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Abstract 23 

Components within the tumor microenvironment, such as intratumoral bacteria (IB; within tumors), 24 

affect tumor progression. However, current experimental models have not explored the effects of 25 

extratumoral bacteria (EB; outside tumors) on cancer progression. Here, we developed a 26 

microfluidic platform to analyze the influence of bacterial distribution on bladder cancer 27 

progression under defined conditions, using uropathogenic Escherichia coli. This was achieved by 28 

establishing coating (CT) and colonizing (CL) models to simulate the different invasion and 29 

colonization modes of IB and EB in tumor tissues. We demonstrated that both EB and IB induced 30 

closer cell-cell contacts within the tumor cluster, but cancer cell viability was reduced only in the 31 

presence of IB. Interestingly, cancer stem cell counts increased significantly in the presence of EB. 32 

These outcomes were due to the formation of extracellular DNA-based biofilms by EB. Triple 33 

therapy of DNase (anti-biofilm agent), ciprofloxacin (antibiotic), and doxorubicin (anti-cancer 34 

drug) could effectively eradicate biofilms and tumors simultaneously. Our preclinical proof-of-35 

concept provides insights into how bacteria influence tumor progression and facilitate future 36 

research in anti-biofilm cancer management therapies. 37 

 38 

Keywords: Drug screening; microfluidic tumor models; biofilms; antibacterial agents, 39 

combinatorial therapy  40 

 41 

  42 
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1. Introduction 43 

 44 

There is increasing evidence that tumors contain intratumoral bacteria (IB) (Geller et al. 2017; 45 

Poore et al. 2020), and the composition of the human tumor microbiome has recently been 46 

extensively studied in many human tumors (Nejman et al. 2020). Bacterial infections are linked to 47 

cancer development, especially in the digestive system and urinary system, which can cause chronic 48 

inflammation or produce carcinogenic metabolites, thereby leading to cancer-promoting effects 49 

(Supplementary Table 1) (Balkwill and Mantovani 2001; Louis et al. 2014). For example, clinical 50 

evidence indicated that Escherichia coli and Clostridium nucleatum had the carcinogenic potential 51 

for colorectal cancer patients (Arthur et al. 2014), while Helicobacter pylori infection was highly 52 

correlated with the risk of gastric and pancreatic cancer (Raderer et al. 1998; Wroblewski et al. 53 

2010).  54 

On the contrary, recent studies have shown that systemic bacterial infections could also exacerbate 55 

the disease state of cancer patients, which suggested that extratumoral bacteria (EB) could also play 56 

a role in tumor progression (Dejea and Sears 2016; Garrett 2019; Li et al. 2017). In addition, most 57 

cancer patients with sepsis were infected with antibiotic-resistant Gram-negative bacteria (Safdar 58 

and Armstrong 2011). Due to bacteremia, acquired immune system abnormalities caused by 59 

neutropenia in cancer patients had severely complicated chemotherapy (Montassier et al. 2013; 60 

Perez et al. 2014). The average recovery rate of patients from bacteremia was only 51.3% 61 

(Trecarichi and Tumbarello 2014). Inappropriate antibiotic treatment will worsen the prognosis and 62 

survival rate of patients (Elkrief et al. 2019; Hopkins et al. 2020). This implied that anti-cancer drug 63 

resistance caused by secondary infections is an urgent problem during cancer treatment. 64 

Recent clinical studies have shown that bacteria could form multicellular biofilms that cover or 65 

infiltrate the interstitial tumor space of patients with colorectal cancer (CRC) (Dejea et al. 2014; 66 

Drewes et al. 2017),  leading to the up-regulation of pro-inflammatory cytokines (such as IL-6) 67 

(Dejea et al. 2014). Animal studies have also shown that transplanting biofilms from cancer patients 68 

and even healthy individuals could induce tumor formation (Tomkovich et al. 2019). Although 69 

many clinical studies have revealed the correlation between bacterial infections and tumor 70 

progression (El-Mosalamy et al. 2012; Schwabe and Jobin 2013), this raised the question of whether 71 

EB could form biofilms within the tumor microenvironment and influence tumor progression.  72 

Many bacteria models, such as flow chamber biofilm assays and Calgary biofilm assays, cannot 73 

accurately recapitulate the 3D structure of biofilms found in vivo (Coraça‐Hubér et al. 2012; 74 

Harrison et al. 2010). Furthermore, an increasing amount of studies suggest the importance of 75 
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spatial heterogeneity in tumor progression (Athanasakis et al. 2018; Lee et al. 2019; Shimada et al. 76 

2010). In addition to tumor complexity, it is crucial to develop a well-defined model that can 77 

compare the effects of EB and IB on tumor progression. Here, we developed a microfluidic Platform 78 

to analyze the effects of IB and EB (PIEB) on tumor progression under defined conditions, using 79 

uropathogenic Escherichia coli (UPEC) and bladder cancer cell clusters. We found that EB could 80 

form extracellular DNA (eDNA) - dependent biofilms, which led to closer cell-cell contacts within 81 

the cancer cell clusters. Conversely, exposing tumor cells to IB reduced cell viability, indicating 82 

that tumors responded differently to IB and EB. Besides, the presence of EB also significantly 83 

increased the proportion of cancer stem cells (CSCs). CSCs are tumorigenic cells often associated 84 

with metastasis and poor patient prognosis (Charafe-Jauffret et al. 2010). Our results corroborated 85 

with the clinical observations of patients with colorectal tumors, where biofilms 'protected' tumors 86 

in patients with colorectal cancer by enhancing resistance to anti-cancer drugs (Dejea et al. 2018; 87 

Dejea et al. 2014; Drewes et al. 2017). We further demonstrated that the triple therapy of DNase 88 

(anti-biofilm agent), ciprofloxacin (antibiotic commonly used to urinary tract infections (UTIs), and 89 

doxorubicin (anti-cancer drug) could improve the eradication of biofilm-tumor complexes.  90 

Our work introduces a conceptual framework that reveals how the distribution of bacteria in tumor 91 

tissues affects cancer cell phenotypes and tumor progression. We envisage that the PIEB device 92 

will facilitate further research on the role of antibacterial agents in cancer management.  93 

94 



  

2. Material and methods 95 

 96 

2.1. Fabrication of the PIEB device 97 

The master mold of the tapered microwell layer and the gradient generator for the culture medium were 98 

made using diffuser back-side lithography procedures, as previously described (Khoo et al. 2019). The 99 

tapered microwell was 150 × 250 × 150 μm (length × width × depth), and each array contains 300 100 

microwells. The depth of the microchannel was 6 mm.  The mold was hard-baked at 150℃ for five 101 

minutes (Khoo et al. 2016). Polydimethylsiloxane (PDMS) molds were made via double-casting. PDMS 102 

was prepared using the Sylgard 184 Silicone Elastomer Kit (Dow Corning, USA) via a thorough mixing 103 

of the base resin and curing agent in a ratio of 10:1 (w/w). After plasma treatment, the replica PDMS 104 

mold was exposed to trichloro (1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich, # 448931, 105 

Germany) within a vacuum desiccator for at least 6 h. Polylactic acid (PLA) molds were fabricated for 106 

the barrier layer and the gradient generator using 3D printing. The three layers were assembled with 107 

plasma treatment for 5 min (high RF level, 700 mmtor), followed by baking for 2 h at 70℃.  108 

 109 

2.2. Cell culture  110 

The human bladder carcinoma cell line UMUC-3 (CRL-1749, ATCC) were maintained in modified 111 

Minimum Essential Medium Alpha (MEM α; Gibco, # 12561049, USA) supplemented with 10% (v/v) 112 

fetal bovine serum (FBS; Gibco, # 10270106, USA ) and 1% (v/v) penicillin-streptomycin (Gibco, # 113 

15140122,  USA ) at 37℃ with 5% CO2 in a humidified environment. Cells were cultured in sterile T25 114 

or T75 flasks (Jet BIOFIL, China), with growth media replaced every 48 h. Cultures were passaged at 115 

80% confluence.  116 

 117 

2.3. Optimizing seeding concentration 118 

UMUC-3 cells were diluted to a concentration of 4×105 cells mL-1 and seeded into microchannels to 119 

achieve final concentrations of 1.7×104, 2.1×104, 3.5×104, 6.0×104 cells per channel. After 24 h of 120 

incubation under optimal conditions, in situ analysis of the size and cell viability of clusters were 121 

performed using optical and fluorescence microscopy, respectively. 122 

 123 
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2.4. Culturing bacterial strain and heat-inactivated bacteria 124 

The uropathogenic E. coli strain UTI89 was transformed with the plasmid expressing the DsRed 125 

fluorescent protein, as previously described (King et al. 2015). The bacterial culture was grown in Luria-126 

Bertani (LB) broth (BD Difco, # 244620, USA) at 37 ℃  to allow bacterial growth. Bacteria 127 

concentrations will be approximately 109 cells mL-1 after 24 h.  128 

For heat inactivation experiments, the bacterial suspension was heat-inactivated at 90℃ for 16 h. The 129 

suspension was plated onto LB agar for CFU counting to ensure that no colonies had grown, indicating 130 

that the bacteria were inactivated. 131 

 132 

2.5. Establishment of coating (CT) and colonizing (CL) models 133 

70 % (v/v) ethanol (EtOH; UNI-CHEM) was added to channels to sterilize the platform and remove air 134 

bubbles. 1× phosphate-buffered saline (PBS; Gibco, # 10010049, USA) was used to remove residual 135 

EtOH, and the microwell layer was then coated with 50 μL of 2.5 % bovine serum albumin (v/v) (BSA) 136 

(Sigma-Aldrich, # A9418-5G, Germany) to prevent cell adhesion to the channels. The capacity of each 137 

channel was 150 μL. UMUC-3 cell clusters in the microchannels could be stained in situ with Hoechst 138 

dye (Invitrogen, # H1399, USA) for 30 minutes to visualize cell nuclei or biofilm. Imaging and 139 

downstream analysis were carried out in situ after 1 h, 9 h, and 24 h of infection. UMUC-3 cell clusters 140 

without bacteria were used as negative controls. 141 

For CT models, bacterial suspension was centrifuged for 10,000 rpm. LB supernatant was removed and 142 

replaced with antibiotic-free MEM α (10% supplemented with FBS) at the required multiplicity of 143 

infection (MOI) rates (500:1, 100:1, or 1:1). Control groups corresponding to 0 h time points were 144 

obtained before the introduction of bacteria. For CL models, bacteria and UMUC-3 cells were mixed at 145 

respective ratios of 500:1, 100:1, or 1:1 prior to seeding within channels.     146 

 147 

2.6. Culture morphology in situ analysis 148 

The clusters formed in the microwell array were imaged in situ with an optical microscope (Nikon, 149 

Eclipse Ci-L, Japan). Images were captured at the proximal, medial, and distal parts of each channel to 150 

ensure uniform outcomes.  The image processing, cluster size analysis, and the density of fluorescence 151 

signals were carried out using the ImageJ software. 152 
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 153 

2.7 Confocal laser scanning microscope (CLSM) 154 

Before seeding into the device, UTI89 transformed with Tn7-GFP plasmid was grown in LB broth with 155 

50 μg/mL ampicillin (Sigma-Aldrich, Germany) at 37℃ for 24 h. UMUC-3 cells were incubated with 156 

by 1μM Cell Tracker Deep Red (Invitrogen, #C34565, USA) serum-free culture media at 37℃ for 30 157 

min. After infection, the device was directly placed on the glass slide and imaged in situ via Leica TCS 158 

SP8 MP confocal microscope (Germany). 159 

 160 

2.8 Cell viability and immunostaining  161 

Nuclear dye Hoechst (blue) and Calcein-AM (green) Invitrogen, # C3100MP, USA) were added to the 162 

channels at a final concentration of 20 µM. Clusters were imaged after 30 min incubation at 37 ℃. For 163 

immunostaining, cell clusters were first washed with 1× PBS gently and treated with 100 μg/mL 164 

gentamicin for 2 h to kill extracellular bacteria, followed by 30 min incubation with antibodies (CD44, 165 

PE-Cyanine5, # 15-0441-82; CD24, fluorescein, #11-0241-82, eBioscience, USA) at a final 166 

concentration of 0.4 μg/mL. Using ImageJ for analysis, only single cancer cells stained by Calcein-AM 167 

were enumerated by specifying the size (25-250 μm2) and circularity (0.3-1.0), where the smaller 168 

bacteria were not included. 169 

 170 

2.9 Crystal violet staining  171 

Clusters were washed gently with 1× PBS, followed by staining with 0.1% crystal violet dye (Sigma-172 

Aldrich, # HT90132, Germany) for 1 min. The stained biofilm was washed with 1× PBS to remove 173 

unstained crystal violet dye (Mok et al. 2020) and imaged via the optical microscope. 174 

 175 

2.10 Colony-forming units (CFU) analysis  176 

100 μg/mL of gentamicin was introduced for 2 h to kill extracellular bacteria after infection (Chua et al. 177 

2014). The gentamicin was unable to enter eukaryotic cells to kill intracellular bacteria. Following 178 

gentamicin treatment, the cells in the channels were washed with 1× PBS to remove residual gentamicin 179 

and lysed with ddH2O to release the intracellular bacteria. As previously described (Chan et al. 2021), 180 
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bacterial suspensions were collected and serially diluted for growth on an LB agar plate at 37 ℃ for 24 181 

h. The CFU mL-1 were tabulated by the average number of colonies × dilution factor × volume. 182 

 183 

2.11 DNase treatment 184 

To disrupt the biofilm, 1× DNase (1 U/μL, Roche, # 4716728001, Switzerland) diluted with fresh 185 

penicillin-streptomycin-free culture medium was added to channels after 1 h infection, followed by 186 

incubation under optimal conditions. DNase was removed after 8 h for downstream analysis in situ. 187 

Clusters without DNase treatment served as a control. 188 

 189 

2.12 Drug treatments of biofilms and cancer cell clusters 190 

The UTI89 UPEC isolate was grown in 2 mL LB at 37 ℃ with 200 rpm shaking for 16 hrs. First, the 191 

OD600 values of UTI89 cultured overnight in LB broth (bacterial culture: LB = 1:1000) were obtained 192 

with a 96-well plate (SPL Life Sciences, South Korea). Ciprofloxacin (Cipro) was added at respective 193 

concentrations to the biofilms (0–0.1 µg/mL) (Sigma-Aldrich, # 17850-5G-F, Germany) in an 8-well 194 

chamber (Ibidi, Germany) to determine the minimal inhibitory concentration (MIC) values. The 8-well 195 

chamber plate was incubated overnight at 37 °C. For triple-drug combinatorial treatments, 150 μl of fresh 196 

LB culture was added with 0.0125ug/ml Cipro, 1× DNase to each well. After 8 h incubation, biofilms 197 

were disrupted by repeated pipetting, vortexing, and sonication in an ice-cold water bath (10 minutes) 198 

before serially diluted for plating on LB agar plates. The plates were incubated at 37 ℃ for bacterial 199 

colony growth and subsequent enumeration of colonies. CFU mL-1 was tabulated as average colony 200 

number X dilution factor X volume.  201 

The dose-response curves of doxorubicin for cancer cells from the CT and CL models were fitted and 202 

drawn using the Origin 9 software with five-parameter equations to calculate the half-maximal inhibitory 203 

concentration (IC50) values. The IC50 value was defined as the drug concentration value that resulted in 204 

50% viability of cells and determined by the concentration value (x-axis) corresponding to the value at 205 

50% cell viability (y-axis), as indicated on the dosage-response curve (Khoo et al. 2019).  206 
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 207 

2.13 Statistical analysis 208 

The results were expressed as means ± standard deviation. Data groups were compared using the one-209 

way ANOVA and Student's t-test to evaluate associations between independent variables, and the P 210 

values were obtained. Three independent trials were conducted in triplicates for each experiment. 211 

 212 

3. Results  213 

 214 

3.1. Development of the microfluidic platform to analyze the effects of IB and EB on tumor 215 

progression 216 

To study the effects of IB and EB on the progression of bladder tumors under defined conditions, we 217 

developed an integrated microfluidic PIEB device, which consisted of four components: (i) a bottom 218 

microwell layer for tumor-bacteria cluster formation, (ii) a middle barrier layer to retain fluids, (iii) a top 219 

layer to generate drug gradients and (iv) a top layer for bacteria distribution (Figure 1A-B). The device 220 

was designed to fit a 100-mm dish, filled with a thin film of sterile deionized water and stored in a 221 

humidified chamber to minimize the evaporation of long-term cultures (Berthier et al. 2008). Since UTI 222 

caused by UPEC infection is a contributing factor to the development of bladder cancer, and UPEC is 223 

similarly associated with bladder cancer (Chagneau et al. 2020; El Shobaky et al. 2015), we utilized 224 

bladder cancer cells (UMUC-3) and the UPEC strain (UTI89) in this proof-of-concept study. The cells 225 

were uniformly suspended in the growth medium and seeded into each microchannel. The resultant 3D 226 

structured biofilms formed in the PIEB microfluidic device were highly representative of biofilms in vivo 227 

than the traditional 2D models (Figure 1C) (Ning et al. 2019). After 24 h, cancer cells formed uniform 228 

clusters in the center of each microwell, which could be processed for downstream analysis (Figure 1D).  229 

We evaluated various cancer cell seeding concentrations (corresponding to 17 - 60 cells per microwell) 230 

to determine the optimal cluster size for effective, compact, and viable cancer cell cluster establishment 231 

(Supplementary Figure 1). As determined by Calcein-AM dye labeling, a seeding concentration of 2.1 232 

× 104 cells per channel resulted in the highest proportion of viable cells after 24 h. However, the cell 233 

viability of clusters seeded at a concentration of 3.5 × 104 cells per channel (77.07 ± 14.73%) was 234 

comparable to that of cultures seeded at a concentration of 2.1 × 104 cells per channel (77.49 ± 14.62%). 235 

We also evaluated the morphological parameters of cancer clusters, specifically cluster size. The cluster 236 

boundary was obtained by analyzing the gray value of phase-contrast images (Supplementary Figure 237 
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2). The seeding concentration of 3.5 × 104 cells per channel could produce clusters of a size range 238 

(corresponding to ~ 35 cells per microwell; 8112.46 ± 921.99 μm2) that were clinically comparable to 239 

that of large cancer microclusters in vivo (~ 50 cells) (Cho et al. 2012; Molnar et al. 2001). Therefore, 240 

the seeding concentration of 3.5 × 104 cells per channel was used in subsequent analyses.  241 

 242 

3.2. The distribution of bacteria in the tumor microenvironment affects the morphology and 243 

viability of cancer cells 244 

To evaluate the pathological effects of bacterial distribution in the tumor microenvironment on the 245 

growth and phenotype of bladder cancer cells, we proposed two infection models, the colonization model 246 

(CL) and the coating model (CT), to reflect the difference in response for cancer cells in the presence of 247 

IB and EB (Figure 1E). Specifically, IB in the CL model would be incorporated into tumor clusters, 248 

while EB in the CT model would remain on the surface of the tumor clusters. 249 

The CT and CL infection models were established and analyzed under various MOIs (bacteria: cancer 250 

cell) and time points (1 h, 9 h, and 24 h) (Figure 2A-D). These time points were selected based on 251 

previous UTI89 and SW480 co-culture studies, albeit the focus of these studies was on the pathogenic 252 

effects of bacteria in murine models (Yu et al. 2017). Although higher MOIs (> 10:1) of bacteria were 253 

often used to rapidly establish infections in animal and in vitro models (Billips et al. 2007; Dalmasso et 254 

al. 2014; Santos et al. 2005), we chose a wider range of low to high MOIs (1:1, 100:1, and 500:1) to 255 

mimic in vivo infection rates for higher clinical relevance (Anker et al. 2018). 256 

Using Calcein-AM and Hoechst staining to observe the boundaries of cancer cell clusters, we found that 257 

9 h after infection with a lower MOI (1:1 and 100:1), the size of the cancer cell clusters in CT and CL 258 

models decreased (Figure 2E-F). Compared with the clusters from the CT model, the cluster size 259 

decreased more significantly in the clusters derived from the CL model. For all infection time points 260 

obtained by using the CL model in the case of lower MOI, the cluster size was significantly reduced after 261 

9 h of infection (compared with 1 h of infection; MOI 1:1 – by 2.08 times; MOI 100:1 – by 2.09 times) 262 

(Figure 2E). At lower MOIs, the size of the clusters obtained by the CL model within 1 h after infection 263 

was comparable. However, higher MOI (500:1) with the CL model resulted in smaller clusters only 264 

within 1 h after infection (Figure 2E). Interestingly, within 1 h after infection, at lower MOIs (1:1 and 265 

100:1), the cluster size obtained with the CL model was still larger than the uninfected control cluster, 266 

reflecting the infiltration and subsequent proliferation of IB within the cluster. 267 
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To evaluate the influence of the distribution of bacteria in the tumor microenvironment on the viability 268 

of cancer cells, clusters in the CT and CL models were labeled with Calcein-AM to reflect the proportion 269 

of viable cells (Figure 2G-H). We demonstrated that the presence of EB in the CT model did not lead 270 

to cancer cell killing, while the rapid and massive proliferation of colonized IB caused the reduction of 271 

cell viability, which was also previously observed to kill cancer cells through mechanisms involving 272 

growth inhibitors or hemolysin (Elliott et al. 2011; Smith et al. 2006). Specifically, even after 24 h of 273 

infection with all MOIs, the proportion of cluster cell viability in the CT model remained above 80% 274 

(Figure 2G). In the CL model at higher MOI (500:1), the presence of IB significantly reduced the 275 

viability of cancer cells within shorter infection periods (1 - 9 h). After 9 h of infection, the killing effect 276 

of cancer cells became more apparent under all MOIs, and the viability of cancer cells was significantly 277 

reduced as well in lower MOIs (Figure 2H). Since IB strains are commonly used as colonizing bacteria 278 

to treat cancer (Song et al. 2018; Zu and Wang 2014); therefore, our results indicated that the selection 279 

of bacteria for similar anti-cancer applications should be limited to bacteria with tumor-homing 280 

chemoreceptors.  281 

With prolonged infection periods (48 h – 72 h), cancer cell lysis and reduction of cell viability was 282 

observed in CL models, but no significant changes in cluster size and cell viability were observed in CT 283 

models, albeit a slight reduction in cell viability was observed between 24 h and 48 h (Supplementary 284 

figure 3). 285 

 286 

3.3. The effect on tumor progression and viability was attributed to the presence of biofilm 287 

formed by EB  288 

Previous clinical studies have shown that biofilms could 'protect' colorectal tumors from anti-cancer 289 

drugs (Dejea et al. 2018; Dejea et al. 2014; Drewes et al. 2017). We aimed to demonstrate that the 290 

biofilms on tumor clusters were formed by EB. We visualized and quantified the biofilm biomass by 291 

crystal violet (CV) staining quantified the number of viable bacteria by CFU assays (Cegelski et al. 2009; 292 

Chua et al. 2014; Crémet et al. 2013; Ross et al. 2015). The presence of biofilm has been previously 293 

clinically shown to be the significant feature of proximal CRC (Drewes et al. 2017), which is also highly 294 

correlated with the risk and progression of CRC. As such, we aimed to utilize CV staining, a commonly 295 

used method for quantitative analysis of biofilms as the detection technique, to investigate the presence 296 

of biofilms. As shown by CV staining, in the CT model with EB, biofilm was formed on the periphery 297 

of the cancer cell clusters. In contrast, IB in the CL model entered the interstitial tumor space and cancer 298 

cells without forming a biofilm (Figure 3A-B, Supplementary Figure 3A-B). We further quantified the 299 
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CV staining via spectrometer analysis, by washing out biofilms stained with CV by 70% ethanol to 96-300 

well plate and detecting the absorbance at a wavelength of 595 nm (Auger et al. 2006). The results 301 

indicated that though the OD595 values of solubilized CV from CT model were not higher than the ones 302 

from CL model due to the rapid proliferation of CL model under lower MOI (1:1 - 100:1) at earlier 303 

infecting period (1 h - 9 h), the biofilm mass formed in CT model after more than 9 h of infection was 304 

significantly more than the biofilm of CL model (Figure 3C). 305 

The quantification of bacterial cell count further supported the presence of biofilm in the CT model. CFU 306 

counts were obtained after removing non-adherent bacteria. The CFU counts of adherent bacteria from 307 

the CT model were significantly higher than those from the CL model, especially at lower MOI 1:1 after 308 

9 h of infection (by 2.25 times) (Figure 3C, Supplementary Figure 3C-D). Besides, since eDNA is a 309 

major component of UPEC biofilms (Devaraj et al. 2019; Devaraj et al. 2015), we hypothesized that 310 

eDNA was involved in biofilm formation in the CT model. This conclusion was also proved by the 311 

fluorescence intensity of UTI89-GFP under Z-stack imaging was used to quantify the amount of eDNA 312 

in the biofilm (Figure 3E). By measuring the intensity of UTI89-GFP fluorescence signal normalized to 313 

the background, we observed that the relative biofilm density on the periphery of cancer cell clusters of 314 

the CT model was higher than that of CL models, especially at higher MOI (500:1) (Figure 3E, 315 

Supplementary figure 4F-G). The 3D reconstructions of UMUC-3 labeled by Cell Tracker Deep Red 316 

and UTI89-GFP also clearly demonstrated the different bacteria colonizing situations in these two 317 

models and highlighted the presence of biofilm formation around the cancer cell clusters with the CT 318 

model. All these results corroborated our findings that EB formed eDNA-based biofilms were present 319 

only in the CT model. 320 

 321 

3.4. Tumor metastatic potential was affected by the distribution of bacteria in the tumor 322 

microenvironment 323 

Cancer stem-like properties are shown to be positively correlated with the cancer cell self-renewal and 324 

cancer metastasis (Chandrakesan et al. 2014). We demonstrated that the differential distribution of 325 

bacteria in CT and CL models affected the expression of CD44 and CD24, both of which are biomarkers 326 

corresponding to the CSC phenotype (Figure 4A, Supplementary Figure 4). CD24 is associated with 327 

the carcinogenicity of bladder cancer, and CD44 is positively correlated with the clinical stage of bladder 328 

cancer (Hofner et al. 2014). Specifically, under the CT model at all MOIs, the expression of CD44 in 329 

cancer cells increased significantly. Compared with clusters from the CL model, the proportion of CD44+ 330 

cells in the CT model was significantly higher 9 h after infection, especially when the MOI was low (1:1) 331 
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(9 h: 1.23 times; Figure 4B). A lower degree of infection could have allowed cells to gradually adapt 332 

over time, inducing epithelial to mesenchymal transition, thereby increasing the proportion of CSCs 333 

(Massague and Obenauf 2016). At 9 h and 24 h after infection in the CT model, the proportion of 334 

CD44+CD24+ cells was also significantly higher than that in the CL model, especially in the case of low 335 

MOI (1:1) (9 h: 1.89 times; Figure 4C-E). When MOIs were higher at 100:1 and 500:1, the difference 336 

in the proportion of CSCs became less pronounced. The quantification of CD44 expression based on 337 

fluorescence intensity supported our findings that, compared with the CL model, the expression of CD44 338 

in the CT model was significantly elevated 1-9 h after infection at all MOIs (Figure 4F). This implied 339 

that cancer cells within the clusters were driven towards a cancer stem-like phenotype. Therefore, in 340 

cancer patients with systemic infection during chemotherapy, EB could play an important role in tumor 341 

progression and metastasis. 342 

 343 

3.5. Biofilm disrupting agents can eliminate pro-cancer effects generated by biofilms in the 344 

presence of bacterial infections 345 

To test whether disrupting biofilms could impede tumor progression, the clusters were treated with 346 

DNase, a known anti-biofilm agent that can degrade eDNA and disrupt the biofilm matrix (Tetz et al. 347 

2009a), at a clinically relevant concentration of 0.01 mg/mL (Tetz et al. 2009b). First, we quantified the 348 

CFU from the culture medium to confirm the efficacy of DNase for biofilm dispersal. The results 349 

obtained with both CT and CL models 9 h after infection at MOI 100:1 showed that CFU was increased 350 

only in the CT model after DNase treatment (Figure 5A).  351 

After 9 h of infection with the CT model, treatment with DNase could reverse the effect of cluster size 352 

reduction (Figure 6B) but had no significant reduction in cluster size with the CL model 353 

(Supplementary Figure 5A). As DNase disrupted the biofilm formed by EB in the CT model, the 354 

viability of cancer cells was reduced, especially in higher MOI (100:1 and 500:1) compared with the 355 

untreated control group (Figure 5C). Compared with the untreated control, the expression intensity of 356 

CD44 and CD24 in the CT model was also reduced after DNase treatment. The reduction of CD44 and 357 

CD24 levels was most apparent after DNase treatment at higher MOIs (100:1 – 500:1), which could be 358 

due to the higher proportion of biofilm formed (Figure 5D).  Therefore, DNase could effectively disrupt 359 

biofilms in the CT model.   360 

 361 
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3.6. Combinatorial treatment with the anti-cancer drug and antibacterial agents 362 

simultaneously eradicated biofilms and cancer cells within the CT model 363 

Next, we asked whether the combinatorial treatment of DNase and antibiotics could effectively inhibit 364 

the growth of UTI89 biofilm. Anti-biofilm agent-antibiotic combinatorial treatment is crucial in 365 

disrupting biofilms to release embedded bacteria for antibiotic eradication (Yu and Chua 2020). Although 366 

UPEC biofilms are highly tolerant to commonly used antibiotics, Cipro was commonly used to treat UTI 367 

(Blango and Mulvey 2010; Mittal et al. 2015). Our evaluation indicated that the half-maximal inhibitory 368 

concentration (IC50) value of Cipro for UTI89 was 0.0125 μg/mL, and the minimal inhibitory 369 

concentration (MIC) value was 0.025 μg/mL (Supplementary Figure 6A. Specifically, the CFU from 370 

UTI89 biofilm under combinatorial treatment with 0.0125 μg/mL Cipro and DNase was significantly 371 

lower than that of untreated control and monotherapy groups (by 0.16 - 0.29 times) (Supplementary 372 

Figure 6B). These results underscored the benefits of using anti-biofilm agents and antibiotics in 373 

combinatorial treatment for cancer patients with systemic infections. 374 

Furthermore, we proposed a triple therapy of DNase-Cipro-doxorubicin to eradicate resident biofilms 375 

and cancer clusters simultaneously (Figure 6A). As a control, we first confirmed that neither Cipro nor 376 

DNase had no adverse effect on the viability of non-infected cancer cells (Figure 6B-C). Then, we 377 

determined the IC50 value of doxorubicin on cancer cells with the CT and CL models (Figure 6D). We 378 

observed that the IC50 of doxorubicin on cancer cells with the CT model was significantly higher than 379 

that of cancer cells with the CL model (CT: 1.79 μM, CL: 1.59 μM). This indicated that the presence of 380 

biofilms produced in the presence of EB induced higher drug resistance. At MOI 1:1, the viability of 381 

cancer cells under the triple therapy of DNase (1×) – Cipro (0.025 μg/mL) - doxorubicin (IC50: 1.79 μ382 

M in CT model, 1.59 μM in CL model) was reduced after 72 h, as compared to monotherapy groups 383 

(Figure 6E). This implied that by the removal of biofilms, the drug resistance of cancer cells induced by 384 

inflammatory conditions such as systemic infection could be completely eradicated. Besides, the biofilms 385 

formed under both DOX only treatment and triple treatment for 72 h were tested via quantifying crystal-386 

violet-stained biomass, where OD595 values of solubilized CV from CT and CL models were tested by 387 

a microplate reader under MOI 1:1. The results demonstrated that the degree of biofilm elimination under 388 

triple drug treatment was better than doxorubicin alone in both two models, which was better in CT 389 

models (CT models: DOX-only treatment, 2.029 ± 1.073, triple drug treatment, 1.551 ± 0.137; CL 390 

models, DOX-only treatment, 2.027 ± 0.220, triple drug treatment, 1.644 ± 0.097 ). This further 391 

confirmed that the triple drug strategy was to reduce the drug resistance of cancer cells by destroying the 392 

biofilm. 393 
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 394 

4. Discussion 395 

Drug screening with clinically relevant models can facilitate the validation of new drug combinations 396 

prior to clinical trials (Wienkers and Heath 2005). Due to the complexity and dynamics of the tumor 397 

microenvironment, it is challenging to implement combinatorial treatments without rapid and cost-398 

effective in vitro screening to reveal potential synergy or toxicity (Fearon and Vogelstein 1990; Hanahan 399 

and Weinberg 2011). Underlying issues such as the presence of inflammatory disease can further 400 

influence the effectiveness of treatment. Here, we described a proof-of-concept study using the 401 

microfluidic-based PIEB device to effectively study how bacteria influence the behavior of cancer cells 402 

in microclusters under well-defined conditions.  403 

Bacteria strains can form the extratumoral biofilm, allowing them to colonize the surface of normal 404 

tissues and drive the development of colorectal cancer(Mirzaei et al. 2020). Since the EB biofilm is 405 

bacterial multicellular community held together by sticky extracellular exopolymeric substances, the 406 

biofilm matrix o protects biofilm bacteria from antibiotics and help host cells withstandanticancer 407 

chemotherapy(Dejea et al. 2018; Stewart and Costerton 2001). In this study, we proposed a novel triple 408 

combination therapy of an antibiofilm agent, an antibiotic and an anticancer drug to effectively eliminate 409 

both the biofilms and cancer cells.s. In rapidly infecting in vitro 2D models (1 – 2 h), UPEC strains can  410 

utilize type 1 and actin to invasive and efficiently multiply into bladder carcinoma cells and immortalized 411 

human urothelial cells to form the intracellular communities, which could further cause the distortion 412 

and exfoliation of host cells (Berry et al. 2009; Eto et al. 2006). 413 

We demonstrated that EB could form biofilms on cancer cell clusters and induce cancer-promoting 414 

outcomes, which could be reversed by treatment with antibacterial agents. Our results provided potential 415 

insights for the combinatorial use of anti-cancer drugs and antibacterial agents in cancer patients with 416 

systemic bacterial infections.  417 

We chose to use crystal violet stain, which was commonly used to stain biofilms in in vitro settings (Mok 418 

et al. 2020; O'Toole 2011), for the novel detection of biofilms in cancer cell clusters. To apply the biofilm 419 

as a potential marker in analysis of cancer with inflammation, we developed a spectrometer assay to 420 

detect biofilm biomass stained by crystal violet from different models, which could also be utilized for 421 

rapid detection and  rapid treatment intervention.  422 

Besides, clusters within the PIEB device were established within 24 h under optimal growth conditions, 423 

so those suitable therapeutic agents could be quickly screened and tested with a high throughput array. 424 
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The PIEB device was designed with a microwell array to generate uniform tumor clusters. The molds 425 

were produced using different strategies to suit the respective geometric geometry, dimensions, and 426 

tolerances in each layer. The deviation of shear rate and perfusion rate was negligible. The operation of 427 

the platform was straightforward and could be produced cost-effectively. The use of microfluidic 428 

technology enabled a robust performance with minimal requirements for cell and reagents, which opens 429 

more possibilities for applications involving rare primary cancer cells or clinical samples derived from 430 

patients. It has been previously reported that a microfluidic platform based on microwells could establish 431 

rare circulating tumor cell clusters from patient liquid (blood) biopsies, and the presence of cancer 432 

clusters reflected patient prognosis and survival rate (Khoo et al. 2019). We expect that further 433 

improvements to this assay can facilitate rapid, high-throughput, and inexpensive evaluation of drug 434 

response for drug discovery and provide insights into personalized patient treatment strategies. 435 

 436 

5. Conclusions 437 

Ourstudy demonstrated that the spatial distribution of bacteria in the tumor microenvironment could have 438 

different tumor progression outcomes.  As demonstrated by the PIEB device, the biofilm formed in the 439 

CT model by EB could envelop tumor tissue, displaying higher tolerance to antibiotics (Supplementary 440 

Figure 7A) and inducing anti-cancer drug resistance (Figure 6D-E). In chronic infections such as 441 

pneumonia in patients with cystic fibrosis, similar protective effects due to the presence of biofilms have 442 

also been reported (De la Fuente-Núñez et al. 2013; Høiby et al. 2010). This could be attributed to the 443 

poor penetration of drugs through the dense biofilm matrix and the inactivation of anti-cancer drugs in 444 

the anaerobic/ acidic regions within the biofilms (Stewart and Costerton 2001). Although we 445 

demonstrated that the presence of biofilms formed by EB could lead to higher expression of CD44 and 446 

CD24 in the cancer cell clusters, the correlation between biofilm and cancer cell stemness remains 447 

unclear, which will warrant further mechanistic studies to verify their association. With the CL model, 448 

we demonstrated that IB could not form biofilms. Instead, IB adhered to cancer cells or infiltrated 449 

intratumoral spaces, corroborating with other reports (Elliott et al. 2011). These outcomes emphasized 450 

the importance of choosing appropriate treatment strategies to eliminate bacteremia in cancer patients 451 

during chemotherapy. The combinatorial use of anti-cancer drugs, anti-biofilm agents, and 452 

antimicrobials in clinical applications can help reduce the overall level of bacterial biofilm in the tumor 453 

microenvironment, thereby improving patient survival. 454 

 455 
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Figures and Tables 616 

 617 

 618 

Figure 1. Development of a microfluidic PIEB device to analyze the roles of intratumoral and 619 

extratumoral Bacteria in cancer microbiome interactions. (A) Schematics of the microfluidic device. 620 

The microfluidic device consisted of three layers, with four inlets for bacteria and culture within the top 621 

layer. The barrier layer in the middle led to enclosed channels, while the bottom layer contained an array 622 

of tapered microwells for the formation of cell clusters. Scale bar, 100 μm. (B) Representative image of 623 

the device. Two inlets allowed parallel inflow of bacteria suspension and culture medium. (C) 624 

Comparison of E. coli biofilm formed in a 2D infection model (left) and the PIEB device (right). Scale 625 

bar, 100 μm. (D) Representative cell clusters in microwells under phase-contrast imaging (left) and 626 
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fluorescence imaging (right) after 24 h. The clusters were stained in situ with nuclear dye Hoechst (blue) 627 

and CD24 (green), and CD44 (red) antibodies that targeted cancer stem cells. Scale bar, 50 μm. (E) 628 

Cancer cell clusters from bacteria colonizing (CL) model and coating (CT) model were obtained under 629 

well-defined conditions with moderations of operating procedures with the microfluidic PIEB device. 630 
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Figure 2. The changes of morphology and viability of cancer cell clusters in the presence of 632 

bacterial inflammation. Representative images of clusters stained with Calcein-AM (green; live cells) 633 

and Hoechst (blue; nuclei) for the CL models and CT models after infection at 1 h (A-B) and 24 h (C-634 

D) , respectively. Scale bar, 100μm. (C) Box plot of cluster size from the CT model after 24 h of infection 635 

under MOIs 500:1, 100:1, and 1:1. The average cluster size obtained before infection (4319.10 ± 2024.48 636 

μm2) was indicated by the dotted line. No significant differences in cluster size in the CT model as 637 

compared to non-infected clusters were observed. (D) Box plot of cluster size from the CL model after 638 

24 h of infection under MOIs 500:1, 100:1, and 1:1. For all infection time points under the lower MOIs, 639 

the cluster size in the CL model was significantly reduced by more than two times (MOI 1:1 - 8178.95 ± 640 

2963.23 μm2 to 3923.60 ± 1760.40 μm2; MOI 100:1 - 7418.05 ± 2329.95 μm2 to 3548.64 ± 2156.04 μm2). 641 

The average cluster sizes obtained by coculture of UMUC-3 and heat-killed UTI89  were indicated by 642 

dotted lines (MOI 1:1, 5842.08 ± 1896.00 μm2; MOI 100:1, 6070.62 ± 1742.10 μm2; MOI 500:1, 643 

6181.752 ± 1209.80 μm2). (G) Box plot of cell viability with the CT model after 24 h of infection under 644 

the MOIs of 500:1, 100:1, and 1:1. The average viability of the uninfected control group corresponding 645 

to the CT model was indicated by the dotted line (92.10 ± 5.07%). No significant differences in cancer 646 

cell viability in the CT model as compared to non-infected clusters were observed (MOI 1:1 - 88.56 ± 647 

4.61%, MOI 100:1 – 80.16 ± 18.94%, MOI 500:1 – 88.89 ± 3.23). (H) Box plot of cell viability with the 648 

CL model after 24 h of infection under the MOIs of 500:1, 100:1, and 1:1. The viability of cancer cells 649 

was significantly reduced after at least 9 h of infection and was most apparent at later time points (MOI 650 

1:1 - 80.04 ± 7.67% at 1 h to 58.76 ± 11.29% at 24 h; MOI 100:1 - from 80.50 ± 7.79% at 1 h to 62.68 ± 651 

9.41% at 24 h). The average viability of the uninfected control group corresponding to the CL model was 652 

indicated by the dotted line (84.69 ± 5.61%). *** states for p values of < 0.001; ** states for p values of 653 

< 0.01, * states for p values < 0.05.  654 

  655 
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 656 

Figure 3. Biofilm was formed in the presence of extratumoral bacteria (EB) but not intratumoral 657 

bacteria (IB). Representative images of crystal violet staining to illustrate the presence of dense biofilm 658 

obtained with EB in the (A) CT model, but not IB in the (B) CL model 1 h after infection. Scale bar, 100 659 

μm. (C) OD595 value of solubilized CV from CT and CL models after 24 h of infection under MOIs 660 

500:1, 100:1, and 1:1 normalized to uninfected control group quantified the biofilms formed in different 661 

colonization states. (D) CFU was obtained at 9 h after infection to estimate the amount of biofilm formed 662 

with the CT and CL models. (E) 3D combinations of UTI89-GFP (green) formed in CT and CL models 663 

24 h after infection, which indicated the exist of biofilm coating the UMUC-3 clusters in CT models. 664 

Scale bar, 100 μm. (F) Box plot demonstrating the intensity of UTI89-GFP normalized to background 665 

signals at MOI 500:1 from CT and CL models 24 h after infection. *** states for p values< 0.001. 666 
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 668 

Figure 4. The presence of biofilm increased the expression levels of biomarkers associated with the 669 

cancer stem cell (CSC) phenotype.  (A) Representative images of clusters stained with Hoechst (blue), 670 

CD24 (green), and CD44 (red) from the CL model (top) and CT model (bottom), respectively. (B) 671 

Intensities of CD44 protein expression in cancer cells from the CT model and CL model after 1 h and 9 672 
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h of infection, respectively. Intensity values were normalized to that of the background. The intensity of 673 

CD44 expression from uninfected control (28.94 ± 7.73 %) was indicated by the dotted line. (D) The 674 

proportion of CD24+ CD44+ cancer cells in the clusters established under CT and CL models 9 h after 675 

infection. (E) The proportion of CD24+ CD44+ cancer cells in the clusters established from the CT and 676 

CL models after 24 h of infection. The proportion of CD24+CD44+ cells in the uninfected control group 677 

(28.94 ± 7.73%) was indicated by the dotted line. (F) Intensities of CD44 expression in cancer cells from 678 

the CT model and CL model after 1 h and 9 h of infection, respectively. Intensity values were normalized 679 

to that of the background. The intensity of CD44 expression of uninfected control (53.07 ± 10.47 %) 680 

was indicated by the dotted line. (F) The proportion of CD44+ cancer cells in the CT and CL models after 681 

9 h of infection. The proportion of CD44+ cells in the uninfected control group (53.07 ± 10.47%) was 682 

indicated by the dotted line. (C) The proportion of CD24+ CD44+ cancer cells in the clusters established 683 

under CT and CL models after 1 h of infection. *** states for p values of < 0.001; ** states for p values 684 

of < 0.01, * states for p values of < 0.05.  685 

  686 
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 687 

Figure 5. DNase-induced biofilm disruption restores the phenotype induced by the presence of 688 

biofilm. (A) CFU counts from DNase treated and untreated culture medium with CT and CL models at 689 

MOI 100:1. Models were established for 9 h prior to DNase treatment. CFU counts were significantly 690 

decreased after DNase treatment in the CT model, confirming the presence of biofilms established only 691 

in CT models with EB. (B) Cluster size in CT models after DNase treatment to disrupt the biofilm.  The 692 

average cluster size of uninfected cancer cell clusters was as indicated by the dotted line (4319.10 ± 693 

2024.48 μm2). (C) Cancer cell viability in CT models after DNase treatment to disrupt the biofilm. The 694 

average viability of uninfected cancer cell clusters was as indicated by the dotted line (92.10 ± 5.07%). 695 

(D) Normalized intensity of CD44 expression with cancer cells from the CT model, before and after 696 
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treatment with DNase. Models were established for 9 h prior to DNase treatment. The average CD44 697 

intensity of the uninfected group was indicated by the dotted line (1.50 ± 0.33). Data was normalized to 698 

background values. (F) Normalized intensity of CD24 expression with cancer cells from the CT model, 699 

before and after treatment with DNase. Models were established for 9 h prior to DNase treatment. The 700 

average CD24 intensity of the uninfected group was indicated by the dotted line (1.29 ± 0.22). Data was 701 

normalized to background values. *** states for p < 0.001; ** states for p < 0.01. 702 

703 
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 704 

Figure 6. The triple-drug combinational treatment effectively eradicated anti-cancer drug 705 

resistance induced by the presence of bacterial biofilms. (A) Schematics demonstrating the combined 706 

efficacy of the triple-drug combinatorial treatment. DNase was used as the anti-biofilm agent, Cipro as 707 

the antibacterial agent, and doxorubicin as the anti-cancer drug to completely eradicate biofilms. (B) The 708 

viability of cancer cells in the uninfected control group before and after DNase treatment. (C) The 709 

viability of cancer cells before and after Cipro treatment for 24 h (MIC value: 0.025 μg/mL). NS = not 710 

significant. (D) Dose-response curves of doxorubicin for cancer cells with the CT model and the CL 711 

model at MOI 1:1. The IC50 values of doxorubicin for the CT model and the CL model were 1.79 μM 712 

and 1.59 μM, respectively. (E) The viability of cancer cells after triple-drug combinational treatment at 713 

MOI 1:1 for 72 h (Cipro (0.025 μg/mL), 1× DNase, and doxorubicin (at IC50 values) with the CT model 714 

and CL models, respectively. IC50 values of doxorubicin on cancer cells from the CT and CL models 715 

were 1.79 μM and 1.59 μM, respectively. (F) The OD595 value of solubilized CV from CT and CL 716 

models after DOX (at IC50 values) treatment and triple-drug treatment at MOI 1:1 for 72 h (Cipro (0.025 717 

μg/mL), 1× DNase, and doxorubicin (at IC50 values). The untreated groups infected with UTI89 at MOI 718 

1:1 for 72 h in both models were set as controls. *** states for p values of < 0.001; ** states for p values 719 

of < 0.01, * states for p values of < 0.05; NS = not significant. 720 

 721 

  722 
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Supplementary Materials 723 

Supplementary Figures 724 

 725 

Supplementary figure 1. Optimization of seeding concentration. (A) Cluster size under various cell 726 

seeding concentrations. (B) Cell viability under various cell seeding concentration. The viability of 727 

cancer cells under all concentrations was high, above 75%. *** states for p values of < 0.001; NS = not 728 

significant. (C) Representative images of clusters stained with Calcein-AM (green) and Hoechst (blue) 729 

at various cell seeding concentrations. Scale bar, 100 μm.  730 

 731 

  732 
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 733 

734 

Supplementary figure 2. The gray values of representative clusters formed under different seeding 735 

concentration. (A) 1.7×104 cells per channel. (B) 2.1×104 cells per channel. (C) 3.5×104 cells per 736 

channel. (D) 6.0×104 cells per channel. Scale bar, 50 μm.  737 

 738 
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 739 

Supplementary figure 3. Trends of cluster morphology and cell viability after more than 24 h of 740 

infection. Cluster size per microwell under various MOIs in CT model (A) and CL model (B) at 48 h 741 

and 72 h after infection. Cell viability under various MOIs in CT model (C) and CL model (C) at 48 h 742 

and 72 h after infection. *** states for p values of < 0.001; ** states for p < 0.01; * states for p < 0.05; 743 

NS = not significant. 744 
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 745 

Supplementary figure 4. Crystal violet staining of CT and CL models. Representative images of 746 

staining from (A) CT and (B) CL models 9 h and 24 h after infection. Scale bar, 100 μm. CFU counts 747 

obtained (C) 1 h after infection and (D) 24 h after infection. (E) 3D reconstructions of UMUC-3 (red) 748 

and UTI89-GFP (green) in CT and CL models 1 h and 9 h after infection. Scale bar, 150 μm. Box plot 749 

demonstrating the intensity of UTI89-GFP normalized to background signals at MOI 1:1 (F) and MOI 750 

100:1 (G) from CT and CL models 24 h after infection. *** states for p values of < 0.001. 751 

  752 



36 
 

 753 

Supplementary figure 5. CD44 and CD24 immunostaining. (A) The population of CD24+ CD44- 754 

cancer cells in clusters established under CT and CL models after 24 h of infection. The average 755 

percentage of CD24+ CD44- cells from the uninfected control was indicated by the dotted line (19.06 ± 756 

9.48 %). (B) The population of CD24- CD44+ cancer cells in clusters established under CT and CL 757 

models after 24 h of infection. The average percentage of CD24+ CD44- cells from the uninfected control 758 

was indicated by the dotted line (25.13 ± 10.83%). (C) The population of CD24+ CD44- cancer cells in 759 

clusters established under CT and CL models after 24 h of infection. The average CD24- CD44+ 760 

percentage of uninfected control was indicated by the dotted line (26.87 ± 14.59%). (D) Intensities of 761 

CD24 expression normalized to background values of the CT model and CL model, respectively, after 1 762 

h and 9 h of infection. The average normalized intensity of the uninfected control groups was indicated 763 

by the dotted line (1.29 ± 0.22). *** states for p values of < 0.001; ** states for p values of < 0.01, * 764 

states for p values of < 0.05 ; NS = not significant. 765 

  766 
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 767 

Supplementary figure 6. DNase treatment affects tumor phenotypes. (A) The cluster size of 768 

untreated control and DNase treated samples with the CL model. The average cluster size of cancer cell 769 

clusters without infection (5787.00 ± 2431.28 μm2) was indicated by the dotted line. (B) Cell viability of 770 

untreated control and DNase treated samples with the CL model. The average of the control group 771 

without infection was indicated by the dotted line (84.69 ± 5.61%). Population of CD24+ CD44+ /CD24+ 772 

CD44- /CD24-CD44+ /CD24- CD44- cells from DNase treated and untreated samples from the (C) CT 773 

model and (D) CL models after 9 h of infection at MOI 1:1. The average percentage of the control group 774 
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without infection was indicated by the dotted lines (CD24+ CD44+: 28.94 ± 7.73%, CD24+ CD44-: 19.06 775 

± 9.48%, CD24-CD44+: 25.13 ± 11.18% CD24-CD44-: 31.62 ± 11.68%). The population of CD44+ cells 776 

from the (E) CT model and (F) CL model before and after DNase treatment. The averaged percentage of 777 

CD44+ cells from the uninfected control group was indicated by the dotted line marked (67.62 ± 5.67%). 778 

*** states for p values of < 0.001; * states for p values of <0.05.  779 

  780 
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 781 

Supplementary figure 7. Antibacterial agents kill dispersed bacteria after biofilm disruption. (A) 782 

Growth curves of UTI89 under different concentrations of Cipro (0 - 0.1 μg/mL). The MIC value of 783 

Cipro for UTI89 was 0.025 μg/mL, and the IC50 value of Cipro was 0.0125 μg/mL. (B) CFU of UTI89 784 

biofilm in 8-well plates under various treatment conditions for 8 h. Biofilm was effectively dispersed 785 

after the combinational treatment of ciprofloxacin (Cipro) (0.0125 μg/mL) and 1× DNase.   786 
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Table 787 

Supplementary table 1 Impact of inflammation on cancer development and progression. MMP = 788 

matrix metalloproteinase; ROMs = reactive oxygen metabolites.  789 

Cell line and animal models 

Type Model Bacteria  Cancer-promoting effects Ref 

Breast  MDA-MB-

231 

Staphylococcus aureus 

(PGN-SA) 

Promote invasiveness and adhesiveness of 

cells via activating TLR2 and then 

promoting NF-κB, STAT3, and Smad3 

(Xie et 

al. 

2010) 

Prostate  Epithelial 

prostate cell 

line RWPE-1 

Propionibacterium 

acnes 

Induce inflammatory response through 

plasminogen–MMP, COX2-prostaglandin 

pathways, and IL-6-Stat3 pathways; Lead 

to the malignant transformation of RWPE-

1 

 

Clinical studies 

Colon  NA F. nucleatum Promote angiogenesis; Recruits tumor-

infiltrating immune cells 

(Kostic 

et al. 

2013) 

Gastric  NA Helicobacter pylori Causes cell DNA damage by producing 

ROMs 

(Danese 

et al. 

2001) 

 790 
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