular C6-PC was examined by confocal laser
scanning microscopy (CLSM). Briefly, the C6-PC at the molar ratio of 1:1 was prepared using
the same method as the FA-PC. The clean cover glasses were placed in the wells of 24-well
culture plates in advance. Afterward, the C6-PC (160 pug/mL), C6 (160 ng/mL, dissolved
in 0.5% DMSO) and water (control) were mixed with E. coli suspension (1 X 10° CFU/mL)
in the plate wells and incubated at 37 °C for 3 h. The cover glasses were carefully taken out
and the treated bacteria cells were fixed with 2.5% glutaraldehyde at 4 °C for 3 h, followed
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by gradient dehydration in 30%, 50%, 75% and 100% ethanol solutions (10 min in each). At
last, the bacteria cells were stained with DAPI for 10 min. The resultant specimens were
examined by an Olympus FV3000RS confocal microscope (Olympus Corporation, Tokyo,
Japan). The fluorescence intensity was analyzed by Image ] (Version Java 1.8.0).

2.9. Competition Inhibition of FA-PC Delivery by Extra Phospholipid

In order to investigate the transportation mechanisms of the FA-PC, the antibacterial
activity of the FA-PC and the intracellular delivery of the C6-PC in the presence of extra
phospholipids were investigated. In brief, E. coli suspension was treated with the FA-
PC (10 pg/mL) in the presence of different amounts of extra phospholipid (0, 1, 2 and
4 mg/mL). At predetermined time intervals (6 and 12 h), the E. coli cells were serially
diluted with PBS, and 10 uL of the diluted bacterial suspensions were inoculated onto LB
agar plates. After further incubation for 16 h, the CFUs grown on agar plates were counted,
and the bacteria viability loss was calculated according to the equation above.

In addition, E. coli suspension was also treated with the C6-PC (160 ug/mL) in the
presence of different amounts of extra phospholipid (0, 1, 2 and 4 mg/mL). The bacteria
treated with water served as a control. After incubation at 37 °C for 3 h, the bacteria cells
were subjected to fixing, dehydration and DAPI staining, the same as above. The resultant
specimens were examined by CLSM to demonstrate the intracellular delivery of the C6-PC.

2.10. Statistics

In this work, all the experiments were performed in triplicate at least, and all the
data were presented as mean =+ standard deviation (SD). Differences between groups were
assessed using a t-test or one-way ANOVA (GraphPad Prism 9.0). The difference was
considered statistically significant when p < 0.05.

3. Results and Discussion
3.1. Preparation and Characterization of FA-PC

The FA-PC was simply synthesized via co-dissolving FA and phospholipid in absolute
ethanol, followed by magnetic stirring and rotary evaporation under vacuum (Figure 1A).
The HPLC results (Figure 1B) show that the FA-PC (molar ratio 1:1) and FA have the
same peak shape and the same retention time (retention time 1.9 min). The FA-PC and
FA also have a similar UV absorption spectrum (Figure 1C). FTIR spectra show that the
stretching vibration of ~OH significantly shifted from 3438 cm~! in FA to 3364 cm ! in
the FA-PC (Figure 1D), indicating the formation of a hydrogen bond between the FA and
phospholipids [37]. Similar HPLC graphs and UV and FTIR spectra were also presented by
the FA-PC at the other molar ratios (1:0.5 and 1:2, Figure S1). These results indicate that the
FA-PC is a physical complex of FA with PC but not a new compound [32].

Favorable water solubility of a drug is highly important for its convenient delivery
and clinical applications. It is known that the water solubility of FA is only 5.2 pg/mL [24].
Such a low solubility may limit the efficacy and wide application of FA. Many previous
works have reported the enhanced solubility of various drugs upon the formation of a
phospholipid complex [31,33,38]. Herein, we determined the water solubility of the FA-PC
using HPLC-based calibration. The developed HPLC method shows a great separation for
FA, and the linear regression equation has a high linear correlation coefficient (R? = 0.9999)
(Figure S2). As shown in Figure 1E, the poor water solubility of FA was significantly
enhanced to 36.14 ug/mL by the FA-PC (1:0.5), to 133.1 pg/mL by the FA-PC (1:1) and to
186.7 ug/mL by the FA-PC (1:2). Such an enhancement in water solubility may substantially
facilitate the antibacterial application of FA.
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Figure 1. Preparation and characterization of FA-PC. (A) Schematic illustration of the preparation of
FA-PC. (B) HPLC graphs of FA-PC (molar ratio 1:1) and FA. (C) UV spectra and (D) FTIR spectra
of FA-PC (molar ratio 1:1), FA and phospholipid. (E) Water-solubility of FA-PC at different molar
ratios examined by HPLC. Data are presented as mean =+ SD (n = 3). Statistical analysis: * p < 0.05;
#** p < 0.001; **** p < 0.0001.

3.2. Antibacterial Activity of FA-PC

In order to examine whether the FA-PC is able to reverse the natural resistance of
Gram-negative bacteria to FA, the antibacterial activity of the FA-PC (molar ratio 1:1)
against E. coli and P. aeruginosa was investigated. As shown in Figure 2A, the E. coli colonies
grown on LB agar plates increased rapidly in the control group from 6 to 24 h (i.e., water),
indicating that E. coli cells had normal growth under the culture conditions. The same rapid
growth of E. coli was also found in FA (20 pg/mL) and phospholipid groups. It means
that free FA or phospholipid alone has no inhibition effect on the growth of E. coli. In the
presence of the FA-PC (20 ug/mL), however, almost no E. coli colonies were found at 6 h
and only a few colonies appeared at 12 and 24 h post-incubation. It implies that the growth
of E. coli was substantially inhibited by the FA-PC. The CFU counting-based quantification
further showed that the FA-PC caused an E. coli viability loss of 99.9% at 6 h, a 98.4% loss
at 12 h and a 96.7% loss at 24 h, while free FA or phospholipid caused no viability loss at
all times (Figure 2B). These results indicate that the FA-PC has great antibacterial activity
against E. coli.
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Figure 2. Antibacterial effect of FA-PC (1:1, 20 pg/mL) against E. coli and P. aeruginosa upon incubation
for 6,12 and 24 h. (A) Photos of E. coli colonies grown on LB agar plates after treatment with water
(control), FA-PC, FA and phospholipid. (B) CFU counting-based quantification of viability loss
of E. coli. (C) Photos of P. aeruginosa colonies grown on LB agar plates. (D) CFU counting-based
quantification of viability loss of P. aeruginosa. Data are presented as mean + SD (n = 3). Statistical
significance: **** p < 0.0001.

In the case of P. aeruginosa, almost the same results were found. P. aeruginosa colonies
grown on LB agar plates increased rapidly in both control and FA groups, but there were
far fewer colonies in the FA-PC group (Figure 2C). It implies that the growth of P. aeruginosa
is not inhibited by free FA but is highly inhibited by the FA-PC. The CFU counting-based
quantification further showed that the FA-PC caused a P. aeruginosa viability loss of 99.1%
at6h, a91.6% loss at 12 h and an 89.2% loss at 24 h, while free FA caused no viability loss at
all (Figure 2D). These results indicate that the FA-PC has great antibacterial activity against
P. aeruginosa. In addition, the FA-PC also showed a greater antibacterial activity against
Gram-positive pathogen S. aureus than free FA (Figure S3).

The concentration-dependent antibacterial activity of the FA-PC (20, 10 and 5 ug/mL)
against E. coli and P. aeruginosa was also investigated. As shown in Figure 3A, the number
of colonies of E. coli on agar plates increases with decreasing FA-PC concentrations at each
time interval. The CFU counting-based quantification provided more useful information
(Figure 3B). At 20 pug/mL, the FA-PC showed very strong anti-E. coli activity until 12 h
(causing >99% viability loss) and a marginally reduced antibacterial effect at 24 h. At 10
nug/mL, the FA-PC still showed strong anti-E. coli activity until 12 h (causing 98.8% and
96.2% viability loss at 6 and 12 h, respectively) and only weak bacteriostatic effect at 24 h
(causing 52.4% viability loss). At 5 ug/mL, the FA-PC showed a strong bacteriostatic effect
against E. coli at 6 h (causing 88.3% viability loss), maintained a small effect at 12 h (causing
47.6% viability loss) but completely lost its efficacy at 24 h.

In the case of P. aeruginosa, similar concentration-dependent antibacterial results were
found (Figure 3C,D). The P. aeruginosa colonies grown on LB agar plates increased signifi-
cantly with decreasing concentration of the FA-PC (Figure 3C). More detailed information
can be found in the CFU counting-based quantification (Figure 3D). At 20 ug/mL, the
FA-PC showed very strong anti-P. aeruginosa activity until 12 h (causing 99.7% and 96.7% vi-
ability loss at 6 and 12 h, respectively) and a significantly reduced antibacterial effect at 24 h
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(causing <90% viability loss). At 10 pg/mL, the FA-PC still showed strong anti-P. aeruginosa
activity until 12 h (causing 99.4% and 93.8% viability loss at 6 and 12 h, respectively) and
only a weak bacteriostatic effect at 24 h (causing 59.6% viability loss). At 5 ug/mL, the FA-
PC showed a strong antibacterial effect against P. aeruginosa at 6 h (causing 99.3% viability
loss), a reduced effect at 12 h (causing 84.6% viability loss) and completely lost its efficacy
at 24 h (viability loss < 40%). In addition, the FA-PC also showed concentration-dependent
antibacterial activity against the Gram-positive pathogen S. aureus (Figure S4).

A FA-PC concentration c
10 pg/mL 6 pg/mL

FA-PC concentration
Control 20 pg/mL 10 pg/mL 5 pg/mL

Control 20 pg/mL

6h
6h

E. coli
12h
P. aeruginosa
12h

24h
24h

B dok Kok * % dok % D ® kK * Kk * *
—ir i | | | i i i

100+ 100+
£ 801 2 801 20 pg/mL
=3 =3
§ Dg 01 M 20 pg/mL :g 2 60 M 10 pg/mL
2 % W 10 pg/mL > 2 W 5 pg/mL
o' 40- W 5pgml SO 40
8 3 g
- 20- a0 ;

0-

6h 12h 24h 6h 12h 24h
E. coli P. aeruginosa

Figure 3. Concentration-dependent antibacterial activity of FA-PC (20, 10 and 5 ug/mL) against E.
coli and P. aeruginosa. (A) Typical photos of E. coli colonies grown on LB agar plates. (B) The loss of
viability of E. coli quantified by CFU counting. (C) Typical photos of P. aeruginosa colonies grown
on LB agar plates. (D) The loss of viability of P. aeruginosa quantified by CFU counting. Data are
presented as mean + SD (n = 3). Statistical analysis: * p < 0.05; ** p < 0.01.

The concentration-dependent and time-dependent antibacterial activity of the FA-PC
can provide an important guideline for its practical use in the treatment of Gram-negative
bacterial infections. For example, the FA-PC can be administered once a day at the high
dosage (i.e., exposure concentration is ~20 ug/mL), twice a day at the medium dosage
(i.e., exposure concentration is ~10 pg/mL) and three times a day at the low dosage
(i.e., exposure concentration is ~5 pg/mL).

All these results shown in Figures 2 and 3 clearly show that free FA has no antibacterial
activity against E. coli or P. aeruginosa. However, the FA-PC has great antibacterial activity
against those Gram-negative pathogens that have a natural resistance to free FA. This
successful reversing of Gram-negative pathogens’ resistance to FA via forming an FA-PC
has never been reported before.

3.3. Morphology Changes in Bacteria Cells

The morphology changes in Gram-negative pathogens E. coli and P. aeruginosa after
treatment with the potent FA formulation have never been reported. Herein, we used
SEM to examine the morphology changes in these pathogens after treatment with the
FA-PC. As shown in Figure 4A, the E. coli cells in the control groups show the typical
rod shape [39]. After treatment with FA, the cell shape had almost no changes, indicating
the ineffectiveness of FA. Interestingly, there are a lot of obviously elongated E. coli cells
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after treatment with the FA-PC (hollow arrows indicate the significantly elongated bacteria
cells, Figure 4A). Such an elongation implies that the cell division of E. coli is inhibited
by the FA-PC, which may be relevant to the antibacterial mechanism of FA (binding to
elongation factor G [13,14]). In the case of P. aeruginosa, the free FA also had little effect on
the cell morphology, but the significant elongation of P. aeruginosa cells was found after
treatment with the FA-PC (hollow arrows indicate the significantly elongated bacteria cells,
Figure 4B), the same as that found in E. coli cells.

E.coli B P. aeruginosa

Figure 4. Representative SEM images of (A) E. coli and (B) P. aeruginosa morphology after treatment
with FA and FA-PC for 6, 12 and 24 h. Hollow arrows indicate the significantly elongated bacteria
cells. Scale bar: 2 um.

These SEM images demonstrate the FA-PC-caused elongation of Gram-negative bacte-
ria cells for the first time and support the antibacterial quantitative data in Figures 2 and 3.
As we know, the action target of FA is the elongation factor G located on the ribosome in the
cytoplasm [11-14]. In this regard, we have reason to believe that the FA-PC is successfully
delivered into Gram-negative bacteria cells via transmembrane transportation, and this
needs further investigation.

3.4. Intracellular Delivery of Drug—Phospholipid Complex

The results shown above suggest that the FA-PC may be delivered into the cytoplasm
of Gram-negative bacteria cells via transmembrane transportation, so as to demonstrate its
great antibacterial activity. Herein, we used the hydrophobic C6 as a green fluorescence
probe to form the C6-PC and tracked the intracellular C6-PC in E. coli cells using CLSM.
As shown in Figure 5A, E. coli cells in all groups show strong blue fluorescence, indicating
the successful staining by DAPL. The cells in the control group show no green fluorescence
and those treated with free C6 only show weak green fluorescence. In contrast, strong
green fluorescence can be found in the E. coli cells treated with the C6-PC. The fluores-
cence intensity analysis shows that all groups have comparable blue fluorescence intensity
(Figure 5B), indicating the comparable number of living E. coli cells, which excludes the
influence of cell number on the following analysis of green fluorescence intensity. As shown
in Figure 5C, the bacteria cells treated with the C6-PC have a green fluorescence intensity
of 30.6, significantly higher than the green fluorescence intensity of 6.0 seen following
treatment with free C6 (5-fold higher). It implies that only a little free C6 was delivered into
E. coli cells, but the successful intracellular delivery was realized in the form of the C6-PC.
The CLSM images provide a visualized result to further confirm successful drug delivery
into Gram-negative bacteria cells in the form of the drug—phospholipid complex.
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Figure 5. Analysis of intracellular drug delivery into E. coli cells using CLSM. (A) CLSM images of E.
coli cells treated with water (control), free C6 and C6-PC. Scale bar: 5 um. Image J-based fluorescence
intensity analysis of (B) DAPI (blue) and (C) C6 (green). Data are presented as mean + SD (n = 3).
Statistical significance: ns, nonsignificant; *** p < 0.001; **** p < 0.0001.

According to the antibacterial results (Figures 2—4) and the intracellular imaging anal-
ysis (Figure 5), phospholipids must play essential roles in reversing the natural resistance
of Gram-negative pathogens to FA. It is undoubted that the exogenous phospholipid in the
FA-PC occupies the reaction site of FA already and thus highly inhibits the interaction of
FA with the endogenous membrane phospholipids, allowing the efficient transmembrane
transport of FA in the form of the FA-PC via simple diffusion. But it is unknown whether
there is a co-existence of phospholipid-associated facilitated diffusion.

3.5. Compromised Antibacterial Activity of FA-PC by Extra Phospholipid

In order to preliminarily disclose whether the phospholipid-associated facilitated
diffusion exists, we investigate the effect of extra phospholipid (1, 2 and 4 mg/mL) on the
antibacterial activity of the FA-PC against E. coli. As shown in Figure 6A, the number of
E. coli colonies grown on LB agar plates at 6 h post-incubation increases with increasing
phospholipid concentration, and this phenomenon is more obvious at 12 h. The CFU-
based quantification shows that the anti-E. coli activity of the FA-PC at 6 h post-incubation
decreased from 99.5% to 95.8%, 84.5% and 80.5% with the addition of 1, 2 and 4 mg/mL
of extra phospholipid, respectively (Figure 6B). At 12 h post-incubation, the presence of
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extra phospholipid almost caused the FA-PC to completely lose its anti-E. coli activity, with
antibacterial activity remarkably decreased from 99.5% down to less than 50% (Figure 6C).
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Figure 6. The antibacterial activity of FA-PC against E. coli in the presence of extra phospholipid (1, 2
and 4 mg/mL). (A) Typical photos of E. coli colonies grown on LB agar plates. (B) CFU counting-based
quantification of viability loss of E. coli at 6 h. (C) CFU counting-based quantification of viability
loss of E. coli at 12 h. Data are presented as mean =+ SD (1 = 3). Statistical significance: *** p < 0.001;
% p < 0.0001.

It is clear that the extra phospholipid significantly compromised the antibacterial
activity of the FA-PC in a concentration-dependent manner. On the one hand, the exogenous
phospholipid prevents FA from being captured by membrane phospholipids and reverses
the natural resistance of Gram-negative bacteria to FA via forming an FA-PC. On the other
hand, the extra exogenous phospholipid inhibits the antibacterial activity of the FA-PC. It
suggests that competition may exist between the extra phospholipid and the phospholipid
in the FA-PC and that phospholipid-related transmembrane transportation may be involved
in the intracellular delivery of the FA-PC.

3.6. Inhibited Intracellular Delivery of Drug—Phospholipid Complex by Extra Phospholipid

In order to further examine the effect of extra phospholipid on the intracellular de-
livery of the FA-PC, we investigate the intracellular imaging of the C6-PC in the presence
of extra phospholipid (1, 2 and 4 mg/mL) using CLSM. As shown in Figure 7A, E. coli
cells in all groups show comparable strong blue fluorescence (DAPI). As expected, the
green fluorescence, which indicates the intracellular amount of the C6-PC, is strongest in
the C6-PC without extra phospholipid and becomes darker with increasing phospholipid
concentration. The Image J-based fluorescence intensity analysis shows that the bacteria
cells in all groups have comparable DAPI staining (Figure 7B). In contrast, the green flu-
orescence intensity is affected by the concentration of extra phospholipid. In detail, the
green fluorescence intensity significantly decreased from 63.7 at 0 mg/mL of extra phos-
pholipid to 43.5, 21.3 and 11.4 at 1, 2 and 4 mg/mL of extra phospholipid (Figure 7C). The
concentration-dependent green fluorescence intensity further confirms that the intracellular
delivery of the FA-PC is significantly inhibited by the extra phospholipid.



Bioengineering 2024, 11, 177

12 of 15

Phospholipid Concentration (mg/mL)

>

Control

DAPI (Blue)

Merged

C6 (Green)
“

w

DAPI (Blue)

skkokk skdkokk kk
704 T 1l 1r 1

50+

30+
=

10-

-10-

Control 0 1 2 4 Control 0 1 2 4

Phospholipid Phospholipid
Concentration (mg/mL) Concentration (mg/mL)

<]
(=]
]

o
hrd

N
<

Mean Fluorescence Intensity
-
o
L

Mean Fluorescence Intensit

[~
L

Figure 7. Analysis of intracellular drug delivery into E. coli cells in the presence of extra phospholipid
(1,2 and 4 mg/mL) using CLSM. (A) CLSM images of E. coli cells treated with water (control) and
C6-PC in the absence and presence of extra phospholipid. Scale bar: 5 um. Image J-based fluorescence
intensity analysis of (B) DAPI (blue) and (C) C6 (green). Data are presented as mean + SD (n = 3).
Statistical significance: ns, nonsignificant; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

The CLSM images in Figure 7 match well with the antibacterial quantitative results
shown in Figure 6 and further confirm the existence of phospholipid-associated transmem-
brane transportation in the intracellular delivery of the FA-PC. But the real mechanisms
underlying the intracellular delivery of the FA-PC into Gram-negative pathogens are un-
clear. A recent report suggests that the MCE (mammalian cell entry) transporter is a key
factor facilitating the transmembrane uptake of lipids by M. smegmatis, a Gram-negative
bacterium relative of M. tuberculosis [40]. This may be involved in the intracellular trans-
portation of the FA-PC, but further investigations are required to confirm it.

4. Conclusions

In this work, we synthesized a complex of fusidic acid (FA) with phospholipid, namely
FA-PC, via simple co-dissolving and solvent evaporation methods. The FA-PC is not a new
compound in nature, but a physical composite based on the strong interactions between
FA and phospholipid. The FA-PC showed a strong antibacterial activity against two
representative Gram-negative pathogens that have intrinsic resistance to free FA. In detail,
the FA-PC (molar ration 1:1, equivalent to 20 pg/mL FA) caused 99.9% viability loss of E.
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coli and 99.1% viability loss of P. aeruginosa after incubation for 6 h. In the meantime, the FA-
PC maintained great antibacterial activity against the Gram-positive pathogen. The SEM
(scanning electron microscopy) images demonstrated that the morphology of E. coli and P.
aeruginosa cells was significantly elongated after treatment with the FA-PC. Furthermore,
a fluorescent probe C6 was complexed with phospholipid, and CLSM (confocal laser
scanning microscopy) clearly demonstrated that the C6-PC was successfully delivered into
E. coli cells.

Overall, our findings demonstrate the great intracellular delivery and antibacterial
activity of FA against Gram-negative pathogens in the form of the FA-PC. This is the first
report regarding the successful reversing of the natural drug resistance of Gram-negative
pathogens to FA via forming an FA-PC. On the one hand, the exogenous phospholipid in
the FA-PC prevents FA from capture by bacterial membrane phospholipids and facilitates
the intracellular delivery of FA. On the other hand, the extra exogenous phospholipid
also inhibits the intracellular delivery of the FA-PC, suggesting that phospholipid-related
transmembrane transportation may be involved in the intracellular delivery of the FA-PC.
But the real mechanisms are unknown and need further investigation. In conclusion, our
findings provide a platform to reverse transmembrane delivery-related drug resistance.
The ready availability of phospholipids and the simple preparation allows it to have great
potential for clinical use.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /bioengineering11020177/s1, Figure S1. HPLC graphs of (A) FA-
PC (1: 0.5) and (B) FA-PC (1: 2). The FTIR spectra of (C) FA-PC (1: 0.5) and (D) FA-PC (1: 2). UV
spectra of (E) FA-PC (1: 0.5) and (F) FA-PC (1: 2); Figure S2. The HPLC graphs of FA standards
(A) and the HPLC-based calibration and linear regression (B). Figure S3. Antibcaterial ability of
FA-PC and FA (4 pg/mL) against S. aureus. (A) Typical photos of S. aureus on agar plates after
treatment for 6 h. (B) The loss of viability of S. aureus. Data are presented as mean =+ SD (n = 3).
Statistical significance: **** p < 0.0001. Figure S4. Concentration-dependent antibacterial ability of
FA-PC (4, 2 and 1 pg/mL) against S. aureus. (A) Typical photos of S. aureus grown on agar plates.
(B) The loss of viability of S. aureus. Data are presented as mean + SD (n = 3). Statistical significance:
ns, non-significant; ** p < 0.01; **** p < 0.0001.
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