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Abstract

Background: There is an obvious correlation between ulcerative colitis and colorectal cancer, and the risk of colorec-
tal cancer in patients with ulcerative colitis is increasing. Therefore, the combination therapy of anti-inflammatory and
anti-tumor drugs may show promising to inhibit colon cancer. 5-aminosalicylic acid (5-ASA) with anti-inflammatory
function is effective for maintaining remission in patients with ulcerative colitis and may also reduce colorectal cancer
risk. Histone deacetylase (HDAC) plays an essential role in the progression of colon cancer. Butyric acid (BA) is a kind of
HDAC inhibitor and thus shows tumor suppression to colon cancer. However, the volatile and corrosive nature of BA
presents challenges in practical application. In addition, its clinical application is limited due to its non-targeting abil-
ity and low bioavailability. We aimed to synthesize a novel dual-prodrug of 5-ASA and BA, referred as BBA, to synergis-
tically inhibit colon cancer. Further, based on the fact that folate receptor (FR) is over-expressed in most solid tumors
and it has been identified to be a cancer stem cell surface marker in colon cancer, we took folate as the targeting
ligand and used carboxymethyl-3-cyclodextrin (CM-3-CD) to carry BBA and thus prepared a novel inclusion complex
of BBA/FA-PEG-CM-3-CD.

Results: It was found that BBA/FA-PEG-CM-B3-CD showed significant inhibition in cell proliferation against colon can-
cer cells SW620. It showed a pro-longed in vivo circulation and mainly accumulated in tumor tissue. More importantly,
BBA/FA-PEG-CM-3-CD gave great tumor suppression effect against nude mice bearing SW620 xenografts.

Conclusions: Therefore, BBA/FA-PEG-CM-3-CD may have clinical potential in colon cancer therapy.
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Introduction

Colon cancer is a common malignant tumor of the diges-
tive tract that tends to occur at the junction of the rectum
and sigmoid colon. The pathogenesis of colonic can-
cer is concerned with living habits, genetic factors, and
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inflammatory bowel disease [1, 2]. The abnormal prolifer-
ation of colon cancer cells is closely related to the abnor-
mal transcription of specific genes. Histone acetylation
and deacetylation of chromatin are some of the key steps
in regulating gene transcription [3]. The histone acylation
state is coordinated and controlled by histone acetylases
(HAT) and histone deacetylases (HDAC), which mediate
nucleosome structural changes and regulate gene tran-
scription, and participate in cell cycle progression and
differentiation [4].

At present, the treatment of colon cancer mainly
includes surgery and drug treatment [5, 6]. The
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conventional drugs for the treatment of colon cancer
mainly include 5-fluorouracil (5-FU) [7], capecitabine,
tigafluorin, irinotecan, and oxaliplatin [8]. However,
tumor cells have developed resistance to these chemo-
therapeutic drugs [9, 10]. In addition, the side effects also
limit the maximum allowable amount, resulting in a lim-
ited amount of drug accumulated in tumor tissue that is
insufficient to reach the effective therapeutic concentra-
tion [11, 12]. Studies have shown an obvious correlation
between ulcerative colitis and colorectal cancer, and the
risk of colorectal cancer in patients with ulcerative coli-
tis is increasing [13, 14]. High levels of pro-inflamma-
tory cytokines such as IL-1f are closely associated with
TNF-a in colorectal cancer formation [15]. Therefore,
we took the combination therapy of anti-tumor drug and
anti-inflammatory drug to inhibit synergistically colon
cancer and improve the therapeutic efficacy [16].

It was reported that 5-ASA could inhibit NF-kB and
scavenges free radicals to treat inflammation [17]. It
is effective for maintaining remission in patients with
ulcerative colitis and may also reduce colorectal cancer
risk. Its derivative 2-hydroxyl-5-butylaminobenzoic was
reported to show an anti-inflammatory effect on ace-
tic acid-induced colitis in rats [18]. Butyric acid (BA)
was found to inhibit Cox-2 activation through HDAC,
which induced apoptosis of colon cancer cells [19]. BA
could also inhibit histone deacetylation, promote histone
hyperacetylation, reduce DNA transcriptional activity,
and inhibit colon cancer cell proliferation [20, 21]. But
BA is weakly acidic, easy to volatilize, and shows corro-
sive to the human body. The clinical application of BA is
limited due to its non-targeting ability and low bioavail-
ability. Abraham Nudelman has shown that the one kind
of prodrugs of butyric acid increased aqueous solubility
and potential for treating cancer [22]. Therefore, in this
study, we planned to synthesize a novel dual-prodrug of
BA and 5-ASA, 2-butyryl oxy-5-butylaminyl benzoic acid
(BBA), combining the anti-tumor role of BA and anti-
inflammatory function of 5-ASA or its derivative.

The poor pharmacokinetic characteristics of BBA may
limit its application with the traditional dosage form. It
was reported that cyclodextrins (CDs) could be used as
drug carrier due to the particularity of the cavity [22, 23],
which showed many advantages such as extending blood
circulation time, improving the solubility of hydropho-
bic drugs, controlling drug release mode, and protect-
ing drug degradation in vivo [24]. Among many kinds of
cyclodextrins, carboxymethyl (CM-3-CD) could be used
in drug extended-release dosage forms and showed lower
hemolysis than B-CD, y-CD, or HP-B-CD [25]. Therefore,
CM-B-CD was selected as the drug carrier in this study.

Moreover, some studies have shown that cyclodex-
trins are known to be barely hydrolyzed and only slightly
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absorbed in passage through the stomach and small
intestine. This unique property makes cyclodextrins use-
ful as a targeting carrier to the colon.

A folic acid receptor is a glycoinositol-conjugated pro-
tein that is highly expressed in a variety of tumor cells,
including ovarian, colon, liver, kidney, lung, and breast
epithelial malignancies [26—28]. Folic acid (FA) is widely
used in cancer treatment. Compared with other ligands,
FA exhibits some advantages of high affinity for the
receptor, obvious specificity, good coupling, low cost, and
non-immunogenicity [29, 30]. In this experiment, folic
acid was used as a ligand to modify CM-B-CD, further
improving the drug targeting, reducing the side effects of
drugs, playing a better curative effect, and achieving the
purpose of tumor suppression [31].

Taking together, this project firstly intended to synthe-
size the dual-prodrug BBA of 5-ASA and BA through
the two-step chemical reaction. Then taking the func-
tional PEG as the coupling agent, FA was connected to
CM-B-CD through the amide reaction principle. The
novel inclusion complex of BBA/FA-PEG-CM-3-CD was
prepared by a saturated aqueous solution method. MTT
assay was used to determine the inhibitory effect of BBA/
FA-PEG-CM-B-CD on cell proliferation. Flow cytometry
was taken to detect the cell cycle and cell apoptosis. Fur-
ther, we established the colon cancer model in BALB/C
nude mice, performed real-time fluorescence imaging
analysis to detect the distribution of BBA/FA-PEG-CM-
B-CD in vivo, and conducted in vivo pharmacodynamics
detection in nude mice to evaluate the tumor inhibitory
effect of BBA/FA-PEG-CM-B-CD.

Methods

Materials

5-ASA was provided by Runze Bentu Chemical Co., Ltd
(Chengdu, China). CM-B-CD was from Solarbio Life Sci-
ences (Beijing, China). Butyryl chloride, butyric anhy-
dride. FA-PEG,;o-NH, and coumarin-6 were provided
by Ruixi Biotechnology (Xi’an, China). DID was obtained
from Keygen Biotechnology (Nanjing, China) and 5-fluo-
rouracil from Tianjin Jinyao Medicine Pharmaceutical
Co., LTD (Tianjin, China).

Dulbecco’s Modified Eagle’s Medium (DMEM), strep-
tomycin, and penicillin were bought from Hammer Flew
Biochemical (Beijing, China). Fetal bovine serum (FBS)
was provided by TianHang Biotechnology (Huzhou,
China), and thiazolyl blue tetrazolium bromide (MTT)
was bought from Beyotime Biotechnology (Shanghai,
China).

Cell lines and animals
BALB/C nude mice (18-25 g) aged 4—6 weeks were from
SPF Biotechnology Co, Ltd (Beijing, China, certificate
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number SCXK2019-0010). Male SPF Kunming mice
(19+25 g) were provided by Dashuo Experimental Ani-
mal Company (Chengdu, China, SCXK2020-303). All
experimental procedures were approved by the Animal
Ethics Committee of Southwest Medical University (No.
20200010) and were performed in strict accordance with
the regulations of the Animal Protection and Use Com-
mittee of Southwest Medical University.

The human colon adenocarcinoma cell line CaCo-2,
and human colon cancer SW620 cells were purchased
from the Shanghai Cell Institute of the Chinese Acad-
emy of Sciences. CaCo-2 and SW620 cells were cultured
in DMEM containing 10% FBS, 100 U/mL penicillin, and
100 mg/mL streptomycin at 37 °C with 5% CO.,,.

Synthesis of BBA and FA-PEG-CM--CD
The dual-prodrug of 2-butyryl oxy-5-butylaminyl ben-
zoic acid (BBA) was synthesized as shown in Fig. 1.

Firstly, it is the synthesis of 2-Hydroxyl-5-Butylamino
Benzoic Acid. To 5-aminosalicylic acid (1.31 mmol) in
NaHCOj solution (16 mL) saturated with CO,, a solution
of butyryl chloride (0.27 mL) in acetone was added slowly
at 0 °C, then the mixture was stirred at room tempera-
ture for 4 h [32]. After evaporation of the solvents under
vacuum, the product was cooled to 0 °C, then acidified
by adding hydrochloric acid (0.5 mL). The last product
of 2-hydroxyl-5-butylamino benzoic acid was filtered,
freeze-dried, and stored at — 20 °C [18].

Secondly,  2-hydroxyl-5-butylaminobenzoic  acid
(0.546 mmol) was added to butyric anhydride, and a
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few drops of concentrated sulfuric acid were added
slowly [33]. After stirring at 80 °C for 5 h, the product
was added to ice water (150 mL) and incubated for 2 h.
After the crystal was completely precipitated out, the
product was filtered-dried in a vacuum for 12 h to get
BBA.

To prepare FA-PEG-CM-B-CD, N-hydroxysuccin-
imide (NHS, 0.0122 mmol) and 1-ethyl-3-(3-dimeth-
ylaminopropyl) carbodiimide hydrochloride (EDC,
0.0224 mmol) were mixed with CM-B-CD (3 mlL,
0.012 mmol) in ultra-pure water to activate the car-
boxyl group of CM-B-CD and stirred for 15 min. Then
FA-PEG,;,-NH, (0.01 mmol) was added into the mix-
ture and stirred at room temperature for 24 h in a dark
room, dialyzed against water for 10 h, and freeze-dried
to obtain FA-PEG-CM-B-CD [31].

Preparation of inclusion complex

The inclusion complexes of BBA/CM-B-CD or BBA/
FA-PEG-CM-B-CD were prepared by the saturated
aqueous solution method at 1:2 molar ratio of BBA
and CM-B-CD or FA-PEG-CM-B-CD. Briefly, BBA/
CM-B-CD or FA-PEG-CM-B-CD dissolved in ultra-
pure water (4 mL) was mixed with BBA which was dis-
solved in methanol, and sonicated for 40 min at 40 °C.
After evaporation of the solvent at 35 °C, the product
was freeze-dried to obtain BBA/CM-B-CD or BBA/
FA-PEG-CM-B-CD [34, 35].
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Fig. 1 Synthesis of 2-butyryl oxy-5-butylaminyl benzoic acid (BBA) as the dual-prodrug of butyric acid (BA) and 5-aminosalicylic acid (5-ASA)
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Characterization of inclusion complex

Fourier transformed infrared (FTIR, IRAffinity-1S, Shi-
madzu, Japan) was applied to analyze the formation of
BBA/FA-PEG-CM-B-CD. Briefly, the specimens were
blended with KBr at a ratio of 1:100 (w/w), taking BBA,
blank inclusion complex of FA-PEG-CM-B-CD, and the
physical mixture of BBA with FA-PEG-CM-B-CD as the
controls. Then, KBr discs were prepared under 10,000 psi
hydraulic pressure. FTIR spectra were carried out with a
resolution of 4 mm/s on KBr pellets with a wavenumber
range of 500-4000 cm ™,

X-ray diffraction (XRD) analysis was performed for
BBA, FA-PEG-CM-B-CD, BBA/FA-PEG-CM-B-CD
using X-ray powder diffractometer (XRD, BRUCKER D8
ADVANCED, Bruker, Germany), where Cu Ka radiation
was applied in the 20 range of 3° — 50°. Thermal gravimet-
ric analysis (TGA) measurements and differential scan-
ning calorimetry (DSC) analysis were performed for the
inclusion complex under nitrogen atmosphere by heat-
ing the samples at the rate of 10 °C/min from 30 °C up
to 600 °C by the synchronous thermal analyzer (TG-DSC,
STA 449 F5/F3 Jupiter, NETZSCH, Germany) [36]. Mor-
phological characterization of BBA, FA-PEG-CM-}-CD,
BBA/FA-PEG-CM-B-CD was examined using scanning
electron microscopy (SEM, Hysitron TI 950, USA).

To get the encapsulation efficiency (EE, %) and drug-
loading rate (DL, %), BBA was detected by the high-
performance liquid chromatography (HPLC) analysis.
Briefly, BBA was quantified on an Agilent ZORBAXSB-
C18 column (4.6 x 150 mm, 5 pm) at 30 °C attached to
an Agilent 1260 HPLC system (Infinity, USA). The mobile
phase was mixture of acetic acid (0.1 mol/L) and acetoni-
trile (v: v=>50: 50) at a flow rate of 1.0 mL/min. It was
monitored at 240 nm, and the injection volume was 20
uL. Moreover, the chromatographic conditions were vali-
dated through specificity, linearity, precision, and blank
recovery. EE and DL were calculated using the formula:

EE (%) = (Mtotal — Miree) / Miotal X 100%

DL (mg/g) = (Mgotal — Mfree)/Minclusion complex

Release of BBA from BBA/CM-B-CD and BBA/
FA-PEG-CM-B-CD was investigated in vitro using the
dialysis method. Briefly, 1 mL of BBA/CM-3-CD, BBA/
FA-PEG-CM-B-CD, and free BBA were respectively
placed into dialysis bags with a molecular weight cut-
off of 3 kDa (Spectrum-labs, USA) and dialyzed at 37 °C
against phosphate-buffered saline (PBS) containing 0.5%
(w/v) Tween 80 at pH 7.4 with gentle stirring [37]. At
different time points (0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 48, 72
and 96 h), 1.0 mL of release medium was removed and
replaced with fresh medium. The sample was filtered by
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a 0.22 pm filter membrane, and the filtrate was used to
detect BBA by HPLC as described above, and experi-
ments were performed three times [38].

To evaluate the stability, BBA/FA-PEG-CM-B-CD was
placed respectively at high temperature and high humid-
ity conditions. For the high-temperature experiment, the
inclusion complex of BBA/FA-PEG-CM-B-CD (50 mg)
was placed in a weighing flask at 60 °C for 10 days. The
samples were taken respectively at 0 d, 5 d, and 10 d to
detect the encapsulation efficiency. If the content of
effective ingredients decreased by 5%, the same operation
was further conducted at 40 °C.

For the high humidity conditions experiment, BBA/
FA-PEG-CM-B-CD inclusion complex (50 mg) was
placed openly in a closed container (25 °C) with a relative
humidity of 75%+5% and 95%£5% for 10 d, in which
NaCl and KNO; saturated solution were respectively
placed in the closed container. The samples were taken
respectively at 0 d, 5 d, and 10 d to detect the encapsula-
tion efficiency [39, 40].

Anticancer activity of BBA/FA-PEG-CM-B-CD

CaCo-2 and SW620 cells were used as model cells to
evaluate the anticancer effects in vitro. Single-cell sus-
pension was prepared with DMEM containing 10%
Gibco FBS and 1% penicillin—streptomycin. The cells
were seeded in a 96-well plate (3500 cells/well) and incu-
bated respectively for 24 h, 48 h, and 72 h at 37 °C with
5% CO,. BBA, FA-PEG-CM-$-CD, BBA/CM-B-CD,
BBA/FA-PEG-CM-B-CD, as well as sodium butyrate
(NaB), 5-ASA, the physical mixture of NaB and 5-ASA
(NaB+5-ASA), and the positive control of 5-FU were
added to the wells at different concentrations and incu-
bated for 24 h, 48 h and 72 h at 37 °C with 5% CO,. The
medium was removed, and cells were washed three times
with PBS before incubation with MTT for 4 h at 37 °C.
After the medium was removed, 100 pL of DMSO was
added to the well for 10 min. The absorbance of the solu-
tion was measured at 570 nm by Multimode Reader (Bio
Tek Synergy H1) [41]. The cell-growth inhibition rate was
calculated as the formula:

Cell growth inhibition rate (%)
=100 — (Asample - Ablank) / (Acontrol — Aplank) X 100

Cellular uptake of inclusion complex

As a drug delivery system, whether BBA/FA-PEG-CM-
B-CD inclusion complex could deliver drugs to target
cells, is an important index to evaluate the targeting
of the drug delivery system. In this study, CaCo-2 cells
and SW620 cells as cell models were used to investi-
gate the cell uptake of the inclusion complex. Coumarin
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6 (20 pg/kg) was used together with BBA to prepare
BBA/CM-B-CD (30 uM) and BBA/FA-PEG-CM-B-CD
(30 uM), which could emit green fluorescence. CaCo-2
cells and SW620 cells in good growth condition and
logarithmic growth phase were plated on the sterile
coverslips (3 x 10° cells/well) in 24-well plates, and cul-
tured for 24 h. After the original medium was removed,
1 mL of BBA/FA-PEG-CM-B-CD and BBA/CM-B-CD
diluent were added separately, placed in an incubator
for 2 h. Additionnally, both CaCo-2 cells and SW620
cells were treated with BBA/FA-PEG-CM-(-CD in blank
medium containing different concentrations of free folic
acid (FA). After incubation, the culture medium was
removed, washed thoroughly twice with PBS, and fixed in
4% paraformaldehyde for 30 min, and then staining was
performed with 150 pL of DAPI (5 mg/mL) for 5 min.
Glycerol was used to seal coverslips, and a confocal laser-
scanning microscope was utilized to observe them at
an emission wavelength of 477 nm. To quantify cellular
uptake, Image ] (NIH Image-Pro Plus 6.0) was used [42].

Cell apoptosis and cell cycle analysis

SW620 cells were taken as the cell model to investigate
the cell apoptosis and cell cycle effects of BBA/FA-PEG-
CM-B-CD by flow cytometry technology. SW620 cells
were seeded in the 6-well plates (3 x 10° cells/well) and
BBA (30 pM), BBA/FA-PEG-CM-B-CD (30 pM), and
BBA/CM-B-CD (30 uM) was added to the well and incu-
bated for 48 h at 37 °C with 5% CO,.

For the cell apoptosis detection, the cells in the differ-
ent groups were washed three times with PBS and incu-
bated with Annexin V-FITC solution for 10 min. Then,
flow cytometry analysis was performed to detect the
FITC and PI fluorescent intensity and report the percent-
age of the cell population within each plot quadrant [43].

For the cell cycle analysis, the cells in the different
groups were washed three times with PBS and incubated
with 1 mL of pre-cooled 70% alcohol at 4 °C for 24 h.
After the cells were fixed, centrifuged at 300 x g for 5 min
to collect the cells. 1 mL of cold PBS was added to re-
suspend the cells and centrifuged at 300 x g for 5 min to
remove the supernatant. 10 pL of RNaseA (50 x) and 25
pL of propidium iodide (20 x) in 0.5 mL of buffer were
added [44]. Finally, flow cytometry was used for cell cycle
detection.

Acute toxicity assessment of BBA/FA-PEG-CM-f3-CD in mice
To determine the potential toxicity in vivo and guide the
analysis of anti-tumor efficacy in vivo, an acute toxicity
study of BBA/FA-PEG-CM-B-CD was conducted in Kun-
ming mice by a single oral administration of the tested
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formulations, and the treated mice were observed for 14
d.

After fed adaptively for 5 d, the animals were randomly
divided into 8 groups (n=>5) following as NaB (2.5 mmol/
kg), 5-ASA (125 mmol/kg), FA-PEG-CM-B-CD
(0.096 mmol/kg), BBA (1.25 mmol/kg), BBA/CM-B-CD
(0.096 mmol/kg), BBA/FA-PEG-CM-B-CD (0.096 mmol/
kg) with saline as negative control and 5-FU as a positive
control. All animals were given a single oral gavage of
0.2 mL of different dosage forms, and their body weight
was monitored every day. Meanwhile, the toxicity and
mortality of all animals were observed every day. The
conventional changes such as the cases of the diet, urine,
and feces were recorded. On the 15th day after treat-
ment, the blood of each group was collected from the
heart and centrifuged at 1,000 x g for 10 min to collect
serum. An automated biochemical analyzer was used to
detect serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), and
creatinine (Cr). Meanwhile, the heart, liver, lung, and kid-
ney were quickly excised, washed with normal saline, and
weighed. The visceral index is estimated according to the
following formula as Viscera Index (%)= Viscera Weight
/ Body Weight x 100. And then, all the tissues were fixed
with 10% formalin and stained with hematoxylin & eosin
(H&E) for pathological analysis.

Pharmacokinetics evaluation of BBA/FA-PEG-CM-B-CD
SW620 tumor-bearing mice were randomly divided
into 3 groups (n=5). BBA, BBA/CM-B-CD, and BBA/
FA-PEG-CM-B-CD were administered by gavage at a
dose of 0.366 g/kg. The blood was collected respectively
from the heart at 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 36, 48,
and 72 h after administration. The whole blood was
quickly centrifuged at 2000 x g for 5 min, and the upper
plasma was precisely aspirated. Then 0.35 mL of meth-
anol was added, vortexed for 2 min, and centrifuged at
3350 x g for 15 min. The supernatant was used to detect
butyric acid by HPLC [45]. The pharmacokinetic param-
eters were calculated by non-compartmental analy-
sis using Drug Analysis System (DAS 2.1.1, Shanghai,
China).

Distribution of BBA/FA-PEG-CM-B-CD in SW620
tumor-bearing mice
The nude mice bearing SW620 xenografts were treated
as same as that in the pharmacokinetics experiments.
The animals were sacrificed at 1, 3, 8, and 12 h after oral
administration. Samples of blood, heart, spleen, liver,
kidneys, lung, and tumor tissues were collected quickly
(n=5) to detect butyric acid using the HPLC method.
Meanwhile, the in vivo small animal imaging system
(Fx Pro/FX Bruker, USA) was used to investigate the
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in vivo distribution and targeting ability of BBA/FA-PEG-
CM-B-CD. The hydrophobic infrared fluorescent dye
DID was encapsulated into the inclusion compound
(0.8 ug DID per mice) to form DID-BBA/CM-3-CD and
DID-BBA/FA-PEG-CM-B-CD. The nude mice bearing
SW620 xenografts were randomized into four groups
(n=5) and given respectively DID-BBA/CM--CD and
DID-BBA/FA-PEG-CM-B-CD with saline and free DID
as controls. Based on the previous work, the animals
were anesthetized at 3, 8, and 12 h, and visualized at an
excitation wavelength of 644 nm and an emission wave-
length of 665 nm. Images of each mouse were normalized
to the same intensity range of lowest and highest values,
and Carestream MI (Gel Logic 6000 PRO, USA) was used
to quantify the fluorescence intensity.

After the in vivo small animal imaging detection, blood
was immediately taken from the heart and the nude
mice were sacrificed. The whole blood was centrifuged
at 1500 x g for 5 min and placed in a 2 mL EP tube. The
heart, liver, spleen, kidney, lung, and tumors of nude
mice in each group were quickly separated, and the fluo-
rescence intensity of the blood, organs, and tumor tissues
was analyzed with the IVIS imaging system [46].

Pharmacodynamic evaluation of BBA/FA-PEG-CM-B-CD
Ten days after tumor transplantation, the SW620 tumor-
bearing mice were randomly divided into 8 groups with 5
mice in each group when the tumors reached about 100
mm?®, The animals were weighed before treatment, and
the measurement was continued every 2 days. The two
axes of the tumor were measured with a vernier microm-
eter (L, longest axis; W, shortest axis). Tumor volume
(mm?) was calculated as % (L x W?). Anti-tumor activity
was evaluated by tumor growth inhibition (TGI), which
was the mean tumor weight (MTW) of the treated group
(TG) relative to the saline-treated control group (CG) on
day 15, as calculated according to the formula [47]. TGI
(%) = (MT W6 — MTWg) / MTW g x 100,

15 days post-administration, all nude mice were sac-
rificed. The tumor tissues were collected, stained with
H&E, and observed under an inverted microscope
(400 x). In addition, the TUNEL test was performed to
detect cell apoptosis [48]. Meanwhile, the expressions of
both VEGFR-3 and Ki-67 were detected by ELISA.

Data analysis

The results were stated as meanzstandard devia-
tion (SD) and analyzed utilizing GraphPad Prism 6.01
(GraphPad Software, La Jolla, CA, USA). One- or two-
way analysis of variance was used to statistically compare
various groups. The p-value of<0.05 was considered as a
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significant difference between groups. The higher signifi-
cance level was set at P <0.01.

Results

Successful synthesis of BBA and FA-PEG-CM-3-CD
Additional file 1: Figure S1 showed the 'H-NMR and
I3C_.NMR spectra of 2-hydroxy-5-butylamino benzoic
acid that confirmed the successful synthesis of it. Char-
acteristic peaks of 2-hydroxy-5-butylamino benzoic acid
appeared at (g) and (h). Its NMR data were: 'H NMR
(400 MHz, DMSO): 8 10.97 (s, 1H), 9.84 (s, 1H), 8.10
(s, 1H), 7.64 (s, 1H), 6.88 (s, 1H), 2.24 (t, ] =7.3 Hz, 2H),
1.58 (s, 2H), 0.90 (s, 3H). *C-NMR (101 MHz, DMSO):
8§ 172.44 (s), 171.39 (s), 157.32 (s), 131.54 (s), 127.82 (s),
120.60 (s), 117.42 (s), 112.93 (s), 39.00 (s), 19.05 (s), 14.25
(s).

Additional file 1: Figure S2 confirmed the successful
synthesis of BBA. Characteristic peaks of BBA appeared
at (i). Its NMR data were: 'H NMR (400 MHz, Acetone)
59.29 (s, 1H), 8.29 (s, 1H), 7.96 (s, 1H), 7.08 (s, 1H), 2.54
(s, 2H), 2.36 (s, 2H), 1.70 (s, 4H), 0.98 (d, J=17.7 Hz,
6H). °C NMR (101 MHz, Acetone) § 172.79 (s), 172.48
(s), 166.18 (s), 147.33 (s), 138.60 (s), 125.35 (s), 125.12 (s),
123.10 (s), 39.90 (s), 36.73 (s), 30.30 (s), 19.90 (s), 19.11
(s), 14.35 (d, ] =8.6 Hz).

Additional file 1: Figure S3A-C showed the 'H NMR
spectra of CM-B-CD (A), FA-PEG-NH, (B), and FA-PEG-
CM-B-CD (C). The NMR data of FA-PEG-CM-B-CD
were: 'H NMR (400 MHz, D,0) & 8.67 (s, 1H), 8.28 (m,
1H), 7.59 (s, 1H), 6.69 (s, 1H), 5.24 (s, 10H), 4.23 (s, 8H),
4.03 (s, 2H), 3.79 (s, 31H), 2.79 (d, J=5.2 Hz, 8H), 1.99 (s,
1H), 1.81 (s, 1H), 1.28 (m, 1H), 1.09 (s, 1H), 0.98 (s, 3H).

The infrared spectrum was shown in Additional file 1:
Figure S3D. The characteristic absorption peaks around
3434 cm™! and 1653 cm™! responded to N-H and C=0
of the amide bonds in FA-PEG-CM-B-CD (a). The char-
acteristic absorption peak of the conjugated N-H around
3499 cm™! overlapped with the hydroxyl group (O-H)
in the spectra of FA-PEG-NH, (c). Peaks due to vibra-
tions of the conjugated O—H bond and C=0 bond was
detected around 3416 cm™! and 1599 cm™! in the spec-
tra of CM-B-CD (d). These results further proved that
FA-PEG-CM-B-CD was successfully synthesized.

Characterization of BBA/FA-PEG-CM-3-CD

The infrared spectra were shown in Fig. 2A. A charac-
teristic peak of the conjugated O—H bond was detected
near 3295 cm ™! in the spectra of BBA (a), and a strong
absorption peak of benzene ranged near 1699 cm™'. The
absorption peaks of BBA and FA-PEG-CM-3-CD (b)
did not simply overlap in the infrared spectrum of the
BBA/FA-PEG-CM-B-CD (d). Some characteristic peaks
of BBA disappeared or weakened, in which the N-H
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stretching vibration peak near 3295 cm™' disappeared,
and a peak due to vibrations of the conjugated C-O-C
bond around 1103 cm™! was weakened in the spectra of
FA-PEG-CM-B-CD (b). It was concluded that BBA and
FA-PEG-CM-B-CD successfully formed the inclusion
compound of BBA/FA-PEG-CM-B-CD.

The XRD pattern was shown in Fig. 2B. In the X-ray
pattern, the obvious crystal diffraction peak of BBA (a)
could be observed, while no obvious crystal diffraction
peaks were seen in the FA-PEG-CM-B-CD (b). Com-
pared with the diffraction pattern of BBA (a), the peak
position of the BBA/FA-PEG-CM-B-CD inclusion com-
pound (d) shifted, the measurement angle changed, and
the characteristic peak disappeared, which preliminarily
proved the formation of BBA/FA-PEG-CM-B-CD.

DSC results of BBA (a), FA-PEG-CM-B-CD (b), the
mixture of BBA with FA-PEG-CM-3-CD (c), and BBA/
FA-PEG-CM-B-CD (d) were shown in Fig. 2C. Two dif-
ferent peaks were observed in BBA (a) and FA-PEG-
CM-B-CD (b). However, after BBA was incorporated
into FA-PEG-CM-B-CD, the peak at 360 °C decreased
greatly. It might be attributed to the formation of BBA/
FA-PEG-CM-B-CD.

As shown in Fig. 2D, BBA (a) and FA-PEG-CM-B-CD
(b) had a two-step weight loss following as one was
below 90 °C due to the water loss, another was ranging
270 °C—390 °C which was the main thermal degradation
of BBA and FA-PEG-CM-3-CD. BBA/FA-PEG-CM-B-CD
(d) exhibited a 3-step weight loss. The first reduction
was seen below 90 °C, due to the water loss of BBA or
FA-PEG-CM-B-CD. The other two steps were observed
at around 200 °C—400 °C and 400 °C—600 °C, which
might be attributed to the double thermal degradations
of BBA/FA-PEG-CM-3-CD.

As shown in Fig. 2E&F, SEM was used to observe the
external morphology of FA-PEG-CM-3-CD (E) and
BBA/FA-PEG-CM-B-CD (F). FA-PEG-CM-B-CD existed
as lumps. But in the morphological image of BBA/
FA-PEG-CM-B-CD, the crystal form was dislocated and
the boundary deformed under the action of mechanical
force and thus forming small spherical particles that were
stacked in some blocks.

The in vitro accumulative release (%) of BBA/FA-PEG-
CM-B-CD was investigated by dialysis. As shown in
Fig. 2G, BBA/CM-B-CD and BBA/FA-PEG-CM-B-CD
released only 82% of BBA in vitro during 96 h, whereas
90% of free BBA was released during the first 24 h. The
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sustained drug release from BBA/CM-B-CD and BBA/
FA-PEG-CM-B-CD with no initial burst release sug-
gested that BBA was not adsorbed on the surface but
encapsulated completely inside FA-PEG-CM--CD.

Through detecting the encapsulation efficiency of BBA/
FA-PEG-CM-B-CD under high temperature and high
humidity conditions, it could be seen (Fig. 2H) that as
the temperature or humidity increased, the encapsulation
rate didn't change, indicating that BBA/FA-PEG-CM-
B-CD in high temperature or high humidity conditions
still kept stable.

In vitro anticancer activity of BBA/FA-PEG-CM-B-CD

MTT assay was used to investigate the cell-growth inhi-
bition effects of BBA/FA-PEG-CM-B-CD at various con-
centrations against CaCo-2 and SW620 cells at 24 h, 48 h,
and 72 h post-treatment (Fig. 3A).

Compared with NaB, the dual-prodrug BBA showed
some cell-proliferation inhibition effect on both CaCo-2
and SW620 at the time points of 24 h, 48 h, and 72 h
(P<0.0001). Meanwhile, as prediction the treatment of
5-FU (20 pg/mL) drastically enhanced the cell prolif-
eration inhibition rate compared with the BBA group (
P <0.0001). BBA/FA-PEG-CM-B-CD showed much bet-
ter inhibitory effects than BBA, BBA/CM-B-CD. The pro-
liferation inhibition effect of BBA/FA-PEG-CM-B-CD on
SW620 cells was better than that on CaCo-2 cells, so we
took SW620 cells as the cell model for subsequent tumor-
relative evaluation.

Uptake of BBA/FA-PEG-CM-f3-CD by cells in vitro
As shown in Fig. 3B&C, cells treated with BBA/
CM-B-CD (30 uM) or BBA/FA-PEG-CM-B-CD (30 pM)
showed co-localization of green fluorescence from cou-
marin 6 and blue fluorescence from DAPI, suggesting
that the inclusion complexes had been ingested by the
cells. After treatment with BBA/FA-PEG-CM-B-CD,
SW620 cells showed much stronger fluorescence signals
than CaCo-2, which may be due to that SW620 cells were
more sensitive to BBA/FA-PEG-CM-B-CD than CaCo-2
cells. Meanwhile, in BBA/FA-PEG-CM-B-CD group the
fluorescence intensity was much greater than that in
BBA/CM-B-CD group, demonstrating a targeting ability
of BBA/FA-PEG-CM-B-CD mediated by FA ligand.

As shown in Fig. 3D, both CaCo-2 cells and SW620
cells were treated with BBA/FA-PEG-CM-3-CD contain-
ing increasing concentration of FA. The uptake of BBA/

(See figure on next page.)

Fig. 2 In vitro characterization of BBA/FA-PEG-CM-B-CD. A Infrared spectrum, B XRD spectrum, C Differential scanning calorimetry (DSC) and

D Thermal gravimetric analysis (TGA) of (a) BBA, (b) FA-PEG-CM-B-CD, (c) mixture of BBA with FA-PEG-CM-3-CD, and (d) BBA/FA-PEG-CM-3-CD.
Scanning electron microscopy (SEM) images of E FA-PEG-CM-B-CD and F BBA/FA-PEG-CM-(3-CD were obtained by scanning electron microscopy. G
Drug release behaviors of BBA, BBA/CM-3-CD, and BBA/FA-PEG-CM-B3-CD were assessed in PBS medium (pH7.4) at 37 °C. H Changing of entrapment
efficiency of BBA/FA-PEG-CM-3-CD under high temperature and high humidity conditions
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FA-PEG-CM-B-CD was competitively inhibited by excess
FA. This also proved the activity targeting ability of BBA/
FA-PEG-CM-B-CD.

Mechanism analysis about the inhibitive effect of BBA/
FA-PEG-CM-B-CD

To fully understand the inhibitive effect mechanism of
BBA/FA-PEG-CM-B-CD on the SW620 cells, we further
performed cell apoptosis and cell cycle assays. As shown
in Fig. 4, SW620 cells were treated with different formula-
tions for 48 h. BBA, BBA/CM-B-CD, and BBA/FA-PEG-
CM-B-CD obviously induced apoptosis in SW620 cells
compared with the blank group. The apoptotic rates
including early apoptosis and late apoptosis were respec-
tively 32.21% = 8.26%, 46.28% = 9.4%, and 51.56% =+ 8.54%
in groups of BBA, BBA/CM-B-CD, and BBA/FA-PEG-
CM-B-CD, indicating that BBA/FA-PEG-CM-B-CD
induced the strongest apoptosis against SW620 cells.

As shown in Fig. 5, the treatments of BBA, BBA/
CM-B-CD, and BBA/FA-PEG-CM-B-CD on SW620
cells induced a significant decrease of cells in the S phase
(P<0.0001) and a significant increase of cells in the GO/
G1 phase (P<0.01), which proved that the SW620 cell
was mainly arrested at the GO/G1 phase. Both BBA/
CM-B-CD and BBA/FA-PEG-CM-B-CD induced higher
cell cycle arrest in GO/G1 phase than BBA.

BBA/FA-PEG-CM-B-CD showing no in vivo acute toxicity
We examined the in vivo toxicity of BBA/FA-PEG-CM-
B-CD in normal Kunming mice. It was found that the hair
color, diet, and activities of all mice remained normal. No
abnormal behavior, toxic symptoms, bodyweight loss,
and death were observed after all the treatments except
the 5-FU group. As shown in Table 1, no significant dif-
ference in the average body weight was observed among
the treatment groups except 5-FU, in which the tested
mice treated with 5-FU significantly decreased by 4.46%
(P <0.05). These results demonstrated that BBA/FA-PEG-
CM-B-CD showed no toxicity to normal mice.

As shown in Table 2, the viscera indexes of heart, liver,
lung, and kidney exhibited no significant changes after
treatment with BBA and BBA/FA-PEG-CM-B-CD com-
pared with the saline group. However, the liver index
increased significantly to 8.34%+0.43% after 5-FU
treatment. Moreover, the kidney index also increased
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significantly to 3.06% +0.27% after 5-FU treatment,
which was significantly different from the saline group
(2.30% £ 0.34%, P <0.01). Compared with 5-FU, the vis-
cera indexes of the mice treated with BBA/FA-PEG-CM-
B-CD showed no toxic effect.

In addition to the viscera index, we further conducted
serum biochemistry analyses of ALT, AST, BUN, and
Cr to assess the potential toxicities of BBA/FA-PEG-
CM-B-CD to the liver and kidney of mice. As shown in
Table 3, except for the 5-FU treatment, the serum bio-
chemical analysis indexes of other groups after treatment
were all within the normal range, and no significant dif-
ference was observed. After 5-FU treatment, AST and
ALT increased significantly compared to the saline group
(P<0.05). For the kidney function markers of BUN and
Cr, all data were normal in all treatment groups and
showed no statistical difference compared to the saline
group (P>0.05), suggesting that all preparations had no
obvious toxic effect on the kidney function of the treated
mice.

We also performed histological studies of the heart,
liver, kidney, and lung after treatment with the different
formulation mentioned above. At least three sections
for each mouse from each group (n=5) were randomly
and blindly analyzed by a pathologist who was blinded
to the experimental protocol. The experimental results
were shown in Fig. 6. First, it was found that no obvious
histological changes appeared in the heart, liver, kidney,
and lung of mice treated with the different formulation.
Secondly, the lungs of nude mice treated by each group
showed unequal amounts of inflammatory cell infiltra-
tion in the interstitium of lung tissues, which might
be related to tumor growth. Lastly, different degree of
bleeding was observed in the lung from 5-ASA, NaB,
FA-PEG-CM-B-CD, BBA/CM-B-CD treatment groups,
which might be related to improper operation during dis-
section. The heart, liver, or lung, and kidney tissues of all
treatment groups showed no pathological injury related
to the treatment of this test, which further proved the
non-toxicity of BBA/FA-PEG-CM-fB-CD to normal mice.

BBA/FA-PEG-CM-B-CD prolonging the in vivo circulation
time of BBA

The SW620 tumor-bearing nude mice were given
orally with free BBA, BBA/CM-B-CD, and BBA/

(See figure on next page.)

Fig. 3 The in vitro cell-growth inhibition effect and cellular uptake of BBA/FA-PEG-CM-B-CD. A Cell growth inhibition rate against CaCo-2 and
SW620 cells after incubation with different formulations at 30 uM for 48 h, taking 5-FU as the positive control. Cellular uptake detection through

B confocal laser scanning and C the quantitative analysis on the CaCo-2 and SW620 cells. D Competitive inhibition on the cell uptake of BBA/
FA-PEG-CM-B-CD by the different concentrations of free folic acid (FA). The mean fluorescence intensity was obtained from the green fluorescence
intensity through blue fluorescence correction and analyzed by software Image J. The significance of the differences was evaluated using 2-way
ANOVA (*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001). Data were shown as the mean £ SD in each group (n=3). Symbols“ represented the
significant difference between the marked group and the BBA group at the same time (*P <0.05, *#P <0.01, #¥P < 0.001, ##P < 0.0001)
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Fig. 4 Annexin V/Pl binding assay by FACS Scatter plot showing percentage of cells in early apoptotic, late apoptotic, and necrotic quadrants

FA-PEG-CM-B-CD. The blood concentration of butyric
acid was determined at different time points. As shown in
Fig. 7A, butyric acid showed a rapid release when deliv-
ered as free BBA, but sustained release when delivered
as BBA/CM-B-CD or BBA/FA-PEG-CM-B-CD, which
was consistent with the in vitro release study. The blood-
concentration of butyric acid showed no significant
difference between BBA/CM-B-CD and BBA/FA-PEG-
CM-B-CD, suggesting that the FA-PEG-NH, modifica-
tion did not affect the metabolism of BBA/CM-p-CD.
Pharmacokinetic parameters (Table 4) indicated that
loading BBA into FA-PEG-CM-f-CD could significantly
prolong the in vivo circulation time of BBA.

To assess the targeted ability of BBA/FA-PEG-
CM-B-CD to tumor tissue, we analyzed the tis-
sue distribution of BBA, BBA/CM-B-CD, or BBA/
FA-PEG-CM-B-CD in the SW620 tumor-bearing nude
mice after oral administration. As shown in Fig. 7B, in
the first 3 h butyric acid concentration in plasma was
lower from both BBA/CM-B-CD and BBA/FA-PEG-
CM-B-CD than that from BBA (P <0.0001). But at time
points of 8 h (Fig. 7C) and 12 h (Fig. 7D), the blood
concentration of butyric acid from BBA/CM-B-CD
and BBA/FA-PEG-CM-B-CD was significantly higher
than that from BBA (P <0.0001), which showed that the

drug-carrying inclusion compound made by encapsu-
lating BBA with CM-B-CD could significantly prolong
the circulation time of BBA. The butyric acid concen-
tration in the heart, spleen, and lung was kept at low
levels in all groups. Both BBA/CM-B-CD and BBA/
FA-PEG-CM-3-CD were mainly distributed in blood,
liver, kidney, and tumor tissues. In tumor tissue, con-
centrations of both BBA/CM-B-CD and BBA/FA-PEG-
CM-B-CD were higher than that of BBA at all time
points, in which BBA/FA-PEG-CM-B-CD accumulated
significantly more in tumor than BBA/CM-3-CD.
Further, the tissue distribution of BBA/FA-PEG-CM-
B-CD was detected by in vivo small animal imaging
system (Fig. 8). The fluorescence in tumor tissues was
significantly stronger from DiD-BBA/FA-PEG-CM-B-CD
than that from DiD or DiD-BBA/CM-B-CD (P <0.0001).
All three treatments showed obvious fluorescence in the
liver and kidney in the SW620 tumor-bearing mice. But
DiD-BBA/FA-PEG-CM-B-CD group could be observed a
lower level of fluorescence in the kidney than the DiD-
BBA/CM-B-CD group. The fluorescence intensity in the
liver was significantly lower from DiD-BBA/CM-B-CD
and DiD-BBA/FA-PEG-CM-f3-CD than that from DID.
From these results mentioned above, it could be
concluded that the FA-modified CM-B-CD inclusion
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Fig. 5 Analysis of cell cycle in SW620 cells. After incubation with different formulation for 48 h, the cells were stained with propidium iodide and
detected by flow cytometry (A) and quantitative analysis (B). *P <0.05, **P <0.01, ***P < 0.001, ***P <0.0001
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Table 1 The survival and body weight changes of mice in the acute toxicity test

Groups Amount (start/end) Bodyweight (g) Average weight

change rate (%)
Start End

Saline 5/5 18364183 19.64 4 1.60 6.97

FA-PEG-CM-3-CD 5/5 18.60£0.51 19.28+1.46 3.66

5-ASA 5/5 18.58£041 19444045 4.63

NaB 5/5 18.244£0.53 19.144£0.52 493

BBA 5/5 18484063 18.16+0.63 1.00

5-FU 5/5 18.8240.61 17.98 +0.80** —4.46*

BBA/CM-B3-CD 5/5 1857 £0.71 19.054+1.59 2.56

BBA/FA-PEG-CM-3-CD 5/5 18.664+0.59 19.744+1.26 5.79

Results were presented as mean £ SD (n=5). Symbols represented statistical significance compared with saline group. xP <0.05, **P <0.01

Table 2 The viscera index of mice treated with different formulations

Groups Heart index (%) Liver index (%) Lung index (%) Kidney index (%)
Saline 0.79+£0.07 747+£136 0.8040.13 230+£034
FA-PEG-CM-3-CD 0.78+£0.06 757+£1.12 0.82+0.26 2304036
5-ASA 0.80£0.11 749+0.88 0.83+0.16 2354033

NaB 0.83+£0.12 761+£133 0.8440.31 231+£0.26

BBA 0.87£0.08 7.05+0.58 0.80+0.21 2554062

5-FU 0.81£0.28 8344043 0.8540.11 3.06£0.27**
BBA/CM-B3-CD 0.80£0.26 7.17+£063 0.79+£0.25 2.17+£037
FA-PEG-CM-3-CD 0.78 £0.06 757111 0.82+£0.26 230+0.36
BBA/FA-PEG-CM-3-CD 0.80£0.11 7.29+0.71 0.81+£0.23 2361024
Results were presented as mean £5 D (n=5). Symbols represented statistical significance compared with Saline group. *P <0.05, **P <0.01

Table 3 The blood biochemical parameters of serum from mice treated with different formulations

Groups ALT (U/L) BUN (mmol/L) Cr (umol/L) AST (U/L)
Saline 2424611 8224097 9.60+3.58 59.5+£3.89
FA-PEG-CM-3-CD 19.4040.82 6.20+1.21 13.57+4.18 59.60+1.01
5-ASA 23.20+£2.87 7.82+£2.96 9.55+0.36 65.30£ 1.06
NaB 1737+1.77 8.6040.98 8324098 58.17+£4.75
BBA 1853+0.65 6324097 8.63+1.96 57.27+£10.20
5-FU 292.50 £6.60** 6.9241.20 745+2091 254.00 4 53.4**
BBA/CM-B3-CD 20.77 £4.97 6.4443.60 13.07+1.48 68.17+6.51
BBA/FA-PEG-CM-3-CD 23.87+0.75 7524157 945+1.70 61.87 +£4.80

Results were presented as mean £ S D (n=5). Symbols represented statistical significance compared with the saline group

ALT alanine aminotransferase, AST aspartate aminotransferase, Cr creatinine, BUN blood urea nitrogen. **P <0.01

compound could prolong the half-life of BBA, and this
novel drug delivery system showed a certain tumor-tar-
geting effect.

BBA/FA-PEG-CM-B-CD showing tumor suppression

to colon cancer

The SW620 tumor-bearing mice were sacrificed by
euthanasia on day 25 after tumor implantation. The

results presented in Fig. 9 showed the kinetics of the
antitumor activities of the different formulation against
SW620 xenografts in nude mice. Figure 9A showed
that in the BBA/FA-PEG-CM-3-CD-treated group the
mean tumor volume increased very slowly, compared
to the saline group (P<0.0001), indicating that BBA/
FA-PEG-CM-3-CD had a significant anti-tumor effect.
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Fig. 6 Representative images (x400) of hematoxylin and eosin (H&E) staining of heart, liver, lung, and kidney from mice treated with 200 pL of
different solutions as following: saline as control, 5-ASA, NaB, BBA, 5-FU, BBA/CM-3-CD, and BBA/FA-PEG-CM-B3-CD
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Table 4 Pharmacokinetic parameters of BBA, BBA/CM-3-CD and BBA/FA-PEG-CM-f3-CD in plasma of BALB/C nude mice after oral

administration (n=5)

Parameters Unit BBA BBA/CM-B-CD BBA/FA-PEG-CM-B-CD
Crnax pg/mL 359234+0.826 28.5454+0.716 2944540536
AUC, pg/mbL*h 219.263+5.360 348.2524+10.121 37390244.735
MRTy. h 4.769+0.115 8454£0.026 8.850+0.065
Ti h 3.396+0.791 6.69441.076 861711422
CL mL/h/kg 12.76040.268 7.337£0413 6.881£0.699

Meanwhile, BBA/FA-PEG-CM-B-CD gave the anti-
tumor effect much higher than BBA.

5-FU,

BBA/CM-B-CD

As shown in Fig. 9B, the mean tumor inhibitory
rates in nude mice treated with 5-ASA, NaB, BBA,
and BBA/FA-PEG-CM-B-CD
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were 31.33%+7.17%, 15.30%+5.61%, 41.76%=+7.56%,
85.85%+£2.89%, 67.20%+6.57%, and 78.56% = 8.48%
against SW620 tumors, respectively. Compared with NaB
and 5-ASA, BBA enhanced the tumor inhibition effect,
which may result from the combination therapy of anti-
inflammatory role of 5-ASA and anti-tumor effect of NaB
to colon cancer. Moreover, BBA/FA-PEG-CM-B-CD pro-
duced a significant decrease in the tumor weight of mice
compared to BBA (P<0.05), which showed great tumor
suppression as well as the positive control of 5-FU. These
results demonstrated that the delivery system of BBA/
FA-PEG-CM-B-CD had a good inhibitory effect on SW620
xenograft tumors while showing no acute toxicity to mice.

BBA/FA-PEG-CM-B-CD inducing tumor cells necrosis

and apoptosis

To further confirm the antitumor activity of BBA/FA-PEG-
CM-B-CD, pathological analysis of tumor tissues was per-
formed by H&E assay. As shown in Fig. 10, some typical
necrosis, such as nuclear fragmentation, shrink, and dis-
solution, was observed in tumor-bearing mice treated with
5-FU, BBA, BBA/CM-B-CD, and BBA/FA-PEG-CM-3-CD.
The average necrosis rates were 20%, 50%, 50%, 30%, 10%,
and 15% for BBA, BBA/FA-PEG-CM-B-CD, 5-FU, BBA/
CM-B-CD, NaB, and 5-ASA, which was consistent with the
antitumor effect, suggesting that BBA/FA-PEG-CM-3-CD
could cause tumor cell necrosis, leading to tumor growth
inhibition.

For evaluation of the apoptosis rate, we chose multiple
fields to calculate the average fluorescence intensity in the
TUNEL analysis. Results showed that the apoptosis rates
from groups of saline, FA-PEG-CM-B-CD, NaB, 5-ASA,
BBA/FA-PEG-CM-B-CD, BBA, BBA/ CM-B-CD and 5-FU
were 0.06%, 0.75%, 1.45%, 2.44%, 5.13%, 3.27%, 4.49%, and
8.87%, respectively. From these results, it can be seen that a
higher level of apoptosis rate was observed in the tumor of
mice treated with BBA/FA-PEG-CM-B-CD which showed
obvious anti-tumor activity. It is consistent with the results
showed in Fig. 9.

To further determine whether the antitumor effect of
BBA/FA-PEG-CM-B-CD was associated with the antian-
giogenic effect, we analyzed the endothelial cell marker
VEGFR-3 and the cell proliferation marker Ki-67. The
VEGER-3 positive area was significantly reduced in animals
treated with NaB, 5-ASA, 5-FU, BBA, BBA/CM-B-CD, and
BBA/FA-PEG-CM-B-CD, respectively. A higher degree
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reduction in vascularity was observed in SW620 xeno-
grafts after treatment with 5-FU and BBA/FA-PEG-CM-
B-CD. In these sections, the reduced VEGEFR-3 staining
was accompanied by tumor necrosis. In terms of the Ki-67
detection, a significant decrease of the positive expression
was observed in mice treated 5-FU and BBA/FA-PEG-CM-
B-CD, indicating that the BBA/FA-PEG-CM-B-CD effec-
tively inhibited tumor cell proliferation in vivo as well as
5-FU.

Discussion

FA-PEG-CM-B-CD was prepared by chemical synthe-
sis method using functional PEG as the linking arm, and
then BBA/FA-PEG-CM-B-CD was prepared by a saturated
aqueous solution method. At the beginning of the synthe-
sis experiment, we used FA directly to connect CM-3-CD
through chemical synthesis. However, it was found that
the solubility of FA was too poor to increase yield and
the product of FA-CM-B-CD was also difficult to dissolve
in water, which was inconsistent with the expectations to
enhance the water solubility of the drug. Therefore, we
switched to using HOOC-PEG,,,-NH, as the linker to
connect CM-B-CD with FA to form FA-modified cyclodex-
trin of FA-PEG-CM-B-CD [49], in which PEG could pro-
vide multiple advantages such as the prolonged half-life,
reduced immunogenicity, higher biological stability, bet-
ter water solubility, and specific targeting ability to cells or
tissues.

BBA/FA-PEG-CM-B-CD was proved to have good tar-
geting ability to the FA-positive SW620 cells in vitro.
Meanwhile, BBA/FA-PEG-CM-B-CD could enhance the
stability of BBA, protect BBA from being degraded by gas-
trointestinal metabolism, and significantly improve cel-
lular uptake in SW620 cells. The results from the MTT
assay and the in vitro cell apoptosis detection showed that
BBA/FA-PEG-CM-B-CD enhanced the cell growth inhibi-
tory effect on SW620 cells, and induced cell apoptosis. In
animal pharmacodynamic studies, the difference in tumor
suppression in each treatment group also achieved the
above-mentioned similar inhibitory effect. Both the in vitro
inhibition effects on cellular proliferation and the antitu-
mor efficacy on SW620 tumor-bearing nude mice showed
dose-dependent and time-dependent manners.

Due to the superiority of the oral route of administration
[50], the prepared cyclodextrin inclusion complexes were
given orally rather than intravenously. Then, through the

(See figure on next page.)

Fig. 8 In vivo fluorescence imaging of SW620 tumor-bearing nude mice after administration with DiD, DiD-BBA/CM-(3-CD, and DiD-BBA/
FA-PEG-CM-3-CD. A Fluorescence distribution observed using an in vivo imaging system at 3, 8, and 12 h post-administration. B Ex vivo
fluorescence imaging of the heart, liver, spleen, lung, kidney, and tumor tissue of SW620 tumor-bearing mice at 12 h post-administration.
Semi-quantitative analysis of C the in vivo fluorescence intensity at three-time points and D ex vivo fluorescence intensity of tissues using ImageJ.
Data were expressed as mean =+ standard deviation (n=5). Two-way ANOVA (**P <0.01, ***P <0.001, ****P < 0.0001) was used to assess the statistical

differences between the treatment groups
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well-known colon targeting material of CM-B-CD, load-
ing BBA with FA-PEG-CM-f-CD to prepare the inclusion
complex of BBA/FA-PEG-CM-B-CD could protect BBA
from the absorption or degradation in the upper gastro-
intestinal tract. Under the specific alkaline conditions of
the colon site and the action of special enzymes, BBA/
FA-PEG-CM-B-CD could be degraded and produce the
original butyric acid and 5-ASA. Meanwhile, due to the
folate receptor, some intact BBA/FA-PEG-CM--CD may

directly enter the tumor cells and degrade into butyric acid
and 2-hydroxyl-5-butylaminobenzoic at the tumor acidic
environment to play the anti-tumor and anti-inflammatory
effects.

The in vitro inhibition effects on cellular proliferation
showed that the cell proliferation inhibition rate of BBA
was significantly higher than that of sodium butyrate
and 5-ASA, proving that the anti-cancer effect of BBA
was significantly higher than that of NaB and 5-ASA raw
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sections were excised, fixed, dewaxed, and conducted to analyze the

endothelial cell marker VEGFR, and the cell proliferation marker ki-67, H&E staining for determining necrosis rate, and TUNEL assay for detection of
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materials alone. This result indicated that the dual-prod-
rug BBA himself had some anti-tumor effects, which may
be due to that BBA was degraded by the special environ-
ment of tumor cells or that BBA need not revert to the
original forms to play the anti-tumor role. The specific
mechanism is not yet clear and needs further study. The
results from the TUNEL experiment also obtained a sim-
ilar anti-cancer effect, which may contribute to the com-
bination of inhibiting histone deacetylation by butyric
acid, and inhibiting NF-xB and scavenging free radicals
by 5-ASA [4, 20]. In addition, the in vitro cell prolifera-
tion inhibition rate of 5-FU was significantly higher than
that of BBA and BBA/CM-B-CD, but slightly higher than
that of the BBA/FA-PEG-CM-B-CD. Compared with
CaCo-2 cells, BBA/FA-PEG-CM-B-CD acted on SW620
cells with a higher cell proliferation inhibition rate, indi-
cating that BBA/FA-PEG-CM-B-CD was more sensi-
tive to SW620 cells. Therefore, we chose SW620 cells as
the experimental cell model for the cellular and animal
experiments. The results of apoptosis detection showed
significant differences among the groups of BBA, BBA/
CM-B-CD, and BBA/FA-PEG-CM-B-CD, but a similar
difference was not observed in that of cell cycle experi-
ment among them, indicating that BBA, BBA/CM-3-CD,
and BBA/FA-PEG-CM-B-CD inhibited SW620 cells
through the apoptosis mechanism rather than the mech-
anism of GO/G1 cell cycle arrest [51].

Conclusion

In the present study, we have developed a novel dual-
prodrug BBA by linking butyryl chloride and butyric
anhydride to 5-ASA through a two-step chemical reac-
tion. Further, we have developed a novel inclusion com-
plex of BBA/FA-PEG-CM-B-CD modified with FA
and revealed that the inclusion complex significantly
enhanced the antitumor effect on SW620 carcinoma
in vitro and in vivo while showing no toxicity to the
tested mice. Although it did not show a higher tumor
suppression effect than the widely used 5-FU in clinical
application, BBA/FA-PEG-CM-B-CD showed no toxicity
to the tested mice, and thus it may have great potential
for the clinical treatment of colon cancer.

Abbreviations

5-ASA: 5-Aminosalicylic acid; 5-FU: 5-Fluorouracil; ALT: Alanine aminotrans-
ferase; AST: Aspartate aminotransferase; BA: Butyric acid; BBA: 2-Butyryl
oxy-5-butylaminyl benzoic acid; BUN: Blood urea nitrogen; CDs: Cyclodex-
trins; CG: Control group; CM-B-CD: Carboxymethyl-3-cyclodextrin; Cox-2:
Cyclooxygenase-2; Cr: Creatinine; DAS: Drug analysis system; DL: Drug-loading
rate; DMEM: Dulbecco’s Modified Eagle’s Medium; DSC: Differential scanning
calorimetry; EDC: 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride; EE: Encapsulation efficiency; FA: Folic acid; FBS: Fetal bovine serum; FR:
Folate receptor; FTIR: Fourier transformed infrared; HAT: Histone acetylases;
HDAC: Histone deacetylase; HPLC: High-performance liquid chromatography;
IL-1B: Interleukin-1@; MTT: Thiazolyl blue tetrazolium bromide; MTW: Mean

Page 20 of 22

tumor weight; NaB: Sodium butyrate; NF-kB: Nuclear factor-k-gene binding;
NHS: N-hydroxysuccinimide; PEG: Polyethylene glycol; SEM: Scanning electron
microscopy; TG: Treated group; TGA: Thermal gravimetric analysis; TG-DSC:
Thermal gravimetric-differential scanning calorimetry; TGI: Tumor growth
inhibition; TNF-a: Tumor Necrosis Factor-a; XRD: X-ray diffraction.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-021-01064-3.

Additional file 1: Figure S1. Structural characterization of 2-hydroxy-
5-butylamino benzoic acid. TH-NMR spectra (A) and 13C-NMR spectra (B)
of 2-hydroxy-5-butylamino benzoic acid in DMSO. Figure S2. Structural
characterization of BBA. TH-NMR spectra (A) and 13C-NMR spectra (B) of
BBA in (CD3)2CO. Figure S3. Structural characterization of FA-PEG-CM-
3-CD. TH-NMR spectra of CM-B3-CD (A), FA-PEG-NH2 (B), and FA-PEG-CM-
3-CD (Q). Fourier transform infrared spectra (D) of FA-PEG-CM-B-CD (a),
mixture of FA-PEG-NH2 and CM-3-CD (b), FA-PEG-NH?2 (c), and CM-B3-CD
(d). Figure S4. Particle size distribution of BBA/FA-PEG-CM-B3-CD (DOCX
35712 KB)

Acknowledgements

All authors are thankful for getting help and supports from the Key Laboratory
of Medical Electrophysiology of Ministry of Education, Southwest Medical
University, Luzhou, Sichuan 646000, China.

Authors’ contributions

77 and MZ contributed to the experiment design of the study. CL, YL, and ZZ
participated in the research planning, performed the data analyses and wrote
the manuscript. RY, XB, and ZL carried out the concepts, literature search, data
acquisition, data analysis, and manuscript preparation. All authors read and
approved the final manuscript.

Funding

This work was supported by the Collaborative Project of Luzhou Govern-
ment and Southwest Medical University (2020LZXNYDZ04, 2019LZXNYDJ21,
2018LZXNYDPT02), the Science and Technology Project of the Health Plan-
ning Committee of Sichuan (20PJ174).

Availability of data and materials
All data generated or analysed during this study are included in this manu-
script and its additional file.

Declarations

Ethics approval and consent to participate

All experimental procedures were approved by the Animal Ethics Committee
of Southwest Medical University (No. 20200010) and were performed in strict
accordance with the regulations of the Animal Protection and Use Committee
of Southwest Medical University.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

'Department of Pharmaceutical Sciences, School of Pharmacy, Southwest
Medical University, Luzhou 646000, Sichuan, China. 2Nanchong Key Labora-
tory of Individualized Drug Therapy, Department of Pharmacy, Nanchong
Central Hospital, The Second Clinical Medical College, North Sichuan Medical
College, Nanchong 637000, Sichuan, China. *Department of Pharmacy, the
Affiliated Hospital of Southwest Medical University, Luzhou 646000, Sichuan,
China.


https://doi.org/10.1186/s12951-021-01064-3
https://doi.org/10.1186/s12951-021-01064-3

Chen et al. J Nanobiotechnol

(2021) 19:329

Received: 7 July 2021 Accepted: 28 September 2021
Published online: 19 October 2021

References

1.

20.

21.

22.

Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA-Cancer J Clin.
2012,62(1):10-29.

Khan FA, Albalawi R, Pottoo FH. Trends in targeted delivery of nanomate-
rials in colon cancer diagnosis and treatment. Med Res Rev. 2021. https://
doi.org/10.1002/med.21809.

Ricci-Vitiani L, Lombardi DG, Pilozzi E, Biffoni M, Todaro M, Peschle C, et al.
Identification and expansion of human colon-cancer-initiating cells.
Nature. 2007;445(7123):111-5.

Planchon P, Pouillart P, Ronco G, Villa P, Pieri F. Differential elimination of
synthetic butyric triglycerides in vivo: a pharmacokinetic study. J Pharm
Sci. 1993;82(10):1046-8.

Reddy LH. Drug delivery to tumours: recent strategies. J Pharm Pharma-
col. 2005;57:1231-42.

Zhang DY, Shen XZ,Wang JY, Dong L, Zheng YL, Wu LL. Preparation of
chitosan-polyaspartic acid-5-fluorouracil nanoparticles and its anti-
carcinoma effect on tumor growth in nude mice. World J Gastroenterol.
2008;14:3554-62.

Soden D, Forde P, O'Brien M, Method for treating cancer. 2021.

Cutsem EJDV, Oliveira J, Group EGW. Colon cancer: ESMO Clinical Recom-
mendations for diagnosis, adjuvant treatment and follow-up. Ann Oncol.
2008;19:29-30.

El-Shemi AG, Refaat B, Kensara OA, Mohamed AM, Idris S, Ahmad J. Pari-
calcitol enhances the chemo preventive efficacy of 5-fluorouracil on an
intermediate-term model of azoxymethane-induced colorectal Tumors in
Rats. Cancer Prev Res (Phila). 2016;9(6):491-501.

Ma JW, Zhang Y, Tang K, Zhang HF, Yin XN, Li Y, et al. Reversing drug resist-
ance of soft tumor-repopulating cells by tumor cell-derived chemothera-
peutic microparticles. Cell Res. 2016,26(6):713-27.

. Ma ZG, Ma R, Xiao XL, Zhang YH, Zhang XZ, Hu N, et al. Azo Polymeric

micelles designed for colon-targeted dimethyl fumarate delivery for
colon cancer therapy. Acta Biomater. 2016;44:323-31.

Kim GP, Colangelo LH, Wieand HS, Paik S, Kirsch IR, Wolmark N, et al.
Prognostic and predictive roles of high-degree microsatellite instability in
colon cancer: a national cancer institute-national surgical adjuvant breast
and bowel project collaborative study. J Clin Oncol. 2007;25(7):767-72.
Mattar MC, Lough D, Pishvaian MJ, Charabaty A. Current management of
inflammatory bowel disease and colorectal cancer. Gastrointest Cancer
Res. 2011;4(2):53-61.

Tanaka T. Development of an inflammation-associated colorectal cancer
model and its application for research on carcinogenesis and chemopre-
vention. Int J Inflam. 2012,2012:658786.

Marangoni RG, Korman BD, Parra ER, Velosa APP, Barbeiro HV, Martins V,
et al. Pathological pulmonary vascular remodeling is induced by type V
collagen in a model of scleroderma. Pathol Res Pract. 2021;220:153382.
Sajeesh S, Sharma CP. Cyclodextrin-insulin complex encapsulated polym-
ethacrylic acid based nanoparticles for oral insulin delivery. Int J Pharm.
2006;325:147-54.

ShiRC, Xing JF, Liu ZG, et al. Synthesis of 2-hydroxyl-5-butyramidobenzoic
acid and its effect on acetic acid-induced colitis in rats. J of South Med.
2009;29:1843-5.

Shi RC, Xing JF, Liu ZG, Yuan ZZ, Zhang SQ, Bian XL, et al. Synthesis of
2-hydroxyl-5-butyramidobenzoic acid and its effect on acetic acid-
induced colitis in rats. Nan Fang Yi Ke Da Xue Xue Bao. 2009;29(9):1843-5.
Tong X, Yin L, Giardina C. Butyrate suppresses Cox-2 activation in colon
cancer cells through HDAC inhibition. Biochem Biophys Res Commun.
2004,317(2):463-71.

Nikolaus S, Félscn U, Schreiber S. Immunopharmacology of 5-aminosali-
cylic acid and of glucocorticoids in the therapy of inflammatory bowel
disease. Hepatogastroenterology. 2000;47(31):71-82.

Miller B, Hansrisuk A, Highley CB, Steven RC, Guest-host supramolecular
assembly of injectable hydrogel nanofibers for cell encapsulation. ACS
Biomater Sci Eng. 2021.

Nudelman A, Gnizi E, Katz Y, Azulai R, Cohen-Ohana M, Zhuk R, et al.
Prodrugs of butyric acid. Novel derivatives possessing increased aqueous

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 21 of 22

solubility and potential for treating cancer and blood diseases. Eur J Med
Chem. 2001,36(1):63-74.

Khan MS, Ivins DJ, Wen FK, Nashelsky J. Aspirin for colon cancer risk
prevention. Am Fam Physician. 2019;100(9):1.

Geze A, Chau LT, Choisnard L, Mathieu J-P, Marti-Batlle D, Riou L, et al.
Biodistribution of intravenously administered amphiphilic 3-cyclodextrin
nanospheres. Int J Pharm. 2007;344(1-2):135-42.

Hirayama F, Minami K, Uekama K. Design and evaluation of colon-specific
drug delivery system based on cyclodextrin conjugates. Netherlands:
Springer; 1999.

Son DJ, Hong JE, Ban JO, Park JH, Lee HL, Gu SM, et al. Synergistic
inhibitory effects of cetuximab and cisplatin on human colon cancer

cell growth via inhibition of the ERK-Dependent EGF receptor signaling
pathway. Biomed Res Int. 2015;2015:397563.

Lai TY, Lee WC. Killing of cancer cell line by photoexcitation of folic
acid-modified titanium dioxide nanoparticles. J Photochem Photobio.
2009;204(2):148-53.

Lv RY, Li GR, Lu ST, Wang T. Synthesis of multi-functional carbon quantum
dots for targeted antitumor therapy. J Fluoresc. 2021;31(2):339-48.
Lachenauer ER, Stabler SP, Field MS, Patrick JS. p53 disruption increases
uracil accumulation in DNA of murine embryonic fibroblasts and

leads to folic acid-nonresponsive neural tube defects in mice. J Nutr.
2020;150(7):1705-12.

Lu X, Cheng H, Xu QM, Tan XS. Encapsulation of STING agonist cGAMP
with folic acid-conjugated liposomes significantly enhances antitumor
pharmacodynamic effect. Cancer Biother Radiopharm. 2021. https://doi.
0rg/10.1089/cbr.2020.4085.

Tsai MH, Peng CL, Yaoc CJ, Shieh MJ. Enhanced efficacy of chemothera-
peutic drugs against colorectal cancer using ligand-decorated self-
breakable agents. RSC Adv. 2015;5(112):92361-70.

Nudelman A, Gnizi E, Katz Y, Cohen-Ohana M, Zhuk R, Sampson SR, et al.
Prodrugs of butyric acid. Novel derivatives possessing increased aqueous
solubility and potential for treating cancer and blood diseases. Eur J Med
Chem. 2001,36(1):63-74.

Zhou Q, Zhu S, YuY, Li K, Wang L, Spirobenzylamine-phosphine, prepara-
tion method therefor and use thereof. EP. 2014.

Kuznetsov VL, Kuznetsova LA, Kaliazin AE, Rowe DM. Preparation and
thermoelectric properties of A8IIB1611IB30IV clathrate compounds. J Appl
Phys. 2000;87:7871-5.

Sajeesh S, Sharma CP. Cyclodextrin-insulin complex encapsulated polym-
ethacrylic acid-based nanoparticles for oral insulin delivery. Int J Pharm.
2006;325:147-54.

Coban O, Aytac Z, Yildiz ZI, Uyar T. Colon targeted delivery of niclosa-
mide from B-cyclodextrin inclusion complex incorporated electrospun
Eudragit® L100 nanofibers. Colloids Surf B Biointerfaces. 2021;197:111391.
Lyu JY, Wang LJ, Bai XS, Du XJ, Wei J, Wang JX, et al. Treatment of rheuma-
toid arthritis by serum albumin nanoparticles coated with mannose to
target neutrophils. ACS Appl Mater Interfaces. 2021;13(1):266-76.

Xiao SL, Liu ZB, Deng RL, Li CH, Fu SZ, Chen GL, et al. Aptamer-mediated
gene therapy enhanced antitumor activity against human hepatocellular
carcinoma in vitro and in vivo. J Controlled Release. 2017;258:130-45.

Lyu H, Wang J. Stability of inclusion complex of angelica oil 3-CD. China
Pharmacist. 2002;,005(004):223-4.

Zhong ZR, Shi SJ, Han JF, Zhang ZR, Sun X. Anionic liposomes increase
the efficiency of adenovirus-mediated gene transfer to coxsackie-adeno-
virus receptor deficient cells. Mol Pharm. 2010;7(1):105-15.

Liu W, Zhu YC, Wang F, Li X, Liu XJ, Pang JJ, et al. Galactosylated chitosan-
functionalized mesoporous silica nanoparticles for efficient colon cancer
cell-targeted drug delivery. R Soc Open Sci. 2018;5(12):181027.

Maya S, Sarmento B, Lakshmanan V-K, Menon D, Jayakumar R. Actively
targeted cetuximab conjugated gamma-poly (glutamic acid)-docetaxel
nanomedicines for epidermal growth factor receptor over expressing
colon cancer cells. J Biomed Nanotechnol. 2014;10(8):1416-28.

Srour AM, El-Bayaa MN, Omran MM, Sharaky MM, El-Sayed WA. Synthesis
and cytotoxic properties of new substituted glycosides-indole con-
jugates as apoptosis inducers in cancer cells. Anticancer Agents Med
Chem. 2021;21(10):1323-33.

Xiao B, Chen Q, Zhang Z, Wang LX, Kang YJ, Denning T, et al. TNFa gene
silencing mediated by orally targeted nanoparticles combined with
interleukin-22 for synergistic combination therapy of ulcerative colitis. J
Control Release. 2018;287:235-46.


https://doi.org/10.1002/med.21809
https://doi.org/10.1002/med.21809
https://doi.org/10.1089/cbr.2020.4085
https://doi.org/10.1089/cbr.2020.4085

Chen et al. J Nanobiotechnol

45.

46.

47.

48.

49.

(2021) 19:329

Liu D, Zhang Q, Wang J, Fan L, Zhu WQ, Cai DF. Hyaluronic acid-coated
single-walled carbon nanotubes loaded with doxorubicin for the treat-
ment of breast cancer. Pharmazie. 2019;74(2):83-90.

Mulens-Arias V, Nicolds-Boluda A, Pinto A, Carn F, Silva AKA, Pocard M,

et al. Tumor-selective immune-active mild hyperthermia associated with
chemotherapy in colon peritoneal metastasis by photoactivation of

fluorouracil-gold nanoparticle complexes. ACS Nano. 2021;15(2):3330-48.

Xiao SL, Liu ZB, Deng RL, Li CH, Fu SZ, Chen GL, et al. Aptamer-mediated
gene therapy enhanced antitumor activity against human hepatocellular
carcinoma in vitro and in vivo. J Control Release. 2017;258:30-145.

Lin YQ, Zhang J, Liu SJ, Ye H. Doxorubicin loaded silica nanoparticles with
dual modification as a tumor-targeted drug delivery system for colon
cancer therapy. J Nanosci Nanotechnol. 2018;18(4):2330-6.

Giri BR, Lee J, Lim DY, Kim DW. In vitro Docetaxel/dimethyl-3-cyclodextrin
inclusion complexes: preparation, evaluation and physicochemical char-
acterization. Drug Dev Ind Pharm. 2021;47(2):319-28.

Page 22 of 22

Ma ZG, Ma R, Xiao XL, et al. Azo polymeric micelles designed for colon-
targeted dimethyl fumarate delivery for colon cancer therapy. Acta
Biomater. 2016;44:323-31.

51. Roa W, Zhang XJ, Guo LH, Shaw A, Hu XY, Xiong YP, et al. Gold nanoparti-
cle sensitize radiotherapy of prostate cancer cells by regulation of the cell
cycle. Nanotechnology. 2009,20(37):375101.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A novel dual-prodrug carried by cyclodextrin inclusion complex for the targeting treatment of colon cancer
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Materials
	Cell lines and animals
	Synthesis of BBA and FA-PEG-CM-β-CD
	Preparation of inclusion complex
	Characterization of inclusion complex
	Anticancer activity of BBAFA-PEG-CM-β-CD
	Cellular uptake of inclusion complex
	Cell apoptosis and cell cycle analysis
	Acute toxicity assessment of BBAFA-PEG-CM-β-CD in mice
	Pharmacokinetics evaluation of BBAFA-PEG-CM-β-CD
	Distribution of BBAFA-PEG-CM-β-CD in SW620 tumor-bearing mice
	Pharmacodynamic evaluation of BBAFA-PEG-CM-β-CD
	Data analysis

	Results
	Successful synthesis of BBA and FA-PEG-CM-β-CD
	Characterization of BBAFA-PEG-CM-β-CD
	In vitro anticancer activity of BBAFA-PEG-CM-β-CD
	Uptake of BBAFA-PEG-CM-β-CD by cells in vitro
	Mechanism analysis about the inhibitive effect of BBAFA-PEG-CM-β-CD
	BBAFA-PEG-CM-β-CD showing no in vivo acute toxicity
	BBAFA-PEG-CM-β-CD prolonging the in vivo circulation time of BBA
	BBAFA-PEG-CM-β-CD showing tumor suppression to colon cancer
	BBAFA-PEG-CM-β-CD inducing tumor cells necrosis and apoptosis

	Discussion
	Conclusion
	Acknowledgements
	References




