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A B S T R A C T   

Biofilms are found in many infections in the forms of surface-adhering aggregates on medical devices, small 
clumps in tissues, or even in synovial fluid. Although antibiotic resistance genes are studied and monitored in the 
clinic, the structural and phenotypic changes that take place in biofilms can also lead to significant changes in 
how bacteria respond to antibiotics. Therefore, it is important to better understand the relationship between 
biofilm phenotypes and resistance and develop approaches that are compatible with clinical testing. Current 
methods for studying antimicrobial susceptibility are mostly planktonic or planar biofilm reactors. In this work, 
we develop a new type of biofilm reactor—three-dimensional (3D) microreactors—to recreate biofilms in a 
microenvironment that better mimics those in vivo where bacteria tend to form surface-independent biofilms in 
living tissues. The microreactors are formed on microplates, treated with antibiotics of 1000 times of the cor-
responding minimal inhibitory concentrations (1000 × MIC), and monitored spectroscopically with a microplate 
reader in a high-throughput manner. The hydrogels are dissolvable on demand without the need for manual 
scraping, thus enabling measurements of phenotypic changes. Bacteria inside the biofilm microreactors are found 
to survive exposure to 1000 × MIC of antibiotics, and subsequent comparison with plating results reveals no 
antibiotic resistance-associated phenotypes. The presented microreactor offers an attractive platform to study the 
tolerance and antibiotic resistance of surface-independent biofilms such as those found in tissues.   

1. Introduction 

Persistent bacterial infections are often related to the presence of 
microbial biofilms, a consortium of microbial communities in a self- 
derived extracellular matrix (ECM) that interacts with the surrounding 
environment while adhered to or in the vicinity of biotic or abiotic 
surfaces [1]. Microbial biofilms protect the embedded microbes against 
altered pH, topography, osmolarity, mechanical and shear stresses from 
the external environment [2,3]. In addition, the biofilm matrix allows 
for microbial survival under harsh chemical conditions, nutrient star-
vation, and antibiotics, which may provide an ideal environment for the 
development of antimicrobial resistance [4–6]. Due to the urgent need 

to address antimicrobial resistance, it is important to develop methods 
that incorporate native biofilm environments in antimicrobial testing 
[7–10]. Clinical antimicrobial susceptibility testing (AST) is typically 
based on planktonic responses [11]. Treatments based on ASTs have 
only an 8–30% success rate [12]. While cell population size of the 
bacterial samples being tested is one possible cause [13], another po-
tential confounding variable could be the presence of biofilms in 
persistent device associated infections. The development of a clinically 
feasible biofilm AST test format could help narrow the gap between AST 
results and the clinical success of antimicrobial therapy. 

The current gold standards for antimicrobial susceptibility testing, 
such as agar dilution and broth macrodilution methods, do not 
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incorporate biofilms in testing. Common biofilm models include 96-well 
microplates [14], modified Robbins device [15], Calgary biofilm device 
[16], disk reactor [17], and Centers for Disease Control (CDC) rotary 
biofilm reactor [18]. Biofilms usually form when microbes reach a 
critical density and produce extracellular polymeric substances through 
quorum sensing [19,20]. Besides biofilms on hard surfaces such as teeth 
and medical instruments, in vivo studies have shown that biofilms are 
also found in small clumps in tissues and often in microcrevices 
on/around medical devices [21–24]. Biofilms can even form in synovial 
fluid when cells nucleate due to high viscosity [25]. The biofilms formed 
in these clinical environments are sparse and rugged, visually distinct 
from the thick and uniform lawns formed in most current biofilm re-
actors. Therefore, an antimicrobial susceptibility model incorporating 
three-dimensional (3D) biofilm microreactors is needed to better 
recreate these in vivo microenvironmental niches that are different from 
biofilms grown on surfaces. 

Soft materials are ideal for the creation of such a niche and better 
resemble tissues that bacteria colonize in vivo. Previous research has 
indicated that biofilms are more robust with increased adhesion and 
colonization on soft materials resembling living tissues than on abiotic 
solid surface materials, which enables better outcomes for studies in 
biofilm function, metabolism, and growth [26]. Several studies have 
utilized bacteria-encapsulated hydrogels as biofilm models to yield 
highly reproducible biofilm formation and simulate some key physi-
ochemical characteristics of in vivo biofilms [27–29]. Alginate is widely 
used in hydrogel-based biomedicine due to biocompatibility and low 
toxicity. Alginate-based beads/hydrogels have been employed as a facile 
and highly reproducible in vitro model system enabling bacterial biofilm 
development in a surface-independent manner [30–33]. Alginate 

scaffolds with embedded target bacteria have been electrodeposited or 
flow-assembled in microfluidics as model biofilm to interrogate cell 
signaling with the convenience of continuous observation [34–36], 
although the high throughput capability should be further demonstrated 
with these platforms. Alginate-based beads have also been developed as 
simple and highly reproducible in vitro biofilm models for Pseudomonas 
aeruginosa biofilm formation [32]. The formed biofilms possessed small 
bacterial aggregations and growth characteristics similar to those 
observed in vivo, although the fabrication was complicated and extra 
sorting is needed to address the beads individually. An unique advantage 
of alginate hydrogel is the ability to be dissolved for further testing of 
biofilm microbes without having to undergo complex removal steps such 
as scraping and plating. The ability to gently dissolve the matrix for 
plating may also reduce the possibility for artifacts such as viable but 
non-culturable organisms. 

In this work, we developed a dissolvable alginate hydrogel-based 
biofilm microreactor assay as schematically summarized in Fig. 1A 
(details in Methods), which is capable of simultaneously measuring 
biofilm tolerance and antibiotic resistance. Microscopic characterization 
of the hydrogel showed large numbers of uniformly distributed bacterial 
colonies with biofilms throughout the alginate hydrogel in a surface- 
independent manner. The microreactor could be easily dissolved with 
chelating agents such as EDTA, citrate, lactate, or phosphate [37], 
allowing for downstream plating and quantification of bacteria in 
planktonic form. As shown in Fig. 1B, the pathogens were treated with 
antibiotics of 1000 times of the corresponding minimal inhibitory con-
centrations (1000 × MIC), and monitored spectroscopically with mi-
croscopy and a microplate reader in a high-throughput manner. 
Meanwhile, the bacteria in the microreactor biofilms were released and 

Fig. 1. Schematic of the dissolvable alginate 
hydrogel-based biofilm microreactors for antibiotic 
susceptibility assays. (A) Formation of micro-
reactors: (1) a synthesized bacteria-encapsulated 
alginate gel was cultured for 24 h to form micro-
reactors; (2) schematic of microreactors within the 
alginate gel; and (3) chemical structure of cross- 
linked alginate chains where Ca2+ chelates the G- 
blocks of alginate chains. (B) The microreactors in 
alginate gels were exposed to antibiotic assay, fol-
lowed by downstream analyses: visualized using 
confocal laser scanning and fluorescence micros-
copies (left); monitored using microplate reader for 
fluorescence/luminescence signal (middle); or 
reversely dissolved to obtain the bacteria in plank-
tonic form for agar plating to assess antibiotic- 
induced mutation and viability (right).   
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plated either on agar plates to verify the viability of the pathogen 
(antimicrobial tolerance), or on MIC antibiotic agar plates to determine 
if mutations were responsible for antibiotic resistance. The study tested 
the hypothesis that the 3D biofilm microreactors better recreate the 
well-known antimicrobial tolerance of biofilms while greatly simpli-
fying the retrieval of bacteria for subsequent plating assays by simple 
dissolution of the medium. 

2. Results and discussion 

2.1. Biofilm formation in alginate hydrogel and microscopy 

To determine if bacterial growth in the microreactor environment 
was comparable to liquid culture, we compared growth rates of mi-
crobes cultured in tubes to cultures in microreactors. Escherichia coli 
RP437/pRSH103, P. aeruginosa PAO1/pTdK-GFP, and Staphylococcus 
aureus AH2547/pCM29 were cultured in tubes or microreactors for 24 h. 
These strains have previously been reported to form biofilm in the 
literature [26,38–42]. Subsequently, samples from tube cultures or 
samples released through hydrogel dissolution of microreactors were 
plated to measure viability by colony forming units (Log10(CFU/mL)). 
As shown in Fig. 2, the total number of cells grown in microreactors were 
slightly more than but within an order of magnitude of those from liquid 
cultures in tubes. Two-factor ANOVA tests of the Log10(CFU/mL) of cell 
numbers in tube and alginate gel culture for each strain found that the p 
values (0.103, 0.101, 0.356 for RP437/pRSH103, PAO1/pTdK-GFP, and 
AH2547/pCM29, respectively) were higher than the significance level 
set at p < 0.05. Therefore, it was concluded that there was no significant 
difference in Log10(CFU/mL) of cell numbers between the tube and 
alginate gel culture. These results confirm that the alginate hydrogel 
environment does not interfere with bacterial growth. 

The bacteria in microreactors formed spherical clusters of cells that 
resemble biofilms, and therefore, we consider them as a new type of 
biofilm reactor, unlike existing 2D models. Fig. 3A shows confocal laser 
scanning microscopy (CLSM) images of the representative microreactors 
(populated by E. coli RP437/pRSH103), self-assembled into spherical 
clusters with an average diameter of 24 ± 5 μm after one day of growth. 
The microreactors were distributed over the gel with some aggregates in 
the center of the gel (Fig. 3B). Live/dead staining of E. coli RP437/ 
pRSH103 in the microreactors showed that the vast majority of cells are 
viable (Fig. 3C). These confocal imaging and staining results also 
demonstrate robust microbial growth in the alginate hydrogel environ-
ment comparable to liquid culture. 

To determine the degree of biofilm formation in the alginate 
hydrogel, P. aeruginosa clusters as shown in Fig. 4A were stained with 
dyes specific to either the biofilm matrix (FilmTracer™ SYPRO® Ruby) 
or the cells inside biofilms (FilmTracer™ FM® 1–43). P. aeruginosa 
strain PA14 was used since the GFP signal from the PAO1/pTdK-GFP 
strain would confound measurements of fluorescence signals emitted 
by the biofilm-specific dyes. Fig. 4B shows the biofilm matrix that was 
stained in red, while Fig. 4C shows the embedded microbes that were 
stained in orange. For the control experiment (results not shown), the 

biofilm dyes were tested in empty alginate hydrogel and showed no 
fluorescence emission from the empty alginate hydrogel, which 
demonstrated that the SYPRO® Ruby is specific to the secreted ECM but 
not the alginate chains in the hydrogel. When the biofilm matrix in red 
was co-registered with the embedded microbes in orange, Fig. 4D clearly 
shows that the stained microbes were embedded within their self- 
derived ECM or biofilm matrix in red: it is orange in the center of the 
aggregation where the matrix and cells were both abundant; it is mainly 
red at the peripheral layer where there was less cells than matrix. The 
microreactors formed inside alginate hydrogel had an approximate size 
of around 29 ± 8 μm in diameter, similar to those observed under CLSM. 
Similar results were also observed in other studies of biofilms in alginate 
hydrogels [32,43]. 

2.2. Assessment of biofilm tolerance, cell viability, and antibiotic 
resistance mutation 

We performed minimal inhibitory concentration (MIC) tests of the 
target strains in liquid cultures and have confirmed their comparability 
with Clinical and Laboratory Standards Institute (CLSI) M100 guidelines 
(29th edition) for standard testing and the literature with details in 
Table S1 in Supplementary Information. The MIC of planktonic bacteria 
served as the baseline for the biofilm susceptibility assay, and only 
effective antibiotics for each susceptible strain were selected, as sum-
marized in Table 1. Next, we assessed the biofilm tolerance in the 
presence of 1000 × MIC antibiotics using the alginate hydrogel-based 
microreactors. Among the four selected antibiotics in Table 1, ampi-
cillin [44], ciprofloxacin [45], and vancomycin [46] have often been 
encapsulated in alginate beads for drug delivery due to their limited 

Fig. 2. Log10(CFU/mL) of microbial growth in alginate hydrogels and in tubes, 
indicating they were within the same order of magnitudes. 

Fig. 3. Distribution of biofilm microreactors in alginate gel. (A) Confocal image 
of alginate-encapsulated RP437/pRSH103 microreactors grown in vitro for 24 h. 
(B) Rebuilt 3D image of the microreactors. (C) Live/dead staining of the cor-
responding gels. Scale bars as indicated. 
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interactions with calcium alginate, chloramphenicol has weak in-
teractions with alginate and can release most of the drug content from 
alginate hydrogel [47]. Antibiotics with strong interaction with alginate 
hydrogel such as tetracycline [48] were excluded. It has been previously 
shown that small molecules such as fluorescein, glucose, peptides, and 
antibiotics can freely diffuse through the alginate hydrogels [34,35, 
49–51] as the pore size of the alginate hydrogel prepared with 1% w/v 
should be around tens of nanometers [52,53]. Together, these obser-
vations suggest that the alginate hydrogel did not limit the diffusion of 
the selected antibiotics. On the other hand, it has previously been re-
ported that biofilms can tolerate up to 1000 × MIC that their planktonic 
forms can tolerate [54]. To study how bacterial biofilm in the micro-
reactor responds to antibiotics, the synthesized alginate biofilm micro-
reactors were treated with 1000 × MIC for three days, 200 μL of 
antibiotics for each microreactor in a well, as described in the flowchart 
in Fig. 5. 

The microreactors were assessed using a microplate reader for 
fluorescence or bioluminescence signal over the three days. Meanwhile, 
a set of microreactors for each bacteria-antibiotic combination was 
dissolved to assess the viability and antibiotic resistance-induced 
phenotypic change of the released cells over time. Fluorescence or 
bioluminescence are common spectroscopic techniques used to monitor 
the growth of bacteria or biofilm in vitro and in vivo. However, it remains 

unclear whether the production of fluorescence or bioluminescence is an 
accurate measure of bacterial viability inside a biofilm. The ability to 
dissolve the hydrogels after antibiotic treatment to test for antibiotic 
sensitivity provides information about the accuracy of these signals with 
respect to cell viability. 

The bacterial tolerance testing results are shown in Figs. 6–8. 
Overall, for the negative controls of bleach-treated bacteria, the fluo-
rescent or luminescent signal never persisted past the first day’s mea-
surements. For most bacteria-drug combinations, the fluorescent or 
luminescent signal was observed to persist for up to three days, sug-
gesting that bacteria in the microreactors might persist despite very high 
concentrations (1000 × MIC) of common antibiotics in many combi-
nations. Retrieved cells from the dissolved microreactors were plated 
and cultured overnight on two sets of agar plates. The first was a set of 
nutrient plates to validate the viability of cells retrieved from the 
microreactors after 1000 × MIC antibiotic treatments over time. The 
second was a set of MIC plates to confirm that one MIC antibiotics were 
effective in killing the retrieved cells and to verify that the microbes did 
not mutate to develop resistance to the antibiotics. In the following sub- 
sections, spectroscopic measurements are compared with the plating 
and culturing results from nutrient plates and MIC plates, and the ad-
vantages of the dissolvable alginate hydrogel-based biofilm micro-
reactors are emphasized. 

2.2.1. Biofilm tolerance, cell viability, and antibiotic resistance mutation of 
E. coli RP437/pRSH103 

Biofilm susceptibility assays in terms of biofilm tolerance, cell 
viability and antibiotic resistance mutation were first performed with 

Fig. 4. Microscopic images of biofilm matrix and cell aggregate of P. aeruginosa 
strain PA14. (A) Brightfield image of the microreactors grown in vitro for 24 h. 
(B) SYPRO® Ruby staining of biofilm matrix in red. (C) FM® 1–43 staining of 
cells within the microreactors in orange. (D) Co-registered image of two stains 
showing microbes embedded in biofilm matrix. Scale bar as indicated. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
Minimal inhibitory concentration (μg/mL) of antibiotics against planktonic bacteria as the baseline for biofilms susceptibility assay.  

Bacterial strains Antibiotics 

Ampicillin Ciprofloxacin Chloramphenicol Tetracycline Vancomycin 

E. Coli RP437/pRSH103 4 0.035 4 N.A. N.A. 
Xen14 N.A. 0.035 2 0.5 N.A. 

P. Aeruginosa PAO1/pTdK-GFP N.A. 1 N.A. N.A. N.A. 
S. Aureus AH2547/pCM29 0.5 0.125 N.A. 0.5 1 

N.A.: not applicable, the ineffective antibiotic is not considered for biofilm antibiotic assay. 

Fig. 5. Procedure for the antibiotic assays of biofilm microreactors. Alginate 
hydrogels were formed in a 96-well microplate followed by 24-h culturing at 
37oC to form microreactors. Antibiotic sensitivity was assessed by treating each 
microreactor in gel with antibiotic dose of 1000 × MIC for three days followed 
by reading fluorescence/bioluminescence signals daily with a micro-
plate reader. 
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1000 × MIC antibiotics against E. coli RP437/pRSH103 biofilm in 
microreactors. Fig. 6A shows the fluorescence of E. coli RP437/pRSH103 
exposed to bleach and antibiotic concentrations of 1000 ×MIC from Day 
0 to Day 3. Day 0 indicates 24-h microreactors in cation-adjusted 
Mueller Hinton Broth 2 (CMHB) before bleach or 1000 × MIC anti-
biotic treatments. It was observed that cells cultured in CMHB hydrogel 
outgrew hydrogel space into liquid media within 24 h; thus, all fluo-
rescence readings and CFU counting were compared against the initial 
signals from microreactors in Day 0 rather than presumed positive 
controls in CMHB hydrogel to ensure only signals in the hydrogel were 
counted. The fluorescence signal of bleach (NaOCl) culture as control 
was expected to be knocked out since hypochlorite ions (ClO⁻) destroyed 
the cell’s outer layer [55], caused leakages of intracellular substances, 
and oxidized the fluorescence proteins [56]. 

Fig. 6A shows that significantly increased fluorescence signals were 
observed in the following days except for the expected minimal signal in 
the bleach culture, suggesting that the bacteria inside microreactors 
were persistent in the presence of antibiotics. Specifically, for the 
microreactors treated with ampicillin, Fig. 6A shows that the fluores-
cence intensity increased noticeably but was overall lowest compared 
with those treated with ciprofloxacin and chloramphenicol. Two-factor 

ANOVA tests found that the fluorescence of E. coli RP437/pRSH103 
depended on the type of treatment (F = 59.0, p < 0.001), duration of 
exposure (F = 26.6, p < 0.001), and the interaction of treatment and 
duration (F = 5.3, p < 0.001). The CFU counts on nutrient plates for the 
cells retrieved from the dissolved microreactors in Fig. 6B show a log 
reduction of 1.4 (96.15%) on Day 1 and 3.7 (99.98%) on Day 2, indi-
cating that ampicillin had inhibitory effects against E. coli RP437/ 
pRSH103 growth in the microreactors. For the microreactors treated 
with ciprofloxacin, Fig. 6A shows that high fluorescence levels were 
observed over time as compared to those treated with ampicillin. This is 
inconsistent with MIC results (Table 1), where ciprofloxacin tended to 
suppress planktonic bacteria of the same strain more effectively than 
ampicillin. The plating results for cells retrieved from dissolved micro-
reactors in Fig. 6B also show a log reduction of 0.95 (89.1%) on Day 1 
and 1.24 (93.85%) on Day 2, indicating that ciprofloxacin was less 
effective as compared to ampicillin in inhibiting cell growth in the 
microreactors. For the microreactors treated with chloramphenicol, the 
fluorescence signals remained high and stable (Fig. 6A). The plating 
results for cells retrieved from the dissolved microreactors showed a log 
reduction of 0.97 (90.13%) on Day 1 and 1.39 (96.16%) on Day 2 
(Fig. 6B), indicating that chloramphenicol was also less effective 

Fig. 6. Biofilm tolerance, cell viability, and antibiotic resistance mutation-induced phenotype of E. coli. (A) Fluorescence signals of E. coli RP437/pRSH103 treated 
with bleach, and 1000 × MIC of antibiotics from Day 0 to Day 3. (B) Log10(CFU/mL) counts on nutrient plates of the retrieved cells from dissolved biofilm 
microreactors with 1000 × MIC antibiotic treatments for 0, 1 and 2 days. (C) CFU counts on MIC antibiotic plates of the corresponding retrieved cells. Day 0 indicates 
24-h microreactors in CMHB before antibiotic treatments. (*) indicates significant differences (p < 0.05) between groups or time points, (#) indicates significant 
differences (p < 0.05) within the group or time points. All columns and error bars represent mean and ± standard deviation. 
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compared to ampicillin in inhibiting cell growth in the microreactors. 
This might be due to the bacteriostatic mechanism of chloramphenicol 
that inhibits bacterial protein synthesis or stops bacteria from repro-
ducing [57]. These plating results confirmed that E. coli cells inside the 
microreactors had significant protection from 1000 × MIC ciprofloxacin 
and chloramphenicol that were effective against planktonic bacteria, 
while the protection against ampicillin was moderate. The finding that 
bacteria embedded within the biofilm microreactors were less suscep-
tible to antibiotics aligns with reports in literature. For example, in a 
study of E. coli biofilm using the Calgary biofilm device [58], the clinical 
isolate in biofilm tolerated up to at least 64 × MIC enrofloxacin, a qui-
lonone antibiotic similar to ciprofloxacin, and up to more than 512 ×
MIC ampicillin (Calculations were based on the study-determined 
MBEC, minimal biofilm eradication concentration, and MIC). 

There are discrepancies between (1) the increasing fluorescence 
signals from the E. coli microreactors over time during the 1000 × MIC 
antibiotic treatments and (2) the observed reduction in CFU counts of 
the retrieved cells from these microreactors. Plating and culturing is the 
gold standard for quantifying viable cells. Discrepancies in the fluores-
cence measurements showed that they were not a consistent indicator of 
cell viability in the microreactors. Bioluminescence in E. coli Xen14 in 
the microreactor was also tested as an alternative to fluorescence. The 
test results show that bioluminescence intensity dropped dramatically 
after one day without losing viability as shown in Fig. S1 in Supple-
mental Information, similar to a previous report in a static culture [59]. 
The reduction in luminescence may reflect a change in the number of 
metabolically active cells, which can produce a luminescent signal by 
the luciferin-luciferase system [60], and switching to an antibiotic 
environment may also induce dormancy in bacterial cells without a loss 
in viability since biofilm cells typically have a lower metabolism and can 
enter a persister cell state [61]. While spectroscopic measurements of 
genetically modified cells can be valuable with adequate validation and 
controls, the discrepancies seen here warrant caution in using them as 
the sole indication of cell viability for antibiotic susceptibility testing. 
The dissolvable alginate hydrogel-based biofilm model represents a 
major advantage in facile retrieval of the microbes over the 
state-of-the-art biofilm models that require laborious manual scraping or 
intensive sonication. 

Meanwhile, the corresponding retrieved cells from the 1000 × MIC 
antibiotics-treated microreactors were plated on MIC antibiotic plates. 
Significantly, Fig. 6C shows that there were no meaningful CFU counts 
on MIC antibiotic plates. Because these same cells did not show alter-
ations in planktonic resistance to antibiotics, it is unlikely that these 
changes are due to the development of dominant resistance genes [62, 
63]. These results suggest that the surviving bacteria after 1000 × MIC 
antibiotic treatment did not present mutation-induced phenotypes due 
to the antagonistic environment, but the bacterial tolerance was due to 
the protection of the biofilm matrix in the hydrogels. 

Overall, these studies demonstrated that ampicillin efficacy at 1000 
× MIC against E. coli RP437/pRSH103 biofilm in microreactors was 
higher than chloramphenicol, with ciprofloxacin having the least effi-
cacy among the antibiotics. The surviving bacteria were protected by 
phenotypic changes associated with biofilm but did not express domi-
nant genotypic mutations. 

2.2.2. Biofilm tolerance, cell viability, and antibiotic resistance mutation of 
P. aeruginosa PAO1/pTdK-GFP 

Next, biofilm susceptibility assays were performed with 1000 × MIC 
ciprofloxacin against P. aeruginosa PAO1/pTdK-GFP. Testing was per-
formed only with ciprofloxacin since other antibiotic-strain combina-
tions showed no effectiveness in MIC testing. Fig. 7A shows that the 
fluorescence levels of the microreactors treated with 1000 × MIC cip-
rofloxacin were significantly decreased after 1 day, suggesting that 
ciprofloxacin was effective in inhibiting P. aeruginosa PAO1/pTdK-GFP 
biofilm growth. Noticeably, the decrease was gradual throughout the 
three days and depended on the type of treatment (F = 32.4, p < 0.001) 
and the interaction of treatment and duration (F = 4.3, p < 0.01, 2-factor 
ANOVA). Meanwhile, the nutrient plating results in Fig. 7B show that 
ciprofloxacin effectively suppressed the bacteria with a log reduction of 
5.6 (99.992%) on Day 1 and 6.79 (99.999%) on Day 2. In this experi-
ment, the spectroscopic measurements of the biofilm tolerance assay 
were consistent with the results from the bacterial viability assay. These 
results demonstrated the efficacy of 1000 × MIC ciprofloxacin against 
P. aeruginosa PAO1/pTdK-GFP biofilm in the microreactors, and the 
surviving bacteria were protected by the biofilm matrix and phenotypic 
changes associated with dormant cells rather than antibiotic resistance 

Fig. 7. Biofilm tolerance, cell viability, and antibiotic resistance mutations of P. aeruginosa. (A) Fluorescence signals of PAO1/pTdK-GFP treated with bleach and 
1000 × MIC ciprofloxacin from Day 0 to Day 3. (B) Log10(CFU/mL) counts on nutrient plates of the retrieved cells from dissolved microreactors with 1000 × MIC 
ciprofloxacin treatments for 0, 1, and 2 days. (C) CFU counts on MIC ciprofloxacin plates of the corresponding retrieved cells. Day 0 indicates 24-h microreactors in 
CMHB before antibiotic treatments. (*) indicates significant differences (p < 0.05) between groups or time points, (#) indicates significant differences (p < 0.05) 
within the group or time points. All columns and error bars represent mean and ± standard deviation. 
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mutation. In a study of PAO1 in alginate hydrogel with only qualitative 
results [32], the efficacy of 100 × MIC tobramycin was demonstrated 
after 48 h of treatment. In another study of P. aeruginosa biofilm using 
Calgary biofilm device [58], the clinical isolate in biofilm could only 
tolerate 4 × MIC enrofloxacin, a quilonone antibiotic similar to cipro-
floxacin (Calculations were based on division of the study-determined 
MBEC and MIC). Finally, Fig. 7C shows that there was zero CFU/mL 
count on the MIC agar plate of the retrieved cells from 1000 × MIC 
ciprofloxacin-treated microreactors, confirming that there was no sign 
of antibiotic-induced mutation. 

2.2.3. Biofilm tolerance, cell viability, and antibiotic resistance mutation of 
S. aureus AH2547/pCM29 

Finally, biofilm susceptibility assays were performed with 1000 ×
MIC antibiotics against S. aureus AH2547/pCM29 with all three effective 
antibiotics. Fig. 8A shows that the fluorescence of the S. aureus micro-
reactors treated with 1000 × MIC ampicillin, ciprofloxacin, and van-
comycin all increased and remained high over 3 days. In particular, the 
fluorescence in the ampicillin and ciprofloxacin treated samples 
remained stable while it increased gradually in the vancomycin treated 
sample. The fluorescence was affected by the type of treatment (F =
107.9, p < 0.001), duration of exposure (F = 54.7, p < 0.001), and the 
interaction of treatment and duration (F = 13.9, p < 0.001, 2-factor 

ANOVA). These fluorescence measurements suggested that the 
S. aureus biofilm in the microreactors had a high level of tolerance in the 
presence of ampicillin, ciprofloxacin, and vancomycin. However, the 
plating results in Fig. 8B show that the Log10(CFU/mL) counts on 
nutrient plates of the retrieved cells from dissolved microreactors were 
reduced significantly over time: On Day 1, the log reductions were 0.70 
(79.97%), 2.71 (99.80%) and 1.64 log (97.606%) for ampicillin, cipro-
floxacin, and vancomycin, respectively; On Day 2, the corresponding log 
reductions were 2.48 (99.62%), 4.54 (99.996%) and 4.39 log 
(99.992%). These plating results demonstrated the efficacy of 1000 ×
MIC ampicillin, ciprofloxacin, and vancomycin against S. aureus 
AH2547/pCM29 in the microreactors. This discrepancy may have been 
due to a lag between the time that bacteria died and the degradation of 
fluorescent molecules, resulting in an artifact signal in the biofilm 
tolerance assay. Again, the observation that bacteria in the biofilm 
microreactors were less susceptible to antibiotics is consistent with re-
ports in literature. In a study of S. aureus biofilm using Calgary biofilm 
device [58], the clinical isolate in biofilm tolerated up to 4 × MIC 
ampicillin. In other studies of S. aureus biofilm in 96-well plate [64] and 
on an orthopedic implant surface [65], it was shown an increased 
tolerance up to 8000 × MIC and 256 × MIC vancomycin, respectively, 
after 24 h of treatment (Calculations were based on division of the 
study-determined MBEC and MIC). 

Fig. 8. Biofilm tolerance, cell viability, and antibiotic resistance mutations of S. aureus. (A) Fluorescence signals of AH2547/pCM29 treated with bleach and 1000 ×
MIC effective antibiotics from Day 0 to Day 3. (B) Log10(CFU/mL) counts on nutrient plats of the retrieved cells from dissolved microreactors with 1000 × MIC 
antibiotic treatments for 0, 1, and 2 days. (C) CFU counts on MIC antibiotic plates of the corresponding retrieved cells. (Day 0) indicates 24-h microreactors in CMHB 
before antibiotic treatments. (*) indicates significant differences (p < 0.05) between groups or time points, (#) indicates significant differences (p < 0.05) within the 
group or time points. All columns and error bars represent mean and ± standard deviation. 
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When cells were plated to assess for antibiotic resistance mutations 
(Fig. 8C), S. aureus AH2547/pCM29 was not detectable (0 CFU/mL) on 
ampicillin, ciprofloxacin, and vancomycin plates. These results highlight 
the importance of how phenotypic changes in the biofilm community 
are the primary contributor (within the timeframe of the first few days of 
treatment) to the “appearance” of resistance to antibiotics, rather than 
the actual expression of resistance genes. 

Overall, these studies demonstrated that 1000 × MIC ampicillin, 
ciprofloxacin, and vancomycin were all effective against S. aureus 
AH2547/pCM29 biofilm in microreactors over time. Biofilm matrix and 
phenotypic changes, but not genotypic mutation, contributed to 
increased tolerance of S. aureus in the presence of these antibiotics. 

3. Conclusions 

In conclusion, we have developed an assay that can report antibiotic 
susceptibility within a surface-independent biofilm environment in a 
high-throughput manner. The microplate format is readily translatable 
to studies of clinical samples. The biofilm assay relies on 3D micro-
reactors in the hydrogel, which are able to form robust bacterial biofilms 
with properties of biofilms found in vivo in terms of morphology and 
altered susceptibility to antibiotics. A significant advantage of the 
microreactors for biofilm assay is the ability to dissolve the gel, thereby 
releasing the embedded bacteria for plating without having to perform 
extra extraction steps, including scraping, sonicating, vortexing, and 
validation of extraction efficiency. The viability of bacteria treated with 
1000 times the effective concentration of antibiotics (for each strain) 
were assessed via fluorescence/bioluminescence signals and plating by 
dissolving the biofilm microreactors. Retrieved cells plated on nutrient 
plates showed that some microbes in microreactors withstood 1000 
times the effective antibiotic concentrations for planktonic cells. While 
spectroscopic methods allow for high-throughput real-time in-situ 
interrogation of biofilm, discrepancies were observed between the 
culturing results (gold standard) and the spectroscopic results. Further 
research is needed to elucidate these limitations and develop alternative 
approaches. 

4. Methods 

4.1. Materials 

White flat bottom 96-well microplates were purchased from Thermo 
Scientific. Sodium alginate and calcium chloride (CaCl2), phosphate 
buffered saline (PBS), cation-adjusted Mueller Hinton broth 2 (CMHB), 
powered LB broth, and tryptone soy powder were purchased from Sigma 
Aldrich (St. Louis, MO). Red fluorescent protein tagged E. coli RP437/ 
pRSH103 were obtained from Dr. Dacheng Ren at Syracuse University 
(Syracuse, NY) [66]. Green fluorescent protein tagged P. aeruginosa 
PAO1/pTdK-GFP was obtained from Dr. Joy at The University of Akron 
(Akron, OH) [67]. Green fluorescent protein tagged S. aureus 
AH2547/pCM29 were provided by Dr. Alexander Horswill at The Uni-
versity of Iowa (Iowa City, IA) [68]. The bacterial plasmids were 
encoded with fluorescence proteins. Bioluminescent E. coli Xen14 was 
purchased from Perkin Elmer. The powder form of antibiotics used in the 
study, including ampicillin sodium, tetracycline hydrochloride, chlor-
amphenicol, vancomycin hydrochloride, and ciprofloxacin were sup-
plied by Sigma Aldrich. LIVE/DEAD™ BacLight™ Bacterial Viability kit, 
FilmTracer™ SYPRO® Ruby biofilm matrix stain, and FilmTracer™ 
FM® 1–43 Green biofilm cell stain was purchased from ThermoFisher 
Scientific (Waltham, MA). All other chemicals can be purchased from 
major suppliers. 

4.2. Bacterial culture and preparations 

A colony of each strain was collected from a tryptone soy agar plate, 
transferred to a 5 mL CMHB tube, and cultured in a 200-rpm shaking 

incubator at 37oC for 16–18 h. For E. coli RP437/pRSH103, 30 μg/mL of 
tetracycline was added to the culture to maintain the red fluorescence 
expression of pRSH103. For S. aureus AH2547/pCM29 and P. aeruginosa 
PAO1/pTdK-GFP, 10 μg/mL of chloramphenicol was added to the cul-
tures to maintain the green fluorescence expression of pCM29 and pTdK- 
GFP. The antibiotic supplement was not needed for the culture of Xen14 
since the bacterial chromosome contained a copy of the photorhabdus 
luminescens luxCDABE operon. The tested E. coli and S. aureus bacterial 
suspensions were vortexed for 1 min after being taken out of the incu-
bator and 30 s before experiments. P. aeruginosa bacterial suspensions 
were vortexed for 1 min, filtered with a 0.45 μm filter, sonicated for 5 
min, and finally vortexed for another 1 min. Colony forming unit per 
milliliter (CFU/mL) at an optical density at 600 nm OD600 = 1 was 
determined by agar plating approximately to be 6.13 × 108 CFU/mL for 
E. coli Xen14, 6.53 × 108 CFU/mL for P. aeruginosa PAO1/pTdK-GFP, 
2.1 × 108 CFU/mL for E. coli RP437/pRSH103, and 4.6 × 108 CFU/ 
mL for S. aureus AH2547/pCM29. Suspension of each bacterial strain 
with 108 CFU/mL was obtained by dilution for further analysis. 

4.3. Antibiotics preparations 

The stock solutions for each antibiotic agent used in this study were 
prepared with sterile deionized (DI) water or solvent and filtered with a 
0.22 μm filter. In particular, ampicillin sodium (50 mg/mL) and van-
comycin HCl (50 mg/mL) were dissolved in DI water, while tetracycline 
HCl (12 mg/mL) and chloramphenicol (50 mg/mL) were dissolved in 
ethanol (EtOH), and ciprofloxacin (30 mg/mL) was dissolved in 0.1 N 
HCl. For the assessment of bacterial antibiotic tolerance, the stock so-
lutions were diluted in CMHB to the desired concentrations supple-
mented with 10 mM CaCl2 for maintaining the integrity of alginate 
hydrogels. For the determination of MIC, antibiotics were not supple-
mented with 10 mM CaCl2. 

4.4. Alginate hydrogel biofilm formation 

The biofilm microreactors were embedded in alginate hydrogel after 
24 h culture. One of the most common approaches to preparing alginate- 
based hydrogel involves combining aqueous alginate solution with ionic 
crosslinking agents such as Ca2+ (Fig. 1A) [69]. Ca2+ electrostatically 
interacts with two negatively charged guluronate residues of alginate 
(Reaction (1)) to form an “egg-box” junction structure, Fig. 1A(2–3), 
leading to the gelation of alginate and embedment of target bacteria in 
the gel [70].  

Ca2+ + 2Alg-COO- ↔ Alg-COO–Ca2+-− OOC-Alg                              (1) 

Alginate solution (2% w/v) was prepared by dissolving sodium 
alginate powder in sterile DI water and stirring overnight. The alginate 
solution was then autoclaved. CaCl2 powder was dissolved completely in 
DI water to obtain 1 M CaCl2 solution. Sterilization of stock CaCl2 was 
performed through a 0.22 μm filter. 

The microreactors in alginate hydrogel were formed by mixing the 
target bacterial strain with alginate solutions. 6 mL of bacterial sus-
pension of each strain (in 2 × CMHB) was thoroughly mixed with 6 mL 
of 2% w/v alginate solution (ratio 1:1) to make the stock alginate- 
bacteria solutions (5 × 105 CFU/mL, 1 × CMHB and 1% w/v algi-
nate). Then, 100 μL of alginate-bacteria mixture was added to the wells 
using a multichannel pipette. Next, 1 M CaCl2 was diluted to the final 
concentrations of 50 and 250 mM in a fine mist sprayer with a 360-de-
gree rotation atomizer purchased from Nomija through Amazon, USA. 
First, the 50 mM CaCl2 in one fine mist sprayer was sprayed thoroughly 
eight inches above the microplate for 30 s. The approximate volume of 
50 mM CaCl2 used was 100 μL. The microplate was left at room tem-
perature for 15 min to allow for crosslinking. Next, the 250 mM CaCl2 in 
another fine mist sprayer was sprayed thoroughly eight inches above the 
microplate for 30 s. The approximate volume of 250 mM CaCl2 used was 
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100 μL. Then, 100 μL of 250 mM CaCl2 was introduced to each well using 
a multichannel pipette. The plate was then left for 1 h at room tem-
perature to further stabilize the gel. Finally, the microplate was washed 
using a microplate washer (50 TS, Biotek) with sterile DI water. Biofilms 
in alginate hydrogels were formed in a 96-well microplate (Fig. 1B) with 
initial 5 × 105 CFU/mL bacteria per hydrogel and cultured in CMHB for 
24 h for biofilm formation inside the gel. The hydrogels in microplates 
were treated with antibiotics followed by assessments through micro-
scopy, high-throughput microplate reading, and dissolution for agar gel 
plating. For control experiments, a corresponding set of the alginate 
biofilm gels before antibiotic treatments was dissolved in a solution of 
0.05 M Na2CO3 and 0.02 M Nitric acid [71] to obtain the bacteria in 
planktonic form for agar plating to assess bacterial antibiotic resistance 
and viability. 

The alginate biofilm gel of E. Coli RP437/pRSH103 was assessed 
using confocal laser scanning microscopy (CLSM, Leica SP8). The E. coli 
RP437/pRSH103 biofilm was stained with LIVE/DEAD™ BacLight™ 
Bacterial Viability Kit and observed under microscopy using optimal 
excitation wavelength/emission wavelength (Ex/Em) of 485⁄498 nm for 
SYTO®9 and Ex/Em of 535⁄617 nm for propidium iodide. The biofilm 
staining procedure followed the instruction from the provider. 
P. aeruginosa PA14 was used to form alginate biofilm gels for biofilm 
matrix staining. The staining used FilmTracer™ SYPRO® Ruby (Ex/Em 
of 450/610 nm) to stain the biofilm matrix and FilmTracer™ FM® 1–43 
(Ex/Em of 472/580 nm) to stain the cells within the biofilm matrix. The 
FilmTracer™ FM® 1–43 staining solution was prepared by diluting 10 
μL of the stock solution into 990 μL of dimethyl sulfoxide, followed by 
the 10-time dilution of that mixture with sterile DI water to make the 
final staining concentration of 1 μg/mL. The staining mixture was pre-
pared by mixing the prepared FM® 1–43 with SYPRO® Ruby at the 
volume ratio of 1:1. Then, 200 μL of the staining mixture was added to 
each microwell containing the alginate biofilm gel. The well plate was 
incubated for 30 min at room temperature in dark conditions. The 
assessment of biofilm matrix and cell staining was performed under a 
fluorescence microscope (Zeiss Axio Observer Z1 Inverted Microscope). 

4.5. Determination of MIC 

The minimum inhibitory concentration, or MIC, is defined as the 
lowest concentration of antibiotic agents that inhibits the growth of a 
microorganism. Determination of MICs of the antibiotic agents used in 
this study against the four proposed strains was carried out on 96-well 
microplates in compliance with CLSI. Each plate was dedicated to 
testing one type of bacterium and one row per antibiotic with up to 10 
different antibiotic serial dilutions. Briefly, CMHB containing two-fold 
dilution concentrations of each antibiotic agent were added to the first 
ten wells (total volume of media and the antibiotic agent was 50 μL). 
Then, 50 μL of prepared bacterial suspensions (10 [8] CFU/mL) were 
seeded into each well from the first to the eleventh well to get the final 
inoculum size of 5 × 105 CFU/mL. Wells at the last two rows were used 
as a positive control (11th well) which contained 50 of μL bacterial 
suspension and 50 μL of CMHB; and negative control (12th well), which 
was filled with 100 μL of CMHB. The plates were incubated at 37oC for 
16–20 h. The MIC is recorded as less than or equal to the lowest con-
centration with no visible turbidity, indicating that no bacterial growth 
occurred [72]. 

4.6. Assessment of biofilm tolerance, bacterial antibiotic resistance 
mutation, and bacterial viability 

The assessment of biofilm tolerance, bacterial antibiotic resistance 
mutation, and bacterial viability was summarized in Fig. 5. At the time 
of biofilm tolerance measurement, the microplate containing the 
microreactors was rinsed using a microplate washer (50 TS, Biotek) with 
sterile DI water. Fluorescence or bioluminescence signals were 
measured using a microplate reader (Microplate Reader Tecan M1000 

PRO) daily for three days. Signals of E. coli RP437/pRSH103 were 
recorded at Ex/Em of 558/583 nm. Signals of P. aeruginosa PAO1/pTdK- 
GFP and S. aureus AH2547/pCM29 were obtained at Ex/Em of 500/515 
nm and 490/515 nm, respectively. All experiments were conducted in 
triplicate. Results are reported as mean ± standard deviation. After the 
measurements, fresh antibiotics and control media were reintroduced to 
the microplate. The process was repeated for three days. 

Bacterial antibiotic resistance mutation was further assessed with the 
fluorescence strains but not the bioluminescent strain E. coli Xen14. A 
parallel set of the hydrogels was dissolved each day for two days with a 
1 mL solution of 0.05 M Na2CO3 and 0.02 M nitric acid followed by a 5 
min sonication, suspended at 4000 RPM for 2 min, and the dissolving 
medium replaced with PBS to obtain a 1 mL pellet of bacteria for MIC 
antibiotic agar plating to assess antibiotic resistance mutations. At the 
same time, a portion from the same dissolved hydrogels was plated on 
LB agar for viability assessment. For viability control, a triplicate set of 
dissolved microreactors after 24 h biofilm culturing was plated on LB 
agar. Cell plating was preceded by serial dilution. The nutrient plates 
(LB agar) and MIC plates for each strain were cultured at 37oC for 18–20 
h, and the cell viability was confirmed by determining Log10(CFU/mL) 
from an agar plate. Since the solid substrate was dissolved and rinsed 
with PBS to remove any remaining antimicrobial, there was no need to 
evaluate the neutralization efficacy and effects of neutralization on the 
test strains themselves. 

4.7. Statistical analysis 

All experiments were performed in triplicate unless specified other-
wise. Results are reported as mean ± standard deviation. The effects on 
fluorescence or bioluminescence by type of treatment and duration of 
exposure were evaluated with 2-factor ANOVA with Tukey’s post hoc 
tests to compare between pairs of groups. All tests were performed using 
Sigmaplot (version 12.5) with the level of significance set at p < 0.05. 
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