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a b s t r a c t

Colorectal cancer (CRC) is still the leading cause of cancer death worldwide, but the clinical effect of

drug therapy such as irinotecan is not an ideal way at present. In recent years, probiotics have attracted

much attention, and the combination of probiotics may play an important role in the prevention and

treatment of CRC. This work proposed a cellular chip-MS system, to study the synergistic effects of pro-

biotic Lactobacillus rhamnosus GG (L.GG) and irinotecan on HCT116 cells by cell viability and on-line mass

spectrometry (MS) analysis. The double-layer chip sandwiched with a polycarbonate membrane can co-

culture HCT116 cells and L.GG. And the solid phase microextraction chip can be used for desalination

and concentration. Finally, the extracted chemicals were entered the electrospray ionization quadrupole

time-of-flight MS to detect irinotecan metabolites. The results showed that with the increasing concen-

tration of co-cultured L.GG, the percentage of living HCT116 cells decreased, but the relative amount of

metabolized SN-38 by HCT116 cells increased. Therefore, the microfluidic system can be used to detect

and monitor the synergistic effect of irinotecan-L.GG combination on HCT116 cells. In summary, our study

provided experimental evidence for the first time with potential applications of irinotecan-L.GG combina-

tion in CRC treatment, and the cellular chip-MS system as a powerful tool can be used in the experiments

of probiotics as new drugs.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Colorectal cancer (CRC), also known as colon cancer, is still a se-

rious health problem worldwide. It is a common malignant tumor

in the gastrointestinal tract and one of the main causes of cancer

death in the world [1]. In 2020, there were more than 1.9 mil-

lion new (including anus) cases and 935,000 deaths all over the

world [2]. In the general treatment of CRC, surgery, radiotherapy

and chemotherapy are commonly used. Chemotherapy drugs com-

monly used for CRC include irinotecan, 5-fluorouracil, oxaliplatin

and others. Unfortunately, due to the lack of effective treatment,

adverse side effects, chemical resistance and disease recurrence of

the current treatment methods, there is an urgent need to develop

new therapeutic strategies for CRC.

The gut microbiota (including bacteria, archaea, viruses, fungi,

protozoa and other microbes) has a profound impact on our over-

all health and response to disease [3]. And there is compelling

evidence that the study of microbiota is important [4,5]. Probi-

otics are defined as foods containing living microorganisms that
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have a beneficial effect on the health of the host [6]. Experimental

and clinical evidence suggest that probiotics may play an impor-

tant role in a variety of human diseases, including CRC, inflamma-

tory bowel disease, respiratory tract infection [7,8]. Nowadays, the

strategy of implanting effective prebiotics, probiotics and derived

epigenetic bacteria to improve the disease has been proposed in

clinics [9], because intestinal flora may regulate the host response

to clinical medication. Preclinical studies showed that L. rhamno-

sus (Lcr35) can decrease the severity of intestinal mucositis and

diarrhea caused by adjuvant 5-FU-based chemotherapy in mice in-

jected with CT26 colorectal adenocarcinoma cells [10]. Therefore,

combinations of probiotics are considered to be a potential strat-

egy for the prevention and treatment of CRC.

Microfluidic chip has great potential for the investigation of ba-

sic mechanisms in biology and toxicity [11–13]. It can establish

a chemical or biological laboratory on several square centimeter

chips, and integrate multiple functional units like cell culture, sort-

ing, lysis and detection [14,15]. Moreover, microfluidic chip has

many advantages, such as low cost, low reagent consumption, real-

time and fast analysis of samples. Therefore, the microfluidic chip

provides an alternative method for the establishment of a routine
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Fig. 1. (A) The pharmacokinetic process of the drug in the intestinal tract in vivo model. (B) The microfluidic system for co-culture of HCT116 cells with L.GG and metabolism

detection.

preclinical model for drug screening [16–18]. The co-culture of pro-

biotics and tumor cells on the microfluidic chip and the develop-

ment of gut-on-chip makes it possible to study the combination

therapy of CRC with probiotics and drugs [19–23]. Mass spectrom-

etry (MS) is an ideal label-free analytical technique for analyzing

the molecular composition with high sensitivity. In recent years,

the improvement of the interface between microfluidic chips and

MS allows rapid detection and analysis of cell metabolites [23–

25]. These models may play important roles in exploring biolog-

ical mechanisms that control pathological abnormalities observed

in cancer. They will also serve as a more reliable platform for eval-

uating the predicted results of chemotherapeutics and their deliv-

ery systems in vivo [26].

In a real human environment, drugs must pass through the in-

testinal flora and across the intestinal mucosa before they can be

absorbed and metabolized by intestinal cells (Fig. 1A). Here, we

proposed a microfluidic system, which consists of two separate

chips to study effects of Lactobacillus rhamnosus GG (L.GG) com-

bined with irinotecan simultaneously on human colorectal cancer

cell line HCT116 cells by electrospray ionization quadrupole time-

of-flight MS (ESI-Q-TOF-MS) (Fig. 1B). One chip was a porous mem-

brane sandwiched chip, which was used for co-culture of bacte-

ria and HCT116 cells. Each channel was 18 mm long, 2 mm wide

and 120 μm high. The porous polycarbonate (PC) membrane with

a thickness of 10 μm and pores diameter of 0.4 μm was used to

separate the top and bottom channels. As shown in Fig. S1 (Sup-

porting information), the PC membrane was treated with 5% AT-

PES for 20 min at 80 °C and 330 μg/mL matrigel for 40 min at

37 °C. The pores were still clearly visible under a scanning elec-

tron microscope (SEM), which could be used for next experiments.

HCT116 cells were cultured in the top channel and L.GG were cul-

tured in the bottom channel. To some extent, the direct contact of

L.GG with HCT116 cells was restricted, but the penetration of L.GG

through the PC membrane was not completely prevented. This de-

sign can ensure the good growth of both cells and L.GG. Irinotecan

was added to both the top and bottom channels to stimulate cells.

A home-made plug was applied when necessary, to ensure that

different substances can be added to the top and bottom channels.

The other chip was a solid phase microextraction (μSPE) chip with

the channel length of 22 mm, width of 2 mm, height of 80 μm, and

micro-column arrays at the end with 30 μm intervals, which was

used for the extraction and concentration of cell culture medium

and metabolites. C18 SPE materials were employed to desalinate

and enrich the metabolites of irinotecan. After concentration and

extraction, the μSPE chip was directly connected to ESI-Q-TOF-MS

through polytetrafluoroethylene (PTFE) tubes for metabolites anal-

ysis. Our established system provided a powerful tool to study cell

metabolism and anti-cancer drug screening.

HCT116 cells at 5 × 106 cells/mL were seeded into the top chan-

nel, and then the microfluidic device was placed in a 10 cm diam-

eter dish to keep sterile, and cultured in 5% CO2 and 95% air at

37 °C. Due to the permeability of PDMS, the cell culture medium

in the channel was easy to evaporate after a few hours. To reduce

evaporation, the surface of the chip was covered with a layer of

cell culture medium. After this treatment, no evaporation was ob-

served in the channel for several days. To ensure that our estab-

lished system had no effect on the cell viability, a Live/Dead assay

kit composed of Calcein AM and ethidium homodimer-1 (EthD-1)

was used for cell viability evaluation. As shown in Fig. S2 (Support-

ing Information), cells on the chip were completely spread out and

attached to the PDMS. On the first, third, and fifth day, nearly 100%

of cells remained alive and showed bright green fluorescence.

CCK-8 was used to evaluate the cytotoxicity of irinotecan on

HCT116 cells. As shown in Fig. S3 (Supporting information), the

survival rate of HCT116 cells decreased with irinotecan final con-

centrations increasing from 3.81 μmol/L to 61.00 μmol/L in using

two-fold dilutions, and the IC50 value was 10.61 μmol/L. To keep

appropriate live cells for the following combination study of pro-

biotics and drugs on HCT116 cells, the IC50 value of irinotecan was

used for further experiments.

Before investigating the effect of L.GG on the proliferation of

HCT116 cells, basic properties like morphology and growth abil-

ity were tested. For growth curve evaluation, an optical density

of L.GG at 600 nm (OD600) was measured instead of testing the

number of viable bacteria each time. The growth curve was mea-

sured as follows, L.GG with OD600 0.07 was cultured in a 15 mL

centrifuge tube and measured the density change every 3 h last-

ing for 48 h. As shown in Fig. S4A (Supporting information), OD600

was increased relatively fast during 33 h culture and then be-

came flat. The corresponding quantification result between OD600
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Fig. 2. HCT116 cells viability assay with a Live/Dead assay kit after treated with 10.61 μmol/L irinotecan, L.GG, or their combinations. (A) Without any treatment. (B) Only

treated with 10.61 μmol/L irinotecan. (C) Only treated with L.GG of OD600 0.05. Simultaneously treated with 10.61 μmol/L irinotecan and L.GG with OD600 (D) 0.02, (E) 0.05,

and (F) 0.10. All the scale bars were 100 μm.

and CFU/mL was shown in Fig. S4B (Supporting information). It

was found that there was a good linear relationship between

OD600 and CFU/mL. The fitting formula was y = 2.0806x + 6.8869,

R2 = 0.9960. Results indicated that the good proliferation ability of

L.GG in vitro was helpful for the subsequent effect on the viability

of tumor cells. Moreover, an SEM was employed to characterize the

morphology of L.GG. As Figs. S4C and D (Supporting Information),

L.GG presented a rod-shaped structure.

Six different experimental groups were set up to explore the

combined effect of irinotecan and L.GG on HCT116 cells. Firstly,

5 × 106 cells/mL HCT116 cells were added to the top channel.

After 24 h culture, the original medium was removed, and 10.61

μmol/L irinotecan dissolved in culture medium was added to the

top channel to treat cells. Meanwhile, irinotecan of 10.61 μmol/L

dissolved in culture medium containing increasing concentrations

of L.GG with OD600 from 0.02 to 0.10 was added to the bot-

tom channel. HCT116 cells without any treatment was regarded

as blank (Fig. 2A). While HCT116 cells treated only with 10.61

μmol/L irinotecan (Fig. 2B) or L.GG with OD600 0.05 (corresponding

to about 9.79 × 106 CFU/mL in bacteria concentration) were used

as control groups. After 48 h treatment, all the cell medium were

loaded on the activated μSPE chip at a flow rate of 1 μL/min for

desalination and concentration. The Live/Dead assay kit was then

used to evaluate the cell viability on the chip. As shown in Fig. 2,

compared with the blank, the cell proliferation was significantly

reduced when cells were treated with 10.61 μmol/L irinotecan

and L.GG with OD600 0.05. HCT116 cells were liable to aggregate

growth. However, when they were co-cultured with L.GG, the cells

were tended to disperse (Fig. 2C). As shown in Figs. 2D–F, with the

increased concentration of co-cultured L.GG, viable HCT116 cells

decreased and apoptotic cells increased. Results indicated that L.GG

and irinotecan had a synergistic effect on the inhibition of HCT116

cells growth.

In order to analysis cellular metabolites, μSPE chip was de-

signed to desalt and concentrate the metabolites before ESI-Q-TOF-

MS analysis. This method has the advantages of fast, convenient,

high throughput and high sensitivity. The unique polymer beads of

C18 extraction were selected as packing materials for desalting and

adsorbing irinotecan and its metabolites. The filling effect of μSPE

chips was shown in Fig. S5 (Supporting information). C18 SPE par-

ticles were tightly filled in the microchannels which can be used

for subsequent experiments.

MRM mode was used to detect MS and the tandem mass

spectrometry (MS/MS) of irinotecan and SN-38 simultaneously. As

shown in Fig. S6 (Supporting information), the detection of 5.01

μmol/L irinotecan containing 0.3% formic acid did not contain

393.14 fragments deducting background effects under optimal MS

conditions used in this experiment.

Irinotecan of 61.00 μmol/L and its metabolites SN-38 of 10.70

μmol/L were dissolved in phosphate buffered saline (PBS), serially

diluted in PBS. The final concentration of irinotecan reached from

0.95 to 61.00 μmol/L, and the final concentration of SN-38 reached

from 0.08 to 10.70 μmol/L. These solutions were extracted by μSPE

chip separately, and finally detected online by ESI-Q-TOF-MS un-

der optimal MS conditions. Moreover, MS/MS was used to verify

their chemical structures. As shown in Figs. S7A and B (Supporting

information), the ion intensities of the monitored ions increased

with the increasing concentration of irinotecan or SN-38. And there

were good linear relationships between the logarithm of the high-

est intensity generated from m/z 587.28 peaks and the logarithm of

the irinotecan concentration, and the logarithm of the highest in-

tensity generated from m/z 393.14 peaks and the logarithm of the

SN-38 concentration, separately. The calibration curve of irinote-

can was linear in the range of 0.95–61.00 μmol/L, and the fitting

formula was y = 0.9028x + 4.8331, R2 = 0.99534. The calibration

curve of SN-38 was linear in the range of 0.08–10.70 μmol/L, and

the fitting formula was y = 0.9065x + 3.4356, R2 = 0.99446. All

the above results indicated that the established μSPE chip and ESI-

Q-TOF-MS combination system could be used for irinotecan and its

metabolite SN-38 characterization and semi-quantification analysis.

After HCT116 cells were co-cultured with L.GG and treated with

10.61 μmol/L irinotecan simultaneously, the culture medium was

extracted by μSPE chip and analyzed by ESI-Q-TOF-MS. As shown

in Fig. 3, the monitoring ions of m/z 587.28 and its fragments of

m/z 543.29, m/z 502.19 and m/z 458.20 indicated the presence of

irinotecan, while the monitoring ions of m/z 393.14 and the frag-

ments of m/z 349.14 indicated the presence of SN-38. The whole

online detection time was only about 7 min. Results showed that

SN-38 can be effectively secreted into the medium and was the

main metabolite of irinotecan in HCT116 cells, which was accor-

dance with the findings reported in the previous literature [27].

HCT116 cells were co-cultured with three different concentra-

tions of L.GG (OD600 0.02, 0.05 and 0.10) and treated with 10.61

μmol/L irinotecan simultaneously. After 48 h treatment, the rela-

tive intensity of SN-38 increased significantly with the increasing

concentration of L.GG, but the cell viability decreased markedly

(Fig. 4). The results might be caused by the higher toxicity of SN-

38 than irinotecan, which was in accordance with the findings re-

ported in the previous literature [28]. We also investigated the ef-

fects of irinotecan-L.GG combination on HCT116 cells for 0, 24 and

2098



W. Hu, D. Gao, Z. Su et al. Chinese Chemical Letters 33 (2022) 2096–2100

Fig. 3. (A) Mass spectra of cell medium from HCT116 cells incubated with 10.61 μmol/L irinotecan and L.GG with OD600 0.10 for 48 h. Locally enlarged mass spectra of (B)

SN-38 and (C) irinotecan, and their corresponding tandem mass spectra of (D) SN-38 and (E) irinotecan.

48 h separately, with the irinotecan of 10.61 μl/L and the L.GG of

OD600 0.05. As shown in Fig. S8 (Supporting information), the con-

centration of SN-38 in the medium has dramatically increased with

the treatment time prolonged to 48 h. Therefore, these results sug-

gested that L.GG can help the absorption of irinotecan by HCT116

cells and metabolize it to the main metabolite SN-38. These results

proved the feasibility of using a cellular chip-MS system for cells

and probiotics co-culture and drug metabolism study. Moreover,

these results proved that the irinotecan-L.GG combination could

improve the treatment efficiency for CRC.

In summary, we proposed a cellular chip-MS system, which

consisted of two independent chips. Effects of irinotecan-L.GG

combination on HCT116 cells was studied by the ESI-Q-TOF-MS.

Here, when irinotecan-L.GG combination was used to treat HCT116

cells, with the increase of the L.GG concentration, the apoptosis

of HCT116 cells was obvious, and SN-38, the main metabolite of

irinotecan, was increased. Consequently, we demonstrated for the

first time that irinotecan-L.GG combination can improve the treat-

ment efficiency of colorectal cancer. Moreover, the cellular chip-MS

system can be used as a highly sensitive detection method, which

provided a powerful tool for the study of cell metabolism and anti-

cancer drug screening, especially in the experiments of probiotics

as new drugs.
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Fig. 4. Relative mass spectra signal intensities of SN-38 in the experimental

group treated with the irinotecan-L.GG combination compared to that treated with

irinotecan alone.
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