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ABSTRACT: In the tumor microenvironment, there exist micro-
organisms that metabolize anticancer drugs, leading to chemo-
therapy failure. To solve this problem, herein, we develop
antibiotic and anticancer drug co-delivery micelles, termed colistin
crosslinked gemcitabine micelle (CCGM). A self-immolative linker
enables colistin and gemcitabine to be released on demand without
affecting their antibacterial and anticancer effects. Once CCGM is
delivered to the tumor microenvironment, intracellular glutathione
triggers the release of colistin and gemcitabine, inhibiting the
growth of microbes in the tumor, thus eliminating the microbe-
induced drug resistance of tumor.

■ INTRODUCTION
Cancer is one of the leading causes of human death.1 Although
great achievements have been made in tumor treatments
including surgery, radiation therapy, chemotherapy, immuno-
therapy, and drug resistance still exist as an important reason for
treatment failure.2−6 There are many mechanisms of tumor
resistance, such as drug inactivation, drug target alteration, drug
efflux, DNA damage repair, cell death inhibition, and tumor
heterogeneity.7−12 It was also found that microbes in tumors can
cause tumors to develop drug resistance.13

Microorganisms abundantly exist in the human body, and
some microorganisms can also affect the growth of tumors.14−16

It was shown that there are various microorganisms in tumors,
and they are specific in different types of tumors.17−22 For
example, there are many Proteobacteria in pancreatic cancer,
while the microbes in colorectal cancer are mostly phylum
Firmicutes and Proteobacteria.23 The sources of microbes in
tumors could be either native microbes in the tumor tissue or
exogenous microbes from other tissues.24−26 Microbes in gut
and oral are also the sources of tumor microbes, and Escherichia
coli in the intestine can enter the tumor through the circulatory
system, indicating that the gut microbiota may have an impact
on the types of microbes in the tumors.25 Some intestinal
microbes can metabolize chemotherapy drugs, such as
doxorubicin.27 In addition, the Gammaproteobacteria with the
cytidine deaminase gene can metabolize gemcitabine into its
inactive form of 2′,2′-difluorodeoxyuridine, making it ineffective
for tumor treatment.13

Gemcitabine, a cytidine anticancer drug approved by the FDA
as a first-line anticancer drug in 1996,28 has been widely used for
the treatment of various solid tumors.29−33 Gemcitabine has

poor stability and can be metabolically inactivated by cytidine
deaminase in the blood and kidneys.34 To address this problem,
various gemcitabine prodrugs and carriers have been developed,
but tumor resistance to gemcitabine still not well solved.35

Gammaproteobacteria existing in tumor tissue could uptake
gemcitabine prodrugs or its nanoformulations and make them
metabolically inactive. Recently, Xi et al. developed a nano-
enzyme system to inhibit the activity of cytidine deaminase and
eliminate the tumor resistance caused by microorganisms.36 In
addition, altering the microbial composition in the tumor
microenvironment or inhibiting its growth using antibiotics is
also a feasible approach.
In this study, we designed a co-delivery micelle of colistin and

gemcitabine to eliminate bacteria-induced cancer resistance.
The gemcitabine chemically linked with a self-immolative linker
was conjugated to Pluronic F127 to prepare the gemcitabine-
F127 polymer (G-F127); then, colistin, a potent amine-
containing antibiotic, was used as a crosslinker to make
colistin-crosslinked gemcitabine-F127 micelles (CCGM).37,38

Once CCGM reaches the tumor tissue containing bacteria, the
reductive environment enables the rapid release of gemcitabine
and colistin, inhibiting bacterial growth and simultaneously
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treating the tumor, avoiding the gemcitabine metabolism
induced by intratumor bacteria.39

■ RESULTS AND DISCUSSION
Co-delivery of Gemcitabine and Colistin. In order to

prepare gemcitabine-conjugated F127 (G-F127), the hydroxyl
groups on F127 were first chemically converted to thiols, and
gemcitabine was then conjugated to the resulting F127-SH via a
self-immolative linker. The synthetic routes of linker, conversion
of F127 to F127-SH, and the conjugation of gemcitabine are
illustrated in Figures S1−S4. The amine-reactive self-immolative
linker was mixed with G-F127 with the molar ratio of
approximately 1 (linker):1 (gemcitabine on G-F127) (Figure
S5), so the remaining amine-reactive sites on the surface of
micelles could be crosslinked by colistin. To enhance the micelle
stability, an extremely hydrophobic coenzyme Q10 (CoQ10)
was encapsulated in the core of G-F127 micelles (denoted as
GM without colistin crosslinking as a control). Then, colistin
was used as an antibiotic for bacterial killing and a crosslinker for
crosslinking GM. In addition, the resulting colistin-crosslinked
GM was termed CCGM. As shown in Figure 1, due to the

presence of E. coli Nissle 1917, gemcitabine was rapidly
metabolized and inactivated. After CCGM was delivered to
the tumor, the reductive environment caused the rapid release of
colistin and killed the bacteria, thereby eliminating the bacteria-
induced cancer drug resistance.
Characterization of CCGM. As shown in Figure 2A, the

presence of CoQ10 in the core and the crosslinking of colistin
both enhanced the yield of gemcitabine in CCGM. Multiple
amine groups on colistin could react with the remaining linkers
on GM, which further improved the yield of micelles. As shown
in Figure 2B, owing to colistin crosslinking, the surface charge of
CCGM was converted to positive because of the amine groups
on colistin, which could enhance the cellular uptake due to the
electrostatic interaction between CCGM and the cell mem-
brane. The size of the CCGM was about 189.6 ± 2.8 nm
measured by dynamic light scattering analysis (Figure 2C). The
spherical morphology of CCGM was visualized by a trans-
mission electron microscope with negatively staining by a 1%
uranyl acetate aqueous solution, as shown in Figure 2D. Then,
the release of gemcitabine fromCCGMwas also investigated. As
shown in Figure 2E, gemcitabine was almost completely released
within 4 h when incubation with 10 mM tris(2-carboxyethyl)-
phosphine (TCEP), whereas there was almost no release in PBS.

Similar to our previous findings, drugs on CCGM could be
rapidly released in a reductive environment, owing to the self-
immolative linker and the self-immolation process was proposed
in Figure 1.40

Effects of Bacteria on Gemcitabine.To study the effect of
Gammaproteobacteria on gemcitabine, E. coli Nissle 1917 was
chosen and incubated with gemcitabine, and the properties of
gemcitabine were characterized by HPLC and an ultraviolet−
visible spectrophotometer. As shown in Figure 3A, the retention
time of gemcitabine changed from 3.9 to 4.9 min after
incubation with E. coli Nissle 1917, which indicated that
gemcitabine was likely to be metabolized by bacteria. Figures 3B
and S6 show the kinetics of gemcitabine metabolism in the
presence of bacteria. In addition, the absorbance spectra were
compared when gemcitabine was incubated in the culture
medium with or without bacteria for 3 h. As shown in Figure 3C,
after incubation in the culture medium without bacteria, the
characteristic peaks remained the same as that of gemcitabine
aqueous solution. However, with bacteria, the characteristic
peak blue-shifted from 268 to 258 nm. Presumably, bacteria with
genes encoding cytidine deaminase naturally or exogenously
existing in tumor tissue could cause drug resistance of tumors. In
addition, bacteria with genes encoding cytidine deaminase can
metabolize gemcitabine into its inactive form, 2′,2′-difluor-
odeoxyuridine. Free gemcitabine, GM, and CCGM were
incubated with E. coli Nissle 1917 to study the protective effect
of micelles on gemcitabine. As shown in Figure 3D, after
incubation with E. coli Nissle 1917, the retention of drug in free
gemcitabine was minimal due to the metabolism of drug by
bacteria. Also, both the micellar forms of GM and CCGM have
shown protective effects against gemcitabine, especially CCGM
exhibited the highest retention and best protective effect due to
the antimicrobial effect of colistin.
Cellular Uptake. Next, we investigated in vitro cellular

uptake of CCGM. Free gemcitabine, GM, and CCGM were
incubated with 4T1 cells for 4 h. TX-100 and TCEP were used
for cell lysis and the release of gemcitabine, respectively. Cellular
uptake of gemcitabine was quantified by HPLC. As shown in
Figure 4A, CCGM exhibited the highest cellular uptake,
approximately twice than that of free gemcitabine. The cellular
uptake of GM was higher than that of free gemcitabine because
of the hydrophobicity of linker-modified micelles, and the
positive charge of CCGM imparted by colistin that further
enhanced the cellular uptake. Then, fluorescein isothiocyanate
(FITC)-labeled gemcitabine was used to prepare micelles for
cellular uptake quantification. As shown in Figure S7, the
difference between fluorescence spectra before and after FITC
labeling suggested that FITC was successfully labeled on
gemcitabine. FITC-gemcitabine, FITC-GM, and FITC-
CCGM were incubated with 4T1 cells for 4 h, and then cells
were collected and analyzed by flow cytometry. As shown in
Figure 4B, FITC-CCGM exhibited the highest fluorescence
signal, similar to the results in Figure 4A. Fluorescence
microscopic images of cells taking up free gemcitabine, GM,
and CCGM provided a similar trend of cellular uptake of
different formulations (Figure 4C).
Antibacterial and Anticancer Ability In Vitro. To

evaluate the anticancer efficacy of CCGM, different formula-
tions including free gemcitabine, GM, and CCGM were
incubated with 4T1 cells for 24 h, and then the anticancer
effect was assessed using the CCK-8 viability assay. As shown in
Figure 5A, cell viability decreased with increasing gemcitabine
concentration. When the concentration of gemcitabine reached

Figure 1. Schematic illustration of CCGM eliminating bacteria-
induced cancer drug resistance.
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5 or 10 μg/mL, the anticancer effect of GM and CCGM was
higher than that of free gemcitabine probably because of higher
cellular uptake. In addition, to evaluate the antimicrobial efficacy
of CCGM, the minimum inhibitory concentrations (MICs)
weremeasured with or without glutathione (GSH) against E. coli
Nissle 1917 by the checkerboard dilution method. Additionally,
the IC50 values of free gemcitabine, GM, and CCGM were
calculated to be 8.115, 5.767, and 5.463 μg/mL, respectively
(Figure S8). As shown in Figure 5C, the MIC of CCGM + GSH
was about 8 μg/mL, similar to theMIC of free colistin. TheMIC
of CCGM without GSH was about 16 μg/mL, which was twice
as high as CCGM with GSH because some of the amine groups
on the colistin were masked by a self-immolative linker, without
restoring the antimicrobial effect of colistin.

Then, 4T1 cells were cultured with bacteria and incubated
with free gemcitabine, GM, and CCGM for 24 h respectively,
and then cell viability was assessed using the CCK-8 viability
assay. As shown in Figure 5B, free gemcitabine and GM groups
exhibited almost no anticancer activity, while CCGM exhibited
strong anticancer activity. Due to the antibacterial effect of
colistin, the growth of bacteria in the medium of the CCGM
group was inhibited, while gemcitabine in free gemcitabine and
GM groups was metabolized by bacteria and thus did not exhibit
anticancer effects.
In Vivo Antitumor Efficacy. Encouraged by the in vitro

anticancer efficacy of CCGM, we next evaluated the in vivo
anticancer efficacy of CCGM on drug-resistant tumors. Murine
drug-resistant tumor model was established by intravenously
injecting E. coliNissle 1917 that could colonize the tumor tissue

Figure 2.Characterization of CCGM. (A) Enhanced yield of CCGMdue to the stabilization of CoQ10 and colistin crosslinking. (B) Effects of CoQ10
and colistin on the ζ-potential. (C) Size of GM and CCGM. (D) Transmission electron microscopic images of CCGM. Scale bar: 200 nm. (E)
Gemcitabine release from CCGM in the presence of PBS or 10 mMTCEP. *p < 0.05, **p < 0.01, and ***p < 0.001, as analyzed by one-way ANOVA,
followed by Bonferroni’s post hoc analysis (n = 3; data are means ± SD).

Figure 3. Effects of bacteria on gemcitabine. (A) HPLC characteristic peaks of gemcitabine before and after being metabolized. (B) Metabolism of
gemcitabine over time. (C) Gemcitabine before and after being metabolized and detected by UV−vis. (D) Protective effect of GM and CCGM on
gemcitabine (n = 3; data are means ± SD). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as analyzed by one-way ANOVA, followed by
Bonferroni’s post hoc analysis.
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in mice. Briefly, mice were randomly divided into six groups (n =
6): (I) intravenous (i.v.) injection of PBS plus i.v. injection of E.
coli Nissle 1917, (II) i.v. injection of GM plus i.v. injection of E.
coliNissle 1917, (III) i.v. injection of CCGMplus i.v. injection of
E. coliNissle 1917, (IV) i.v. injection of PBS, (V) i.v. injection of

GM, and (VI) i.v. injection of CCGM (Figure 6A). Compared
with I and II groups, the tumors in the III group were effectively
suppressed (Figure 6B), and a 100% survival rate was achieved
after 20 days (Figure 6D). This was due to the bacteria colonized
in the tumor-metabolized gemcitabine, whereas the colistin on
the CCGM inhibited the growth of bacteria, so that drug
resistance was eliminated, leading to the recovery of anticancer
efficacy of gemcitabine. Compared with V and VI groups, III
group also showed comparable antitumor efficiency, further
validating the effectiveness of the colistin crosslinking strategy
(Figure 6B). To demonstrate the antibacterial effect of CCGM
in vivo, we also calculated the CFU number of tumors in each
group. As shown in Figures 6E and S9, the CCGM+ 1917 group
almost had no bacteria, similar to the PBS and GM groups. In
contrast, the CFUs of bacteria in the GM + 1917 group was
about 300 times higher than that of the CCGM + 1917 group.
This showed that CCGM could effectively eliminate the tumor
resistance caused by intratumor bacteria. As shown in Figure 6C,
the body weights of mice in the CCGM-treated group did not
exhibit any abnormality, indicating the good biosafety of
CCGM. In order to further evaluate the safety profile of
CCGM, pharmacokinetics and biodistribution were also
assessed. As demonstrated in Figure S10, the GM and CCGM
exhibited relative long circulation time in blood and did not get
quickly cleared by serum. To visualize the distribution of
gemcitabine in tissues, gemcitabine was fluorescently labeled by
FITC first, and different formulations were injected intra-
venously in mice, followed by imaging of organs under a
fluorescence microscope. Compared with free gemcitabine, GM
and CCGM were accumulated more in the liver (Figure 6F).
Also, as shown in Figure S11, significant accumulation of the
drug in the tumor was also observed likely owing to the
enhanced permeability and retention effect. Furthermore, tumor
slices collected from I to VI group mice were stained with
terminal deoxynucleotidyl transferase dUTP nick-end labeling

Figure 4.Cellular uptake. (A) Cellular uptake of free gemcitabine, GM,
and CCGM, and gemcitabine was FITC labeled (n = 3; data are means
± SD). (B) Cellular uptake analyzed by flow cytometry. (C)
Fluorescence microscope image. Scale bar = 50 μm. *p < 0.05, **p <
0.01, and ***p < 0.001, as analyzed by one-way ANOVA, followed by
Bonferroni’s post hoc analysis.

Figure 5. Antibacterial and anticancer ability in vitro. (A) Anticancer efficacy of free gemcitabine, GM, and CCGM in vitro (n = 5; data are means ±
SD). (B) In vitro anticancer effects of free gemcitabine, GM, and CCGM in the presence of bacteria (n = 5; data are means± SD). The concentration
of each drug is 35 μg/mL. (C) MIC determination of free colistin and CCGM with or without GSH (n = 3; data are means ± SD). *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001, as analyzed by one-way ANOVA, followed by Bonferroni’s post hoc analysis.
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Figure 6.CCGM-enhanced anticancer activity of Gem in the mouse model of subcutaneous breast cancer with intratumor E. coliNissle 1917. Data are
means± SD (n = 6). (A) Treatment schedule. Subcutaneous model of breast cancer (4T1) was established in Balb/c mice. E. coliNissle 1917 bacteria
were injected i.v. and selectively colonized in tumors. (B) Tumor growth curves of different groups after GM and CCGM treatment. (C) Body weight
changes in mice after different treatments. (D) Survival of mice after different treatments. (E) CFUs of tumor homogenate. (PBS group: n = 3, other
groups: n = 4; data are means ± SD) *p < 0.05, **p < 0.01, and ***p < 0.001, as analyzed by one-way ANOVA, followed by Bonferroni’s post hoc
analysis. (F) The biodistribution 24 h after mice was intravenous injection of PBS, free gemcitabine, GM, and CCGM. Fluorescence imaging of tumor
and organs including heart, liver, spleen, kidney, and lung after mice were given FITC-labeled free gemcitabine, GM, and CCGM and sacrificed at 24 h.
(G,H)TUNEL andH&E staining of dissected tumor tissues. Scale bar = 100 μm. (I) PBS + 1917, (II) GM+ 1917, (III) CCGM+ 1917, (IV) PBS, (V)
GM, and (VI) CCGM.
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(TUNEL). Compared with the control group, the III, V, and VI
groups had more tumor cells with brown color (highlighted by
circles and arrows), indicative of apparent cell apoptosis (Figure
6G). The comparison of the II and III groups revealed the
bactericidal effect of colistin. Also, hematoxylin and eosin
(H&E) staining images were also taken, and images of tumors
collected from III, V, and VI groups exhibited histological
structures with loose tissue gaps and reduced number of tumor
cells (Figure 6H).
Biocompatibility Evaluation of CCGM. Finally, the

biocompatibility of CCGM was assessed in CD-1 mice. The
mice were divided into two groups; PBS or 4 mg kg−1 CCGM
was intravenously administered to mice via tail vein injection
every 3 days for a total of five injections. After 24 h of the last
injection, bloods and organs were collected for complete blood
count (CBC) analysis and H&E analysis. As shown in Figure
S12, there was no significant difference for the CBC parameters
as indicated between mice given PBS or CCGM including red
blood cell count, platelet count, neutrophil (Neu) count, mean
cell volume, and others. Major organs collected from mice
treated with PBS and CCGM were examined by H&E staining
analysis, and no inflammation or other overt abnormality was
observed (Figure S13). These data indicate that CCGM appears
to be favorably biocompatible without causing acute toxicity
following i.v. injection, at least in mice.

■ CONCLUSIONS
In summary, we synthesized a gemcitabine and colistin co-
deliverymicellar system using colistin as a crosslinker to enhance
the micelle stability and importantly to eliminate bacteria-
induced drug resistance of tumor. Colistin and gemcitabine were
linked to micelles by a self-immolative linker, and they could be
released in response to the reducing environment in tumors. In
vitro and in vivo results collectively showed that CCGM had
good antibacterial and anticancer effects, effectively preventing
gemcitabine from being metabolized by intratumor bacteria.
Altogether, CCGM, as a new biomaterial, shows great promise
for the elimination of drug resistance and enhanced antitumor
efficacy for microbe-induced drug-resistant tumor treatment.

■ EXPERIMENTAL SECTION
Materials and Reagents. Pluronic F127 and CoQ10 were

purchased from Sigma-Aldrich. Gemcitabine hydrochloride was
purchased from Shanghai Dibo Biotechnology Co., Ltd. 4-
Dimethylaminopyridine (DMAP) and colistin sulfate salt
(colistin) were purchased from Shanghai Yuanye Bio-Technol-
ogy Co., Ltd. FITC, N,N-diisopropylethylamine (DIPEA), and
TCEP were purchased from Heowns Biochem Technologies,
LLC, Tianjin. N,N-Dimethylformamide (DMF) was purchased
from Tianjin Bohai Chemical Industry Group Co., Ltd.
Dichloromethane was purchased from Tianjin Jiangtian
Chemical Technology Co., Ltd. Dimethyl sulfoxide (DMSO)
was purchased from Tianjin Kemiou Chemical Reagent Co.,
Ltd. E. coli Nissle 1917 was purchased from Beijing Biobw
Biotechnology Co., Ltd. 4T1 cells were kindly provided by Prof.
Xiaoli Wang’s group. Balb/c and CD-1 mice were purchased
from Charles River Beijing Co., Ltd.
Synthesis of G-F127 (Gemcitabine-Conjugated Plur-

onic F127). G-F127 was made by conjugating gemcitabine to
Pluronic F127 (F127) via a self-immolative linker. Sulfhydryl
Pluronic F127 (SH-F127) and self-immolative linker were first
synthesized as previously reported.40,41 Gemcitabine was first

chemically modified by the self-immolative linker by dissolving
0.05 mmol of self-immolative linker and 0.05 mmol of
gemcitabine hydrochloride in 1 mL of DMF, and 12 μL of
DIPEA and 0.01 mmoL of DMAP were added in the DMF
solution above and stirred for 16 h. Then, 0.02 mmoL SH-F127
was dissolved in 20 mL of dichloromethane, followed by adding
the aboveDMF solution dropwise in it and stirring for overnight.
Then, dichloromethane was evaporated under vacuum, the
mixture was dissolved in H2O and dialyzed with a 8000−14 000
MWCO dialysis bag, and the final product of G-F127 was
collected after freeze-drying.
Preparation of GM and CCGM. G-F127 micelles (GM)

were made as a control without colistin crosslinking by using
CoQ10 in the core of micelles for stabilization. Briefly, CoQ10
(0.6mg) dissolved in 100 μL of dithiothreitol was added to 1mL
of 5% (wt %)G-F127 aqueous solution, followed by stirring for 2
h. To further make colistin crosslinked GM (CCGM), 5 mg of
colistin in 100 μL of distilled water was added to the above G-
F127 solution, and then 5 μL of 1 mol/L NaOH aqueous
solution was added to adjust the pH value for crosslinking and
then stirred for 2 h. The final solution was centrifuged in a
centrifugal filtration device with an ultrafiltration centrifugal
tube three times to remove free colistin and unstable micelles.
Characterization of GM and CCGM. To investigate the

effects of CoQ10 and colistin on micelle stability, different
control formulations were made. Briefly, 0.6 mg of CoQ10 + 5
mg of colistin, 5 mg of colistin with no CoQ10, and 0.6 mg of
CoQ10with no colistin were added, and the other steps were the
same as described before. To study the release of gemcitabine,
10 mM TCEP was added to the gemcitabine micelles
formulations as indicated in Figure 2E, and the released drug
was detected by HPLC (Agilent 1260 Infinity II). The size and ζ
potential were measured by a nanoparticle size and ζ potential
analyzer (Nano ZS, Malvern). The morphology of CCGM was
observed by a transmission electron microscope (JEM-
1400Flash) after negatively staining by 1% uranyl acetate. The
release activity of CCGM was measured under reductive
conditions (10 mM TCEP) and PBS at 37 °C, and the release
of gemcitabine was measured by HPLC. The mobile phase of
HPLC consisted of 90% sodium acetate buffer with pH= 4.6 and
10% acetonitrile on the rate of 0.5mL/min, and gemcitabine was
detected at 267 nm.
Effect of Bacteria on Gemcitabine In Vitro. E. coli Nissle

1917 (1917) was cultured with LB liquid medium overnight in a
constant-temperature shaker (37 °C, 180 rpm), 1 mg of
gemcitabine was added in 1 mL LB liquid medium with bacteria,
a part of the solution was taken out at a specific time as indicated,
and the characteristic peaks of gemcitabine were detected by
HPLC and a ultraviolet−visible spectrophotometer (Thermo
Scientific).
To study the protective effect of GM and CCGM on

gemcitabine, free gemcitabine, GM, and CCGM were added to
fresh bacterial culture medium, followed by the addition of 10
μL of E. coliNissle 1917 culture medium and incubated at 37 °C,
180 rpm for 8 h. After that, the bacteria were removed by
centrifugation, the supernatant was diluted 10-fold with TCEP
solution and incubated overnight at 37 °C, and the gemcitabine
concentration was quantified by HPLC.
Cellular Uptake and Intracellular Distribution.To study

the cellular uptake, 1 × 106 4T1 cells were transferred to six-well
plates and incubated overnight at 37 °C with 5% CO2.
Subsequently, the cells were incubated with free gemcitabine,
GM, and CCGM in medium for 4 h. Then, the medium was
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removed and washed with PBS three times. After that, cells were
lysed by 1% Triton X-100 (TX-100), and TCEP was added to
release gemcitabine on micelles. Gemcitabine uptake into cells
was quantified by HPLC.
To visualize the effect of cellular uptake, FITC-labeled

gemcitabine was used to prepare FITC-GM and FITC-CCGM.
To label gemcitabine with FITC, 0.1 mmol gemcitabine
hydrochloride was dissolved in 3 mL of ultrapure water, the
pH value was adjusted to 10 with NaOH, and then 0.01 mmol
FITC in 300 μL of DMSO was added to it and stirred for 4 h.
Then, the solution was lyophilized. The other steps for preparing
GM and CCGM were similar as described before. 1 × 106 4T1
cells were transferred to six-well plates overnight and then
incubated with free FITC-gemcitabine, FITC-GM, and FITC-
CCGM in medium for 4 h. Cells were washed three times by
PBS, resuspended, and analyzed by flow cytometry (FACSAria
III, BD). For the intracellular distribution study, cells were
washed with PBS and stained with DAPI and then were
observed by a fluorescence microscope (Nikon ECLIPSE ti2).
In Vitro Anticancer and Antibacterial Efficacy of

CCGM. For the in vitro anticancer study, 5 × 104 4T1 cells
were transferred to 96-well plates and incubated overnight, and
then the medium was replaced with a fresh medium with free
gemcitabine, GM, or CCGM in different concentrations (1, 2,
and 5 μg/mL) and incubated for 24 h. Then, the medium was
removed, the cells were washed with PBS three times, and the
cell viability was detected by the CCK-8 kit.
MIC was measured to study the antibacterial ability of

CCGM. For colistin quantification, we prepared CCMG with
FITC-labeled colistin.42 E. coli Nissle 1917 was cultured to
logarithmic phase in the LB liquid medium, and the bacteria
were diluted 100-folds with PBS. Then, free colistin or CCGM
(with 2 mM GSH) or CCGM (without GSH) dissolved in the
Mueller−Hinton broth medium were placed in 96-well plates
with different concentrations, the concentration range of colistin
was 64−0.5 μg/mL by the broth microdilution method, and 20
μL of bacteria PBS solution was added and incubated overnight.
The absorbance of each well at 600 nm was measured by a
microplate reader (Infinite M Nano+).
To study the ability of CCGM to eliminate the drug resistance

of 4T1 cells caused by bacteria, 5 × 104 cells were transferred to
96-well plates overnight, and then the medium was replaced by
the medium with E. coli Nissle 1917. Free gemcitabine, GM, or
CCGM was added in the medium to make the concentration of
gemcitabine 35 μg/mL, followed by incubation for 24 h. After
that, the medium was removed and washed 3 times with PBS.
The cell viability was measured with the CCK-8 (Solarbio,
Beijing, China) method.
Ability of CCGM to Eliminate Drug Resistance Caused

by Bacteria In Vivo. Drug-resistant tumor models were
prepared as previously reported.13 Mice were purchased from
Charles River Beijing Co., Ltd. (Beijing, China). Animal
experiments were performed in accordance with the Tianjin
University Institutional Animal Care and Use Committee
(protocol number: TJUE-2020-033). Female Balb/c mice of
age 6−8 weeks were subcutaneously injected with 1 × 106 4T1
cells. After about 1 week, the mice were randomly divided into
six groups. Three groups were prepared as drug-resistant tumor
models; E. coli Nissle 1917 were grown overnight at 37 °C and
then diluted 100-folds with freshmedia until growing toOD600 =
0.5. To evaluate the bacteria killing efficiency of CCGM, the
bacteria were washed with PBS three times and diluted to 5 ×
107 bacteria/mL, and each mice were injected 100 μL through

the tail vein. For the normal tumor models, mice were injected
100 μL of sterile PBS. For normal tumor model mice, PBS or
GM at a dose of 4.0 mg kg−1 gemcitabine was injected every 3
days for a total of five injections. For drug-resistant tumor
models, GM or CCGM at a dose of 4.0 mg kg−1 gemcitabine was
injected every 3 days. Tumor size and body weight were
measured every day. After 20 days, the mice were sacrificed, and
tumors were homogenized. The tissue homogenate of tumor
was spread on bacteria culture dishes to count bacteria in
tumors. TUNEL and H&E-stained sections were prepared by
Tianjin Haosi Biotechnology Co., Ltd.
Pharmacokinetics and Biodistribution of CCGM. To

determine half-life in blood and biodistributions in major
organs, free gemcitabine, GM, and CCGM with a dose of 4 mg
(gemcitabine) kg−1 were injected intravenously vial tail vein.
The blood was collected at indicated time points. To prepare
samples for analysis, 50 μL of serum and 300 μL of acetonitrile
were mixed. The supernatant solution (350 μL) was collected
after centrifugation at 8000 rpm for 10 min. The solvent was
incubated with 3.5 μL of 2MTCEP overnight before the HPLC
assay. For fluorescence imaging of organs, mice are intra-
venously given FITC-labeled free gemcitabine, FITC-GM, and
FITC-CCGM with 4 mg (gemcitabine) kg−1 gemcitabine. After
24 h of injection, mice were sacrificed and organs were collected
and then imaged by IVIS (Night OWL II LB 983, Berthold
Technologies) with excitation/emission wavelengths at 485/
520 nm.
Biosafety Assay of CCGM. In order to evaluate the

potential toxicity of CCGM in vivo, free gemcitabine and
CCGM were injected into CD-1 mice via tail vein (4 mg kg−1)
every 3 days for a total of five injections, and then blood routine
was performed after 24 h of the last injection. At the same time,
the main organs of mice (heart, liver, spleen, liver, and kidney)
were collected for H&E staining.
Statistical Analysis. Data was analyzed with GraphPad

Prism 8.0.2. Statistical significance was analyzed by one-way
ANOVA, followed by Bonferroni’s post hoc analysis. Data was
considered statistically significant when p < 0.05. Values were
reported as the average standard deviation with the sample size.
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