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Microbial biofilms are a leading cause of chronic infections in humans and persistent biofouling in indus-
tries due to extremely high-level tolerance of biofilm cells to antimicrobial agents. Eradicating mature
biofilms is especially challenging because of the protection of the extracellular matrix and slow growth
of biofilm cells. Recently, we reported that established biofilms can be effectively removed (e.g. 99.9% dis-
persion of 48 h Pseudomonas aeruginosa PAO1 biofilms) by shape memory polymer-based dynamic
changes in surface topography. Here, we demonstrate that such biofilm dispersion also sensitizes biofilm
cells to conventional antibiotics. For example, shape recovery in the presence of 50 mg/mL tobramycin
reduced biofilm cell counts by more than 3 logs (2,479-fold) compared to the static flat control. The
observed effects were attributed to the disruption of biofilm structure and increase in cellular activities
as evidenced by an 11.8-fold increase in intracellular level of adenosine triphosphate (ATP), and 4.1-fold
increase in expression of the rrnB gene in detached cells. These results can help guide the design of new
control methods to better combat biofilm associated antibiotic-resistant infections.

Statement of Significance

Microbial infections are challenging due to high-level antibiotic resistance of biofilm cells. The protection
of an extracellular matrix and slow growth of biofilm cells render conventional antibiotics ineffective.
Thus, it is important to develop new technologies that can remove mature biofilms and sensitize biofilm
cells to antibiotics. Recently, we demonstrated that dynamic change in surface topography can remove
48 h Pseudomonas aeruginosa PAO1 biofilms by 99.9%. In this study, we investigated how shape recovery
triggered dispersion affect the physiology of biofilm cells and associated antibiotic susceptibility. These
results are helpful for understanding biofilm dispersion and developing more effective control methods.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Bacteria can survive in challenging environments by attaching
to a surface and developing a biofilm that consists of sessile bacte-
rial cells and an extracellular matrix [1]. Cells in mature biofilms
are also associated with slow growth, which renders most antibi-
otics ineffective [2,3]. Consequently, biofilms are up to 1,000 times
more tolerant to antibiotics compared to planktonic cells; and bio-
films are involved in more than 65% of nosocomial infections
according to the Centers for Disease Control and Prevention
(CDC) [4–6].

The economical and clinical significance of biofilm-related
problems has stimulated intensive research to design more effec-
tive anti-fouling strategies [7–10]. To prevent bacteria from colo-
nizing a surface, different approaches have been explored to alter
the properties of the substrate materials such as surface chemistry
[11–24], topography [8,25–35], and stiffness [36–39]. Strategies for
modifying surface chemistry include coating with antibacterial
agents [11–14,17,20,21,24] or other compounds that can change
the charge [15] or hydrophobicity [19,22,23]. Surface hydrophobic-
ity can also be changed by altering surface topography [27].
Inspired by natural anti-fouling surfaces such as shark skin [30],
lotus leaves [19], taro leaves [23], and cicada wings [28], static
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micron- and nano-scale patterns and roughness have been created
and demonstrated to prevent biofilm formation without using
antimicrobial agents that can potentially promote resistance
[8,25,26,28–35]. These chemical and physical approaches have
been demonstrated to inhibit bacterial adhesion; however, chal-
lenges such as sustaining the efficacy of control agents, adverse
effects of environmental and host factors (e.g., covering by body
fluid or metabolic products during bacterial growth), and the
remarkable capabilities of bacteria to adapt to challenging environ-
ments can allow bacteria to overcome unfavorable surface proper-
ties and eventually form biofilms over time [7]. Thus, it is
important to develop new technologies that can effectively remove
mature biofilms.

Previous studies showed that, by altering the surface features
using pneumatic actuation [40], electrical voltage [41], and air-
pressure or water inflation generated strain [42,43], up to 90% of
mature biofilm could be removed. Recently, we demonstrated
strong activities of biofilm removal by dynamic changes in surface
topography using a shape memory polymer (SMP). Using tert-butyl
acrylate (tBA) based SMP, on-demand shape recovery of the sub-
strate material (both flat SMP and that with microns-scale topo-
graphic patterns) can be triggered with gentle heating (10 min at
40 �C), which led to effective removal of 48 h Pseudomonas aerugi-
nosa biofilms by 99.9% [44]. The observed biofilm removal was
attributed to physical disruption of biofilm structure and cell-
surface interactions. Because biofilm and planktonic cells have
major differences in physiology and antibiotic susceptibility [45],
we hypothesized that shape recovery triggered biofilm dispersion
can also alter the antibiotic susceptibility of biofilm cells. To test
this hypothesis, we followed the antibiotic susceptibility of biofilm
cells before and after shape recovery and compared it with the con-
trol surfaces that were not programmed to have shape change
(henceforth ‘‘static flat control”). We also tracked the changes in
intracellular ATP level and gene expression profiles to understand
the mechanism of observed results. The findings of this study may
help design the next generation smart anti-fouling materials by
combining dynamic surface topography with antimicrobials.
2. Materials and methods

2.1. Bacterial strains and medium

P. aeruginosa PAO1 [46] was grown in Lysogeny Broth (hence-
forth LB medium) [47] consisting of 10 g/L tryptone, 10 g/L NaCl,
and 5 g/L yeast extract (Thermo Fisher Scientific, Waltham, MA,
USA). The reporter strain PAO1:: rrnBP1-gfp(AGA) was constructed
by integrating rrnBP1-gfp(AGA) into the genome of P. aeruginosa
PAO1 using miniTn5 system to monitor the expression of rrnB gene
with the signal from unstable GFP(AGA).
2.2. SMP substrate fabrication

The shape memory polymer (SMP) was synthesized by follow-
ing the protocols reported previously [44,48]. Briefly, SMP was syn-
thesized using t-butyl acrylate (tBA), poly (ethylene glycol)n
dimethacrylate (PEGDMA) with Mn = 750 molecular weight, and
photo initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA)
(Sigma Aldrich, St. Louis, MO, USA). The weight ratio between
tBA and PEGDMA was set as 9:1; and a photo initiator, DMPA,
was added as 0.4 wt% to synthesize the tBA-co-PEGDMA polymer
networks with a transition temperature slightly above the body
temperature (37 �C). In our previous study [44], this tBA-based
SMP exhibited a recovery ratio of 98.9% with glass transition tem-
perature of 44.3 �C.
To make flat SMP, a sandwich structure was assembled with
two glass slides as frames and a 1 mm thick PDMS spacer in-
between. To minimize the adhesion of SMP to the glass slides,
the surfaces of both glass slides were modified with RainX. A mix-
ture of tBA, PEGDMA, and DMPA was injected between two glass
slides. The mixture spread uniformly into the gap between two
glass slides (created by the PDMS spacer) due to capillary effect.
To cure the mixture for pre-polymerization, 365 nm UV radiation
was applied for 10 min. Post-curing was conducted at 90 �C for
1 h to finish the synthesis of SMP networks. To ensure complete
crosslinking, we compared the swelling ratios after 1, 3, 5, and
10 min of UV exposure and different amounts of post-curing time.
As shown in Supplementary Figs. S1a & b, extending UV exposure
time beyond 3 min did not further change the swelling ratio, indi-
cating that 3 min is sufficient. The results also show that increasing
post-curing time beyond 1 h did not change the swelling ratio.
Thus, we chose 10 min UV exposure with 1 h post-curing under
90 �C to ensure complete crosslinking, and keep consistency with
the protocol that we followed [48] and our previous study [44]. If
further developed for real applications, it will be important to test
other sterilization methods that are easier to scale up, e.g. gamma
radiation. This is beyond the scope of this study. However, because
we have achieved complete crosslinking, we do not expect signifi-
cant changes in biofilm control activities if gamma were used for
sterilization.

2.3. Programmable SMP substrate preparation

To obtain the stretched temporary shape, flat SMPs were cut
into a dog bone shape using a manual stretcher. The manual
stretcher with the dog bone shape SMP was incubated at 50 �C
for 8 min and stretched gently by 50% elongation. After the defor-
mation, SMP was cooled to room temperature for 5 min. To recover
the SMP with temporary shape, it was incubated in 0.85 wt% NaCl
solution at 40 �C for 10 min. In our previous study [44], we have
tested the recovery ratio of this SMP and found it is 98.9%.

2.4. Biofilm formation

To grow biofilms, SMPs were cut into 0.5 cm by 1.5 cm coupons
and then sterilized by exposing to UV for 1 h for each side. Over-
night cultures of P. aeruginosa PAO1 grown in LB medium were
used to inoculate the biofilm cultures in petri dishes containing
SMPs to an optical density at 600 nm (OD600) of 0.05. Each petri
dish held three biological replicates of SMP coupons. Biofilms were
cultured for 48 h at room temperature.

2.5. Antibiotic susceptibility test

After 48 h incubation, SMPs with attached biofilms were
washed with 0.85 wt% NaCl solution three times to remove non-
specifically attached planktonic cells. After washing, each SMP
was transferred to a pre-warmed test tube containing 2 mL of
0.85 wt% NaCl solution and incubated for 10 min at 40 �C to trigger
shape change. During this process, the programmed SMP recovered
to its permanent shape, while the static flat control maintained its
own shape. After the 10 min incubation, shape recovery dispersed
biofilm cells were harvested for analysis. For the static flat control
samples (biofilms on surfaces without stretching), biofilm cells
were harvested by 25 Hz bead beating for 30 s using 0.1 g of
0.1 mm zirconia/silica bead (BioSpec Products, Inc., Bartlesville,
OK, USA). This approach was found effective to detach PAO1 bio-
film cells without affecting PAO1 cell viability (Supplementary
Figs. S2a & b). To avoid any possible confounding effect of bead
beating, cells detached by shape recovery were also processed with
bead beating for 30 s before further analysis. The harvested biofilm



Table 1
Primers used in this study.

Selected genes Forward primer
sequence 50 ? 30

Reverse primer
sequence 50 ? 30

proC (housekeeping
gene)

ACCCCGCATAGCGTTCATC GGAGACGATCAGTTGCTCCG

cynT GCTCGCAACTGTTCAAGTCC GCCGCTTTCGATGTCGTAGA
kdpB ATGCTGGTGGTCGAACTGAC CAGGAAGATCAGGGTCAGGC
nirQ GCGGTATCTGCTACCTGGAC GGGTTGTAGGACACCACCAG
hdhA TACTTCACCAACACCTCGCC AAGCCCTGGACGACATTGAG
phnW TGGGACAGCGATTTCAACGA TCATGGCATCGACGATCAGG
rrnB TGCCTGGTAGTGGGGGATAA GGACCGTGTCTCAGTTCCAG
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cells were transferred to a 96-well plate and tested for susceptibil-
ity to six antibiotics including tobramycin (Tokyo Chemical Indus-
try Co., Tokyo, Japan), ofloxacin (Sigma Aldrich, St. Louis, MO, USA),
tetracycline (Sigma Aldrich), minocycline (Sigma Aldrich), cipro-
floxacin hydrochloride (Sigma Aldrich), and chloramphenicol
(Sigma Aldrich) added at different concentrations. After 1 h incuba-
tion at 37 �C, samples were washed three times with 0.85 wt% NaCl
solution before plating on LB agar plates to count colony forming
units (CFU) by following a published protocol [49] after a serial
dilution.

2.6. Biomass quantification and cell viability test

The 48 h P. aeruginosa PAO1 biofilm cells on SMP were stained
with SYTO

�
9 and propidium iodine from the Live/Dead

�
BacklightTM

bacterial viability kit (Life technologies, Carlsbad, CA, USA) after
three times of washing with 0.85 wt% NaCl solution. Imaging anal-
ysis was conducted using an upright fluorescence microscope
(Axio Imager M1, Carl Zeiss Inc., Berlin, Germany). To quantify
the biomass, z stack images with 3D information were obtained
followed by quantification analysis using the software COMSTAT
[50]. Three biological replicates were tested for each condition
and five images were randomly obtained for each surface.

2.7. Scanning electron microscope (SEM) analysis

The biofilm cells on SMP substrates with different conditions
were analyzed including 48 h biofilms without treatment, biofilm
cells detached by bead beating/shape recovery, and SMP substrate
surfaces after bead beating/shape recovery. The samples were
immersed in a fixing agent containing 2.5% glutaraldehyde (Elec-
tron Microscopy Sciences, Hatfield, PA, USA) for 1 h after three
times of washing with 0.85 wt% NaCl solution. Then, the substrates
were transferred into 1% osmium tetroxide (OsO4, Sigma Aldrich)
solution for post-fixation for 1 h followed by further washing steps
with 15, 30, 50, 70, 95, and 100% ethanol for 15 min each. The 100%
ethanol washing step was conducted three times. The samples
were coated using a platinum sputter (Edwards S150A, Edwards,
Burgess Hill, England) under 30 mV with 75 sec deposition time.
SEM images were obtained using JEOL JSM-IT100LA (JEOL Ltd.,
Tokyo, Japan). Three biological replicates were imaged with five
positions randomly selected from each sample.

2.8. Intracellular level of adenosine triphosphate (ATP)

The ENLITEN ATP Assay system (Promega, Madison, WI, USA)
was used for ATP test by following the manufacture’s protocol.
Briefly, the biofilm cells of both stretched and static flat control
samples were obtained as described above. The luminescence of
each sample was measured using a microplate reader (BioTek Syn-
ergy 2, BioTek, Winooski, VT, USA). We first established a standard
curve using samples with known concentrations of ATP. The
amount of ATP in actual samples was determined by fitting the
ATP standard curve and normalized by the number of cells in each
sample. Three replicates were tested for each condition.

2.9. Expression level of rrnB

To monitor the growth activity of biofilm cells released by
shape recovery and those of the static flat control, an engineered
reporter strain, PAO1:: rrnBP1-gfp, was used to determine the rrnB
expression level as indicated by the GFP signal intensity. Biofilm
cells were harvested as described above in antibiotic susceptibility
test. The intensity of GFP signal was measured using a BioTek Syn-
ergy2 microplate reader and normalized by cell number. Each con-
dition was tested with three replicates.
2.10. RNA extraction and cDNA synthesis

Total RNA of detached biofilm cells was extracted using RNeasy
mini kit (Qiagen, Hilden, Germany). Biofilm cells were cultured in
the same way as described above except that more and bigger
SMP coupons were used to obtain 9 times more cells per sample
to ensure the abundance of RNA needed for RNA-seq and quantita-
tive PCR (qPCR) analyses. The cells were collected by centrifugation
for 3 min at 8000 rpm at 4 �C. RNA was isolated by following the
protocol of RNeasy mini kit. The purity of RNA samples was evalu-
ated using a Nanodrop tool of microplate reader EPOCH 2 (BioTek,
Winooski, VT, USA). The quality of extracted RNA samples was
quantified using an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA) and the RNA samples with an RNA
integrity number (RIN) >9 were chosen for rRNA depletion using
Ribo-zero rRNA removal kit (Illumina, San Diego, CA, USA) prior
to RNA-seq analysis.

For qPCR analysis, the extracted RNA samples were used to syn-
thesize cDNA using iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules,
CA, USA). The quality of the cDNA samples was checked using the
microplate reader as mentioned above.

2.11. RNA-seq library construction

RNA-seq libraries were constructed using the NEBNext Ultra
RNA Library Prep kit (New England Biolabs, Ipswich, MA, USA). Each
library was quantified with Qubit 2.0 (dsDNA HS kit; Thermo Fisher
Scientific, Waltham, MA, USA) and the size distribution was deter-
mined using a Fragment Analyzer (Advanced Analytical Technolo-
gies, Ankeny, IA, USA) prior to pooling. Libraries were sequenced
on a NextSeq 500 instrument (Illumina, San Diego, CA, USA) at
the RNA Sequencing Core (RSC) Facility at Cornell University. At
least 20 M single-end 75 bps reads were generated per library.

2.12. Validation of RNA-seq results using quantitative PCR (qPCR)
analysis

qPCR analysis was conducted to validate the RNA-seq results.
The synthesized cDNA template, DNA primer templates of interest
(Table 1), and SYBR Green PCR master mix (Thermo Fisher Scien-
tific, Waltham, MA, USA) were well mixed. The qPCR reactions
were conducted using an Eppendorf Mastercycler Realplex Ther-
mal Cycler (Eppendorf, Hamburg, Germany) with the following
condition: initial denaturation at 95 �C for 1 min, followed by 40
cycles of denaturation at 95 �C for 10 s and annealing at 60 �C for
1 min. The melting curve was conducted at 95 �C for 20 min. The
fluorescent signals were measured at the end of each cycle. The
expression ratios of the genes of interest were analyzed by the Lin-
Reg PCR program (Heart Failure Research Center, Amsterdam,
Netherlands). Five representative genes were tested including
proC, cynT, nirQ, hdhA, phnW, rrnB, and kdpB (Table 1). proC was
chosen as a housekeeping gene as used in previous studies both
by us and other groups [51,52].
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2.13. Analysis of RNA-seq results

RNA-seq reads were processed with Cutadapt (version 1.8) to
trim low quality and adaptor sequences [53]. The mapping process
to align the paired end reads against P. aeruginosa PAO1 reference
genome was performed using Tophat (version 2.1). Cufflinks (ver-
sion 2.2) was used to generate fragments per kilobase of transcript
per million (FPKM) values and statistical analysis of differential
gene expression [54,55]. RNA-seq analysis was conducted with
two biological replicates. The results with absolute value of fold
change >2, p < 0.05, and q < 0.05 were considered significant using
Cufflinks (version 2.2) as mentioned above.

2.14. Statistics

SAS 9.1.3, Windows version (SAS, Cary, NC, USA), was used for
all statistical analyses. Results with p < 0.05 were considered as
statistically significant.
3. Results

3.1. Shape recovery sensitized biofilm cells to bactericidal antibiotics

To understand if better biofilm control can be obtained by con-
current treatment of biofilms with an antibiotic during shape
Fig. 2. SEM analysis of biofilm removal by shape recovery and bead beating. (a) Bioma
beating. (b) Image of 48 h biofilm cells prior to treatment. (c) Biofilm cells after bead be
cells after shape recovery (d1: detached biofilm cells. d2: biofilm cells remained on sur

Fig. 1. Concurrent treatment of P. aeruginosa PAO1 biofilm cells. Shape recovery
(10 min at 40 �C) was triggered in the presence of an antibiotic. Four antibiotics
were tested including tobramycin, ofloxacin, tetracycline, and minocycline.
***p < 0.001.
recovery, we first tested shape recovery with 48 h P. aeruginosa
PAO1 biofilms in the presence of selected conventional antibiotics
(including both bactericidal and bacteriostatic agents). The
unstretched samples were used as static flat control. As shown in
Fig. 1, after such concurrent treatment with 50 mg/mL tobramycin,
5 mg/mL ofloxacin, 500 mg/mL tetracycline, or 200 mg/mL minocy-
cline, the number of viable cells attached on the surface was
reduced by 4.4 ± 0.3 logs, 2.9 ± 0.06 logs, 2.1 ± 0.1 logs, and
3.1 ± 0.05 logs, respectively. These correspond to 2,480, 710, 116,
and 962 folds of reduction by tobramycin, ofloxacin, tetracycline,
and minocycline, respectively (p values <0.001, one-way ANOVA
adjusted by Tukey test) compared to the static flat control, which
went through the same treatment except that the cells were not
detached (the SMP was not stretched and thus no shape change)
during incubation with antibiotic.

The above results demonstrate potent activities in biofilm con-
trol. However, the data do not reveal if the effects were due to dis-
persion, killing by antibiotics, or both. To more specifically
evaluate the antibiotic susceptibility of detached cells, we also con-
ducted a sequential treatment with shape recovery followed by
antibiotic treatment. After growing P. aeruginosa PAO1 for biofilm
formation on stretched SMP and static flat controls for 48 h, two
types of biofilm cells were harvested including (1) cells dispersed
by shape recovery during 10 min incubation of stretched SMPs at
40 �C and (2) biofilms cells on static flat controls that went through
the same 10 min incubation and detached by bead beating (beating
has no effects on cell viability; Supplementary Fig. S2) prior to
antibiotic treatment. To specifically study the effects of shape
recovery on bacterial antibiotic susceptibility, biofilm cells
detached by shape recovery were also treated with the same bead
beating step as the control samples (the method to harvest biofilm
cells of the control samples) before antibiotic treatment. The bead
beating process was verified effective for biofilm removal. As
shown in Fig. 2a, compared to the 9.1 ± 0.8 mm3/mm2 biomass of
48 h P. aeruginosa PAO1 biofilms, it was dramatically reduced to
0.04 ± 0.004 mm3/mm2 and 0.04 ± 0.03 mm3/mm2 after bead beating
or shape recovery, respectively (p = 0.001 for both; one-way
ANOVA adjusted by Turkey test). These results were corroborated
by the SEM images shown in Fig. 2. To verify that the bead beating
condition is safe to cells, we further examined the cells using Live/
Dead staining and SEM analysis. No cell death was noted based on
Live/Dead staining (Supplementary Fig. S3a) and the cell integrity
was verified by SEM results (Supplementary Fig. S3b). This is con-
sistent with the CFU data shown in Fig. S2.

After harvesting the biofilm cells, tobramycin was added to
treat both the static flat control and shape recovery-dispersed bio-
ss of 48 h P. aeruginosa PAO1 biofilm cells before and after shape recovery or bead
ating (c1: detached biofilm cells. c2: biofilm cells remained on surface). (d) Biofilm
face). ***p < 0.001. Bar = 5 mm.
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film cells for 1 h. As shown in Fig. 3a, the log reduction after treat-
ment with 2, 10, and 50 lg/ml tobramycin was 0.7 ± 0.1, 1.2 ± 0.1,
and 1.7 ± 0.1, respectively, for static flat control biofilm cells. In
comparison, 1.6 ± 0.2, 2.1 ± 0.1, and 2.4 ± 0.1 logs of shape
recovery-dispersed biofilm cells were killed, indicating a
0.9 ± 0.2, 0.9 ± 0.01, and 0.7 ± 0.02 log increase in antibiotic suscep-
tibility compared to static flat control (p = 0.01, 0.01, and 0.002,
one-way ANOVA adjusted by Turkey test). This suggests that shape
Fig. 3. Sequential treatment of P. aeruginosa PAO1 biofilm cells. Four antibiotics were tes
(a), ofloxacin (b), tetracycline (c), and minocycline (d). (e) Growth curves of collected bio
biofilm cells released by shape recovery were also processed with bead beating to avoid
difference in log reduction. *p < 0.05, **p < 0.01.
recovery triggered dispersion did not simply detach biofilm cells
via physical forces but affected the physiological stage of biofilm
cells.

Consistent with the result of tobramycin, shape recovery trig-
gered dispersion also sensitized the biofilm cells to ofloxacin. As
shown in Fig. 3b, shape recovery released biofilm cells were
0.4 ± 0.1 log (p = 0.001, one-way ANOVA adjusted by Turkey test)
more sensitive to 5 lg/mL ofloxacin than the static flat control
ted by adding to the biofilm cells dispersed by shape recovery including tobramycin
film cells. The biofilm cells of static flat control were detached by bead beating. The
any confounding effects. Graphs b and c are plotted in log scale to better show the



Fig. 4. (a) Intracellular ATP level in shape recovery released P. aeruginosa PAO1
biofilm cells and static flat control. (b) Expression level of rrnB gene in P. aeruginosa
PAO1:: rrnBP1gfp(AGA) including planktonic cells, shape recovery released cells, and
static flat control. **p < 0.01.
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biofilm cells. Similar results were also obtained for ciprofloxacin
(Supplementary Fig. S4a). Compared to these three bactericidal
antibiotics, biofilms were not sensitized to bacteriostatic antibi-
otics tested including tetracycline, minocycline, and chloram-
phenicol (Fig. 3c, d, and Supplementary Fig. S4b). This is likely
due to the static nature of these agents and indicates that the
detached cells were not actively growing.

3.2. Effects of shape recovery triggered biofilm dispersion on
physiology of P. aeruginosa cells

Increase in antibiotic susceptibility of dispersed cells led to our
speculation that shape recovery may change the physiological
stage of biofilm cells. To answer this question, we first tested if dis-
persion affected the growth of these cells by incubating detached
cells in LB medium. The cells released by shape recovery were also
processed with bead beating to aovid any confounding effects.
After 2 h of inoculation, there was no difference in cell number
between shape recovery released cells and the static flat control
sample released by bead beating (both were in lag phase;
Fig. 3e). After the lag phase, cells in both samples started growing
but at different growth rates. The CFU number of shape recovery
released biofilm cells after 3 h and 4 h of incubation was 2.7 ± 0.6
and 1.5 ± 0.2 times higher than the static flat control biofilm cells,
respectively (p = 0.008 and 0.02, respectively, one-way ANOVA
adjusted by Turkey test). This result indicates that the shape recov-
ery released biofilm cells were at a relatively more active stage,
which is consistent with their enhanced antibiotic susceptibility.

To understand if shape recovery released cells were more active
metabolically, we compared the intracellular level of ATP in
P. aeruginosa PAO1 biofilm cells between shape recovery samples
and static flat controls. ATP level is an indicator of cellular activities
and known to be associated with bacterial antibiotic susceptibility
[56]. As shown in Fig. 4a, the ATP level in biofilm cells dispersed
by shape recovery was 11.8 ± 2.7 times of the static flat control cells
(p = 0.003, one-way ANOVA adjusted by Tukey test). This result
indicates higher metabolic activities in shape recovery-dispersed
cells and corroborates the increase in antibiotic susceptibility of
these cells.

Intracellular ATP level is also known to affect the expression of
rrnB gene, which encodes 16 s rRNA for cell growth [57,58]. Thus,
we measured the expression level of rrnB gene using a reporter
strain PAO1:: rrnBP1-gfp(AGA). Consistent with the increase in ATP
level, shape recovery triggered dispersion led to a 4.1 ± 0.4-fold
increase in rrnB expression compared to the static flat control
(Fig. 4b) (p = 0.007, one-way ANOVA adjusted by Tukey test). The
higher expression level of rrnB gene in dispersed cells was also ver-
ified using qPCR (2.0 ± 0.2-fold increase compared to static flat
control; p = 0.002, one-way ANOVA adjusted by Tukey test). The
rrnB expression results are consistent with the increase in ATP
level and higher antibiotic susceptibility in dispersed biofilm cells.

3.3. Effects of shape recovery on P. aeruginosa gene expression

To further understand the effects of shape recovery triggered
biofilm dispersion at the genome-wide scale, RNA-seq analysis
was used to compare the gene expression profiles between biofilm
cells dispersed by shape recovery and the static flat control. The
RNA-seq results indicate that 70 genes were differentially
expressed between dispersed cells and the control, including 47
up-regulated genes and 23 down-regulated genes (Supplementary
Tables S1 & S2). Eight up-regulated genes and 6 down-regulated
genes are related to ATP or metabolic activities (Fig. 5a). Among
these genes, cynT, PA2843, mdlC, katB, phnW, hisD, and PA5312were
up-regulated and PA2550, acsA, hdhA, and glpK were down-
regulated. For ATP-related genes, nirQ was up-regulated by
3.1-fold, while kdpB was down-regulated by 3.6-fold. nirQ encodes
denitrification regulatory protein (nitric oxide reductase), also
known as ATP-related protein NirQ, which reduces nitric oxide
(NO) to nitrous oxide (N2O) to avoid the accumulation of toxic
NO in the cell [59]. During the denitrification process, NirQ induces
a concentration gradient of hydrogen ion through cell membrane
which leads the synthesis of ATP [60]. kdpB is associated with
potassium ion (K+) transport, which requires ATP as energy source
[61]. Thus, the induction of nirQ and repression of kapB are consis-
tent with the increase in ATP level in dispersed cells.

To validate the RNA-seq data especially the genes related to
metabolic activities, qPCR was conducted for 5 representative
genes, including cynT, nirQ, phnW, hdhA, and kdpB, plus rrnB dis-
cussed above. The rrnB gene was not shown in the RNA-seq results
because rRNA was depleted during the pretreatment step before
sequencing. All 5 representative genes showed consistent results
between RNA-seq and qPCR (Fig. 5b). Thus, the qPCR data validated
the RNA-seq results and provided additional evidence that the
shape recovery triggered dispersion rendered P. aeruginosa biofilm
cells to leave the physiological stage of biofilm growth, becoming
more active metabolically and consequently more sensitive to
antibiotics.

4. Discussion

Despite the well-recognized significance, biofilm control strate-
gies have been largely limited to biofilm prevention and direct kill-
ing of biofilm cells. Eradicating established biofilms remains



Fig. 5. Effects of shape recovery triggered dispersion on P. aeruginosa PAO1 gene expression. (a) RNA-seq results of induced/repressed genes. (b) qPCR results of
representative genes.
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challenging. Previous research on biofilm removal has been largely
based on the use of forces generated by air bubble [62,63], shock
wave [64,65], water jet [66], acoustic energy [67], and magnetically
rotating microrods [68,69]. These conditions can be harsh and
require additional equipment, which may hinder in vivo applica-
tions. In comparison, SMP enabled shape recovery can be achieved
under rather gentle conditions such as moderate temperature
change in this study, or by electrical current [70–72] and light [73].

Recently, we demonstrated that mature biofilms can be effec-
tively removed by using on-demand changes in substrate configu-
ration of SMP [44]. In the present study, we further demonstrate
that such on-demand dispersion can also sensitize biofilm cells
to conventional antibiotics. Up to 9-fold increase in antibiotic sus-
ceptibility was observed when antibiotics were added after disper-
sion and more than 3 logs (2,479 times) reduction of biofilm cells
was obtained by adding antibiotics during shape recovery. While
bactericidal antibiotic showed significant differences between
shape recovery conditions and control biofilm cells during sequen-
tial treatment, there was no significant difference for bacteriostatic
antibiotics tested. This is not unexpected because what we did was
a killing test and thus static agents would not show the same
effects. It will be interesting to further test different classes of bac-
tericidal compounds.

Synergy between physical factors and antibiotics in biofilm con-
trol has been reported. For example, using ultrasound [74,75] or
ultrasound targeted microbubble destruction [76] in combination
with antibiotics such as gentamicin and vancomycin can enhance
the killing of biofilm cells due to the disruption of cell membranes
[45]. However, the condition of shape recovery in this study alone
did not cause direct killing of biofilm cells as evidenced by Live/
Dead staining and SEM analysis. Also, the released cells were able
to grow faster than the static flat control that was detached by
bead beating (verified not to affect viability). This result suggests
that the effects were through a different mechanism and the cells
were not just passively dispersed by shape recovery. Instead, it
might involve physiological changes in these cells.

Consistent with the results of antibiotic susceptibility, shape
recovery triggered biofilm dispersion led to a higher level of
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intracellular ATP, slightly faster growth, and significant changes in
gene expression in the dispersed cells. No change in the expression
of biofilm matrix genes was observed. This is not unexpected
because shape recovery happened in minutes; and thus, biofilm
dispersion can be largely attributed to physical factors. Neverthe-
less, the results do indicate that dispersion caused physiological
changes to the dispersed cells, which rendered these cells to enter
a more active stage and thus more susceptible to bactericidal
antibiotics.

Increasing evidence indicates that bacteria have complex sys-
tems to sense environmental cues when deciding biofilm forma-
tion vs. planktonic growth [9,37,77–79]. Biofilm cells are also
known to disperse naturally when the environment changes to
be unfavorable for bacteria to stay [80,81]. Some cell signaling sys-
tems have been shown to trigger biofilm dispersion [81–83]. Based
on the results of this study, we speculate that biofilm cells may also
be able to sense and respond to physical factors and adjust their
physiological status for dispersion, which alters antibiotic suscep-
tibility of these cells. Further study on such sensing mechanism
may shed new light on the fundamental understanding of biofilm
life cycle.

Different technologies have been developed for biofilm
removal, biofilm killing, or both. However, the options for biofilm
removal with gentle conditions are limited. In a recent study, we
reported effective (up to 99.9%) biofilm removal using shape mem-
ory polymers [44]. Here we demonstrate that such removal also
sensitizes biofilm cells to bactericidal antibiotics. It is encouraging
to us since effective eradication of biofilm cells with lower doses of
antibiotics can help reduce the risk of resistance development.

We chose room temperature incubation for biofilm growth and
40 �C for triggering shape change to be consistent with our previ-
ous report [44], and allow us to study the effects on antibiotic sus-
ceptibility of dispersed cells specifically. To further develop this
technology for in vivo applications, the polymer needs to be tested
for antifouling activities at human body temperature and evalu-
ated for cytotoxicity to mammalian cells. The temperature for trig-
gering shape change can be adjusted by altering the ratio of tBA
and PEGDMA. Alternatively, some shape memory polymers allow
shape recovery to be triggered by other means such as electric sig-
nal [70–72] and light [73], which may ease medical applications.
With further development, this technology has potential applica-
tions in medical devices that have major polymer components,
e.g. catheters. This is a part of our ongoing work.
5. Conclusions

The results of this study revealed that dynamic changes in
topography by shape recovery can sensitize the detached biofilm
cells to conventional antibiotics. Specifically, the biofilm cells
released by shape recovery were up to 9-fold more susceptible to
selected antibiotics than the static flat control in sequential treat-
ments; and more than 3 logs of biofilm reduction was achieved by
concurrent treatment (shape recovery in the presence of an antibi-
otic). Consistent with the increase in susceptibility to antibiotics,
11.8 times more ATP production and 4.1 times higher rrnB expres-
sion level were observed in biofilm cells dispersed by shape recov-
ery compared to the static flat control. These findings were
corroborated by RNA-seq and qPCR results and indicate that shape
recovery triggered dispersion rendered bacterial cells to leave the
physiological stage of biofilm growth and enter a more active
and drug susceptible stage. The graphical abstract summarizes
the main findings of this study. Collectively, the findings from this
work suggest that effective controls can be developed to eradicate
biofilm cells with combined physical (dynamic surface topogra-
phy) and chemical (antibiotics) factors.
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