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ABSTRACT: In this study, a pH-responsive nano-prodrug was
fabricated by conjugating emodin to the PEGylated polyethylenei-
mine (mPEG-PEI) with acid-sensitive boronate ester bonds. 1H
NMR spectra results showed that emodin was effectively bonded to
mPEG-PEI, and acid-sensitive assay further confirmed the
formation of boronate ester bonds. The size and morphology of
the nano-prodrug were ascertained through transmission electron
microscopy (TEM) and dynamic light scattering (DLS), which
showed that the prodrug has a sphere-like shape with hydro-
dynamic size around 102 nm at pH 7.4. Subsequently, a drug-
release behavior assay was carried out to carefully investigate the
acid-sensitive drug-delivery property of the prodrug. Moreover, in
vitro cell viability assay confirmed the superior cytotoxic effect of
the nano-prodrug against HeLa cells compared to free emodin. Furthermore, the antibacterial study showed that the nano-prodrug
could inhibit the bacterial (both Gram-positive and Gram-negative) growth more effectively than free emodin. Overall, this study
provides a promising paradigm of the multifunctional nano-prodrug for pH-responsive tumor therapy and antibacterial activity.

1. INTRODUCTION

Cancer is one of the most important diseases with high
morbidity and mortality in the 21st century.1 In 2020,
1 806 590 new cancer cases and 606 520 cancer-associated
deaths were projected to occur in the United States by the
National Center for Health Statistics,2 and the rapidly
increasing cancer-associated morbidity and mortality are now
ranked second among most common diseases in the United
States (just after heart disease).3 Moreover, cancer is the
second most common cause of death among old people after
cardiovascular disease.4 In general, traditional treatment
methods such as surgery, chemotherapy, and radiotherapy
can serve as relatively effective strategies for clinical cancer
therapy, while the existence of a wide range of damage or high
toxic side effects to the patients can greatly limit their
applications in a variety of cases of clinical therapy.5−7 As for
cancer chemotherapy, poor pharmacokinetic properties and
embarrassed toxic side effects restrain its further development.
Cancer nanomedicine has been developed to overcome the
limitations associated with conventional drugs. Nanomedicine
involves the application of nanoscale materials for diagnosis
and treatment of cancer with the ability to preferentially
accumulate in the tumor sites by enhanced permeability and
retention (EPR) effect. To date, several nanomedicines have
been used in clinical practice and have shown improved drug

solubility, prolonged circulation, enhanced bioavailability, and
reduced adverse effects.8

Similar to cancer, pathogenic bacteria-related diseases also
pose a great threat to the human health. More importantly, the
emergence of drug-resistant bacteria made the situation
increasingly challenging.9 It has become an urgent need to
develop antibacterial materials against bacterial infection.
Based on these situations, several effective antibacterial
strategies have been proposed, such as amphiphilic polymers,
inorganic complexes, natural products, and other smart
therapeutic systems.10−13 Nanosized antibacterial materials
with high surface area and high reactivity have shown better
effect in inhibiting the growth and reproduction of
bacteria.14−16 In general, antibacterial nanomaterials with
stable structure, good biocompatibility, high drug-loading
efficiency, and smart sensitivity should be developed to meet
the clinical requirements.
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As a drug combining antitumor and antibacterial properties,
Emodin (1,3,8-trihydroxy-6-methylanthraquinone), found to
be a main active ingredient in different Chinese herbs
(including Rheum palmatum, Polygonum multiflorum, Polygo-
nam multiflorum, etc.),17,18 is a natural occurring anthraqui-
none derivative extracted from barks and roots of molds,
lichens, and numerous plants. It is a polyvalent molecule with a
variety of bioactivities such as inhibition of oxidative stress,19

anti-inflammatory,20,21 antibacterial,22 and most importantly,
antitumor effects have been confirmed to act against several
types of cancers including colorectal cancer,23 breast cancer,24

and glioma.25 Furthermore, recent studies have demonstrated
that emodin has the ability to suppress cell proliferation and
accelerate apoptosis in a variety of tumor cells,26 induce
autophagy,27 or inhibit tumor metastasis.28 These pharmaco-
logical properties of emodin indicate that it might be a valuable
medicine for prophylaxis and treating multiple diseases in the
human body. However, reports have emerged that emodin has
some toxic side effects on the human body, such as
hepatotoxicity,29 genotoxicity,30 embryonic toxicity,31 etc.
How to improve these characteristics of emodin has become
an urgent problem to be solved.
Prodrugs is a concept first introduced by Adrien Albert in

1958 to improve the undesirable properties of drugs since the
late 19th century, which are defined as bio-reversible, inactive
derivatives of active drug molecules that release the active
parent drug after an enzymatic or chemical transformation in
vivo, subsequently eliciting their desired pharmacological
effects in the body. The parent drugs commonly show
undesirable drug properties, including low solubility in water
or lipid membranes, short half-life, poor bioavailability, high
toxicity, and so on, but on the contrary, prodrugs reasonably
designed can greatly increase the bioavailability and
therapeutic effectiveness of parent drug.32 To date, prodrug-
based delivery systems have gained considerable attention

owing to their dominant properties helping to overcome the
barriers of traditional therapeutic delivery systems including
anticancer33−35 and antibacteria.36,37 Thus, the prodrug
strategy offers a feasible way to improve the absorption,
distribution, metabolism, and excretion properties of investiga-
tional drugs. In this study, phenylboronic acid (PB) polymers
were utilized, which can bind compounds containing diol
moieties involving carbohydrates, polyphenols, and glycans in
aqueous systems to form boronate ester bonds. They have
been widely studied in drug delivery owing to their pH-
responsive reversible properties and acidity-accelerated drug-
release behavior.38−40 Currently, a large number of studies are
mainly focusing on the anticancer properties of these
polymers.41−44 For example, Zhang et al. developed a pH-
responsive gene carrier for photothermally promoted gene
delivery.45 They modified polydopamine nanoparticles
(PDANPs) with low-molecular-weight polyethylenimine
(PEI1.8k) and poly(ethylene glycol)-phenylboronic acid
(PEG-PB) to prepare a pH-responsive gene carrier PDANPs-
PEI-rPEG. The obtained PDANPs-PEI-rPEG show good
performance in gene delivery and realize photothermally
promoted gene therapy. Moreover, phenylboronic acid
moieties were also introduced in gene/drug co-delivery
nanoformulations to improve the anticancer efficiency of the
formed vehicle utilizing its enhanced interaction with the
cellular membrane by phenylboronic acid moieties.46,47

Considering the pH-responsive phenylboronic acid−diol
coupling strategy and prodrug concept, herein, we constructed
a PB-functionalized nano-prodrug for pH-responsive emodin
delivery and antibacterial activity (Scheme 1). PB-modified
PEGylated polyethyleneimine (mPEG-PEI-PB) was first
synthesized. Subsequently, emodin was conjugated to mPEG-
PEI-PB by virtue of formation of boronate ester bonds to
obtain PB-functionalized nano-prodrug mPEG-PEI-PB-emodin
(PPPE) (as shown in Figure 1). The size and morphology of

Scheme 1. Schematic Design of PPPE Nano-prodrug for pH-Responsive Emodin Delivery and Antibacterial Activitya

a(A) pH-sensitive boronate ester bridged emodin nano-prodrug for anticancer drug-delivery system. (B) Antibacterial activity of the nano-prodrug.
(C) Illustration of drug-release mechanism of the PPPE under weak-acidic environment.
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the synthesized prodrug were investigated by DLS and TEM,
respectively. Moreover, the stimulus-responsive drug-release
behaviors, in vitro cellular viability, and the antibacterial
activities (both Gram-positive and Gram-negative) were also
investigated.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of the PPPE

Prodrug. The chemical structures of all of the synthetic
polymers above were characterized by 1H NMR spectrum
(Bruker). As shown in Figure 2A, characteristic peaks of

mPEG and PEI were clearly visible at 3.56 and 2.20−3.00 ppm,
respectively (assigned to the −O−CH2−CH2− in mPEG and
−CH2−CH2−NH− in PEI), which confirmed the successful
conjugation of mPEG and PEI. From the integration ratio of
the peaks at 3.56 and 2.20−3.00 ppm, it was estimated that
approximately one mPEG was conjugated to the branched
chain of each PEI, indicating the successful formation of
mPEG-PEI. Similarly, for mPEG-PEI-PB (Figure 2B), the
peaks at 7.00−8.00 ppm were belonging to the benzene
structure of the PB group, and the grafting degree of PB is
about 7 according to the integration area. After the formation
of prodrug with emodin, new peaks appeared at 6.00−7.20
ppm, suggesting the successful formation of boronate ester
bonds between mPEG-PEI-PB and emodin, and the amount of
drug conjugated to the polymer is calculated to be 6 (Figure
2C).

The hydrodynamic diameter and morphology of the
conjugated nano-prodrug PPPE were studied by DLS and
TEM, respectively. The average hydrodynamic diameter of
PPPE determined by DLS was ∼102.8 ± 12 nm, and the
polydispersity index (PDI) was 0.264 ± 0.025 (Figure 3A),

which indicates that the synthesized PPPE has good
homogeneity. In addition, the sphere-like shape of the
conjugated copolymer PPPE was observed by TEM and its
average diameter was consistent with the result of DLS data
(Figure 3B). On the contrary, the nanostructure of prodrug
was destabilized and could not be detected at pH = 5.0,
suggesting the acid-responsiveness of boronate ester bond of
prodrug.

2.2. In Vitro Drug-Release Studies. The drug-loading
content (DLC) of the PPPE prodrug was ∼23% according to
the 1H NMR spectrum (Figure 2C). UV−vis spectropho-
tometer analysis further confirmed the DLC of PPPE
calculated by 1H NMR spectrum. To improve the disadvan-
tages of emodin drug, acid-sensitive boronate ester bond was
utilized to endow free emodin with favorable characteristics
such as good biocompatibility, high water solubility, lower
cytotoxicity, and more importantly, its acid-functionalized
modification renders pH-responsive drug release under weak-
acid environment, especially in intratumoral weak-acid
environment, which is a key point for antitumor behavior of
the prodrug. Given the pH-responsive boronate ester bond
inside the formed prodrug, its decomposition under the weak-
acid environment of tumor tissues could allow the disassembly
of the prodrug. Therefore, the targeting selectivity of this drug
was improved. To evaluate the pH-sensitive drug-release
performance of PPPE, emodin release profiles of the prodrug
in vitro were investigated at 37 °C in PBS under different pH

Figure 1. Synthesis routes of mPEG-PEI-PB-emodin nano-prodrug.

Figure 2. 1H NMR spectra of mPEG-PEI (A) and mPEG-PEI-PB (B)
in D2O, and mPEG-PEI-PB-emodin in DMSO-d6 (C).

Figure 3. Particle size and morphology of nano-prodrug. (A) Particle
size and size distribution measured by DLS. (B) TEM images of
PPPE prodrug at different scale bars.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00606
ACS Omega 2021, 6, 8672−8679

8674

https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00606?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00606?rel=cite-as&ref=PDF&jav=VoR


conditions (pH 5.0 and 7.4). After the isolation of release
emodin from PPPE via the purification method, the cumulative
drug-release percentage of emodin, namely, the total release of
emodin over time, was detected by UV−vis spectrophotom-
etry.
As shown in Figure 4, emodin released from the PPPE

prodrug exposing under a neutral condition of pH 7.4 after 120

h incubation at 37 °C showed a slow-release behavior with less
than ∼40% released emodin detected and then followed by
one plateau period. However, PPPE exhibited a rapid release
behavior when in aqueous solution at pH 5.0. The cumulative
released drug of PPPE was quickly reached up to over ∼80%
after 120 h incubation at 37 °C, indicating dominant pH-
responsive behavior of PPPE in weak-acid environment.
Consequently, the pH-responsive drug-delivery system could
facilitate the accumulation of drugs in tumor tissues and hence
greatly improve cancer therapeutic efficiency.48 Similarly,
bacteria usually grow faster in acidic environment and the
pH-responsive drug release would be more effective to inhibit
the bacteria growth compared to a normal neutral environ-
ment.
2.3. In Vitro Cytotoxicity Study. To evaluate the in vitro

cytotoxicity profiles of PPPE prodrug as well as the in vitro
biocompatibility and pharmacological activity of mPEG-PEI
and mPEG-PEI-PB to HeLa cells, MTT assay was executed
using a series of gradient concentrations of these nanoparticles.
As shown in Figure 5A, the biosafety of the synthesized
polymers was determined after 48 h of incubation with a series
of concentrations of mPEG-PEI and mPEG-PEI-PB (0, 5.2,
7.8, 11.7, 17.6, 26.3, 39.5, 59.3, 88.9, 133.3, and 200 μg mL−1),
which indicated no potential cytotoxicity of both mPEG-PEI
and mPEG-PEI-PB against HeLa cells. The viability of HeLa

cells still remained above ∼80% at a maximum dose of 200 μg
mL−1, and besides, the cytotoxicity of mPEG-PEI-PB toward
HeLa cells was slightly higher than that of mPEG-PEI, which is
probably associated with the boronic acid−carbohydrate
interaction.49 In contrast, the viability of HeLa cells treated
with PPPE prodrug nanoparticles and free emodin remarkably
decreased as concentration increased, causing pronounced cell
death (Figure 5B). Notably, the half-maximal inhibitory
concentration (IC50) of PPPE is ca. 7.56 μg mL−1 lower
than that of free emodin (8.93 μg mL−1), indicating the
superior cytotoxic effect of PPPE prodrug against HeLa cells
compared to free emodin. Such an enhanced inhibiting effect
of PPPE prodrug toward HeLa cells could mainly contribute to
the following two causes. First, the PPPE prodrug was more
likely internalized by cancer cells compared to free emodin,
leading to a higher accumulation concentration of emodin
inside cancer cells. Second, the acid-responsive rapid emodin
release of PPPE prodrug within weak-acidic organelles could
drastically improve the anticancer effect of emodin, which may
simultaneously contribute to the higher cytotoxicity of mPEG-
PEI-PB to HeLa cells than mPEG-PEI as mentioned above. In
contrast, PPPE prodrug was treated with NH4Cl to block the
progression of endosome−lysosome acidification,40 which
actually reduced the release of drug and less cytotoxicity was
shown compared to PPPE without NH4Cl treatment. There-
fore, the synthesized PPPE will be a promising prodrug for pH-
responsive delivery to cancer cells for high-effect cancer
therapy.

2.4. In Vitro Antibacterial Activity. Based on the
standard broth microdilution method, in vitro bacterial
inhibition assay was performed with E. coli and S. aureus.
The colony-forming unit (CFU) values of each group were
observed to decrease with increasing concentrations of both
emodin and PPPE. As shown in Figure 6, compared with the
control group, the bacterial colony formation was almost
completely inhibited when the bacterial suspension was co-
cultured with PPPE overnight, especially for E. coli at pH 5.0.
On the whole, the bacterial inhibition ability of the PPPE

Figure 4. pH-responsive drug-release profiles of emodin from PPPE
under different pH values (7.4 and 5.0). Data are presented as mean
± standard deviation (n = 3).

Figure 5. Cell viability of HeLa cells measured using the standard
MTT assay treated with mPEG-PEI and mPEG-PEI-PB (A) and free
emodin and PPPE (in the absence and presence of 50 mM NH4Cl) at
the same concentration of emodin (B). Data are presented as mean ±
standard deviation (n = 4).

Figure 6. Bacterial colony formation of E. coli and S. aureus treated
with emodin and PPPE prodrug at pH 7.4 and 5.0. The concentration
of emodin was kept the same in all samples.
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group was better than the group of free emodin, and acidic
environment further inhibited the bacterial growth, which is
owing to the pH-responsive property of the prodrug and thus
accelerated emodin release. The bacterial inhibition ratios of
emodin were about 73.7 and 34.4% in pH 5.0 against E. coli
and S. aureus, respectively, while the corresponding inhibition
ratios of PPPE were increased to 96.0 and 78.0% (Figure 7).
The difference between E. coli and S. aureus could be attributed
to the bacteria-dependent inhibition ability. All of the above
results suggest that conjugation of small molecule emodin to
polymeric structure and the formation of nano-prodrug could
greatly improve its antibacterial effect. Cationic molecules can
be adsorbed onto the anionic surface of bacteria membrane
through charge interactions.50 The high antibacterial ability of
this nano-prodrug might also be related to the positively
charged PEI unit that could efficiently bind with negatively
charged bacteria surface by electrostatic interaction.51,52

3. CONCLUSIONS

In conclusion, an emodin-associated pH-responsive nano-
prodrug was fabricated and the in vitro anticancer activity as
well as antibacterial effect was investigated in this study. First,
methoxy poly(ethylene glycol) (mPEG) was conjugated with
hyperbranched polyethyleneimine (PEI) to improve the
biocompatibility of the polymer, and then PEGylated PEI
was conjugated with emodin by acid-sensitive boronate ester
bond. This nano-prodrug can self-assemble into spherical
nanoparticles in an aqueous system and release drug quickly in
the weak-acidic tumor environment. At the same time, the
rational designed polymeric nano-prodrug provides a promis-
ing paradigm of multifunctional nanomedicine for pH-
responsive tumor therapy and antibacterial activity.

4. EXPERIMENTAL SECTION

4.1. Materials. Methoxy poly(ethylene glycol)-N-hydrox-
ysuccinimide (mPEG-NHS, 2000 Da), poly(ethylenimine)

(PEI, 1800 Da), 4-(bromomethyl)phenylboronic acid (PB),
and emodin were purchased from Aladdin Industrial, Inc. Cell
culture medium and trypsin EDTA Solution A were purchased
from Biological Industry (Belgium). Buffer solution (acetic
acid/sodium acetate), PBS, and various solvents were
purchased from Sinopharm Chemical Reagent Co., Ltd.
Deionized water was used in all of the experiments, and it
was obtained using a Millipore water purification system. All
reagents and buffer solution components were of analytical
grade.

4.2. Preparation of mPEG-PEI. Methoxy poly(ethylene
glycol)-b-polyethyleneimine was abbreviated as mPEG-PEI in
this paper. mPEG-PEI was prepared according to the method
previously described in the literature.53−55 In this work, the
relative optimized feed molar ratio of the mPEG and PEI was
about 1:1. Briefly, PEI (336 mg) and mPEG-NHS (336 mg)
were separately dissolved in 10 mL of N,N-dimethylformamide
(DMF), and then mPEG-NHS solution was added dropwise to
the PEI solution and stirred at 50 °C. After 24 h, the reaction
solution was dialyzed (MWCO 3.5 kDa) against distilled water
for 2 days and finally lyophilized and kept at 2−8 °C until used
in the subsequent reaction. The final product was a white solid
that was characterized by 1H NMR. The 1H NMR spectrum of
the mPEG-PEI was obtained on a Bruker AVANCE NEO 300
MHz spectrometer using D2O as the solvent.

4.3. Synthesis of mPEG-PEI-PB. The polymer was
synthesized according to the method reported before.47,56

Briefly, mPEG-PEI (282 mg) was dissolved in 20 mL of
methanol, and then excess 4-(bromomethyl)phenylboronic
acid (PB) (127.5 mg) was added into the mixture and stirred
at ∼76 °C. The feed molar ratio of mPEG-PEI and PB was 1:8.
After 24 h, methanol was removed utilizing reduced-pressure
distillation, and a light-yellow viscous sample was obtained.
Then, the sample was transferred to a dialysis bag (MWCO,
3.5 kDa) and dialyzed against 2000 mL of deionized water for
24 h. mPEG-PEI-PB was finally obtained after lyophilization.

Figure 7. Quantitative results of antibacterial activity toward E. coli (A, B) and S. aureus (C, D) with emodin and PPPE prodrug at pH 7.4 (A, C)
and pH 5.0 (B, D). The concentration of emodin was kept the same in all samples.
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4.4. Conjugation of Prodrug. The nano-prodrug PPPE
was synthesized using a previously reported method.43,57,58

Emodin (104 mg) and mPEG-PEI-PB (236 mg) were added to
the solvent containing 30 mL of DMF and 4 mL of methanol
at 40 °C. After reaction for 24 h, methanol was removed
utilizing reduced-pressure distillation, and then the sample was
transferred to a dialysis bag (MWCO, 3.5 kDa) against distilled
water for 2 days to remove free emodin. The PPPE was
obtained after lyophilization.
4.5. Characterization of PPPE Prodrug. The hydro-

dynamic diameter and the polydispersity of PPPE self-
assembled nanoparticles were measured under the conditions
of pH 7.4 and 5.0 using a DLS system (Zetasizer Nano-ZS;
Malvern Instruments). The morphology and size of the
nanoparticles were measured by TEM performed on an FEI
Tecnai G2 20 TWIN electron microscope operating at an
acceleration voltage of 200 kV.
4.6. Drug-Release Behavior. The absorption peaks of

emodin were measured by a UV−vis spectrophotometer (UV-
5100B, METASH), and the UV absorbances of different
concentrations were recorded to plot the free emodin standard
curve at the absorption peaks. Then, PPPE was dissolved in an
appropriate amount of dimethyl sulfoxide (DMSO). The
solution was collected for UV−vis spectrophotometry analysis
to measure the absorbance at 430 nm. The drug-loading
content of emodin was calculated according to the following
equation

=

− ×

DLC (%) (mass of loaded drug/mass of nano

prodrug) 100 (1)

The in vitro release study of emodin from the prodrug was
investigated using the dialysis method under a simulated
physiological environment. First, 15 mg of PPPE was dissolved
at 1.5 mL of PBS under different pH conditions (pH 5.0 and
7.4, respectively). The PPPE solution was transferred into a
dialysis bag (MWCO 3.5 kDa) and immersed in 30 mL of
PBS, followed by incubation at 37 °C in a shaker.
Subsequently, 4 mL of the sample was withdrawn from the
centrifuge tube at predetermined different time points. For
each 4 mL of aliquot sample, an equal volume of fresh PBS
solution was replaced. Finally, the UV−vis absorbance of the
collected samples was tested at 430 nm. The mass of the
released emodin was determined by the free emodin standard
curve. All experiments were performed in triplicate.
4.7. Cell Viability Assay. MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) assay was carried out to
evaluate the antitumor performance of PPPE prodrug. For a
comparative study, mPEG-PEI and mPEG-PEI-PB without
emodin loading were also studied. Cellular viability test was
examined using the MTT assay with HeLa cells. HeLa cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(supplemented with 10% fetal bovine serum) culture medium,
10% (w/v) penicillin−streptomycin, and 1% (w/v) Gluta-
mineat at 37% under a humidified atmosphere with 5% CO2
for 24 h. To investigate the characteristics of these polymers
preferably, the MTT assay was divided into two groups. For
the first group, the culture media was replaced with 100 μL of
DMEM culture media containing mPEG-PEI and mPEG-PEI-
PB with gradient concentrations. In the second group, the
culture media was replaced with 100 μL of DMEM culture
media containing free emodin and PPPE prodrug with same
concentrations of emodin (in the absence and presence of 50

mM NH4Cl). Four multiple wells were set for each sample.
After incubation for 48 h, the cells were washed with PBS (pH
7.4), and each well was treated with 20 μL of MTT (5 mg
mL−1) solution at 37 °C for 4 h. Then, the medium containing
MTT was replaced with 150 μL of DMSO to dissolve the
formed formazan crystals. Finally, the absorbance of the sample
was measured using a microplate reader (TOM-3MK,
TOMOS) at 570 nm. The cell viability (%) was analyzed
and calculated using the following equation

= −

×

cell viability (%) (OD OD )/(OD )

100

sample control control

(2)

4.8. In Vitro Antibacterial Experiment. Both E. coli and
S. aureus were applied to evaluate the antibacterial activity of
emodin and PPPE through bacterial inhibition assays and the
spread plate method in standard Luria Bertani (LB) medium at
37 °C. For bacterial inhibition assays, the bacterial inhibition
ratios were determined by measuring the survival rate of
bacteria in LB medium. That is to say, several colonies of E. coli
or S. aureus on an LB agar plate were transferred to 5 mL of LB
liquid culture medium, and then the bacteria suspension was
diluted with LB liquid medium to approximately 1.5 × 106

CFU mL−1. In addition, a series of 2-fold dilution dispersion of
emodin (50, 25, 12.5, 6.25, 3.13, 1.56 μg mL−1) and PPPE (at
an equivalent dosage gradient to emodin) were prepared and
added to an equal volume of bacteria suspensions (0.1 mL) in
each well of a 96-well plate and incubated at 37 °C overnight.
Finally, the absorbance of live bacteria in each well of a 96-well
plate was determined by a microplate reader in 600 nm
wavelength. Growth medium containing only microbial cells
was used as the negative control. Each bacterial inhibition test
was carried out in three replicate and repeated three times, and
inhibition ratios were calculated according to the following
equation

= − ×

bacterial inhibition ratio (%)

(OD OD )/(OD ) 100control sample control (3)

For spread plate assays, bacterial suspensions (1.5 × 106 CFU
mL−1) were mixed with different samples. Then, they were
cultured in a shaker at 37 °C overnight. Then, the bacterial
suspension was further diluted 104 times by PBS. Finally, 10
μL of diluted bacterial suspension was added onto a solid
medium by the spread plate method and cultured at 37 °C
overnight.
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