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ABSTRACT: Studies on methanotrophs utilizing methane as sole =
source of carbon and energy are meaningful for governing global
warming; although, the isolation of methanotrophs from nature is
challenging. Here, surface imprinted polyurethane films were
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fabricated to selectively capture living methanotrophs from paddy

soil. Two tracks of molecularly imprinted film based on polyur-

.

ethane (PU-MIF, and PU-MIF,) were imprinted using type I or I

methanotrophs as template, respectively, and then reacted with polyethylene glycol, castor oil, and hexamethylene diisocyanate.
Results demonstrated these PU-MIFs hold low water absorption rate and superior biocompatibility, which was highly demanded
for maintaining cell viability. Superior selectivity and affinity of PU-MIFs toward their cognate methanotroph cells was observed
by fluorescent microscopy. Atomic force microscopy revealed the adhesion force of PU-MIFs with its cognate cells was much
stronger in comparison with noncognate ones. Using the as-prepared PU-MIFs, within 30 min, methanotroph cells could be
separated from rice paddy efficiently. Therefore, the PU-MIFs might be used as an efficient approach for cell sorting from

environmental samples.
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1. INTRODUCTION

Methane is the second most important greenhouse gas because
it is responsible for about one-fifth of the global warming
induced by long-lived greenhouse gases since 1750, and its
atmospheric concentration has been rising again recently." The
main emission of methane comes from the biogenic sources of
natural wetlands and rice paddies.” Studies have proved that
methanotrophs are a group of Gram-negative bacteria utilizing
methane as their sole source of carbon and energy.® And more
than 90% of the methane produced in the anaerobic
environments of rice paddies can be oxidized by methanotrophs
in the aerobic zones.* Due to the oxidation by methanotrophs,
the actual amount of methane emitted from wetland and rice
paddies to atmosphere is reduced substantially.> Thus, many
studies have been carried out to understand the diversity and
functioning of methanotrophs in the environment. Unfortu-
nately, the isolation of the uncharacterized methanotrophs from
environmental samples has been difficult due to the low
selectivity and time-consuming approaches of traditional
enrichment methods.®

Molecularly imprinted polymers (MIPs) for small molecules
are formed in the presence of template molecules, which are
removed afterward leaving complementary cavities, and thus,
the MIPs possess highly specific affinity for target molecules.™
To our knowledge, reports for imprinting microorganisms have
still been rare. Dickert and co-workers have developed a kind of
molecularly imprinted polyurethane film to selectively detect
yeast cell.'°"> Subsequently, Hachulka et al. applied MIP-
based polyacrylate to selectively adsorb Saccharomyces cerevisiae
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cells and quantitatively measured the adhesion forces between
S. cerevisiae cells and MIPs."® In 2012, Schirhagl et al. adopted
MIPs combined with microfluidic device to separate cyanobac-
teria from the mixture of two strains of cyanobacteria.'*
Following this method, Ren and co-workers sorted inactivated
Mycobacterium smegmatis cells from the mixture composed of
three known microorganisms.15 Nonetheless, due to the
complexity of real samples, difficulties in obtaining template
cells, and the limited lifetime of live target cells, living cell
separation from real samples is still a great challenge.

Here, we developed a previously undescribed method to
separate living methanotrophs from rice paddies by introducing
type 1 and II methanotroph cells into polyurethane-based
molecularly imprinted films (PU-MIF), which were named PU-
MIF, and PU-MIF,, respectively. To enhance the applicability
of PU-MIFs in living cell separation, we used poly(ethylene
glycol),16 castor oil, a kind of vegetable oil,'/ and 1,6-
hexamethylene diisocyanate to prepare superior biocompatible
PU-MIFs. The PU-MIFs were evaluated by water absorption
rate and biocompatibility first. And then selective recognition of
PU-MIFs toward their template methanotrophs was visually
characterized by fluorescent microscopy. To quantitatively
investigate the affinity of methanotroph toward different PU-
MIFs surface, the adhesion forces between methanotrophs and
PU-MIFs were measured by atomic force microscopy (AFM)
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in force spectroscopy mode. Finally, the PU-MIFs were applied
into the separation of methanotrophs from real rice paddies.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(ethylene glycol) (PEG; M,, 400), castor oil
(CO), 1,6-hexamethylene diisocyanate (HDI), and 3-aminopropyl-
triethoxysilane (APTES) were purchased from Sigma (St. Louis, MO).
Methylomicrobium album (ATCC 33003, type I methanotroph, type
strain) and Methylosinus trichosporium (ATCC 49242, type II
methanotroph, type strain) were obtained from ATCC (Manassas,
VA). CellTracker Orange CMTMR (C2927) and CellTracker Green
CMFDA (C2925) were purchased from Invitrogen (Carlsbad, CA).
Trimethyl chlorosilane (TMCS) and dimethyl sulfoxide (DMSO,
ultrapure) were obtained from J&K (Beijing, China). Phosphate-
buffered saline (PBS, pH 7.2—7.4) was purchased from Beijing
Tuoyingfang Biotech Co. Ltd. (Beijing, China). Silicon nitride
cantilever (MLCT-C, spring constant was 0.03 N/m) was obtained
from Bruker, and was purchased from Veeco (New York).

2.2. Culture of Methanotroph Type Strains and Isolation of
Methanotroph from Paddy Soil. Two type strains of methano-
troph (ATCC 33003 and ATCC 49242) were chosen as the template
for PU-MIFs preparation. We followed the culturing protocol for these
two types of methanotroph according to the manufacturer’s
instructions for ATCC 49242. Briefly, ATCC medium 1057 was
prepared for transforming ATCC 33003 from vial into broth tube,
while ATCC medium 1683 was prepared for ATCC 49242. Then, 0.5
mL of the above mixtures was placed into another broth tube
containing S mL of each corresponding medium. Subsequently, both
cultures were incubated at 25 °C with a gas mixture of 50% methane—
50% air. After three generations, the cultured methanotroph was used
for experiments.

The paddy soil used for methanotroph separation by PU-MIFs was
collected from a rice field at China National Rice Research Institute in
Hangzhou, China. Paddy soil (4 g) was placed into a 100 mL culture
bottle with cap, and then 11 mL of potassium nitrate solution was
added (200 mg potassium nitrate/kg soil). Pure methane was purged
into the above sample, and the final methane concentration at 13%.
Then the sample was incubated at 25 °C with continuous rotation at
250 rpm. At 8, 16, 24, and 32 days, the potassium nitrate was
replenished. During the cultivation, gas chromatography was used to
monitor the concentration of methane in the culture bottle. Once the
methane concentration in the culture bottle dropped to around 100
ppm, the gas in the culture bottle needed to be replaced with sterilized
fresh gas with a methane concentration of 13% to maintain the activity
of methanotroph. After 39 days of incubation, 1 mL of slurry was
injected into the fresh sterilized culture solution (same components
with type methanotroph) for methanotroph isolation by PU-MIFs.

2.3. Preparation of Template Stamps and Fabrication of PU-
MIFs. A prerequisite for imprinting with methanotroph cell is a glass
stamp with adhered cells. For this purpose, 10 uL of fresh cell
suspension was spread out on a precleaned microscope slides. After
incubation for 30 min at 4 °C, the surplus solvent was removed by
spinning the slide at 4000 rpm using VTC-100 spin-coater (MTI,
Shenyang, China) prior to drying. And the stamps with adhered
methanotroph cells were obtained.

Prior to the synthesis, PEG was dried with continuous stirring under
vacuum at 90 °C for 2 h, and CO was dried by a similar method at 105
°C. Polyurethane (PU) film was synthesized using a two-step bulk
polymerization with a 1:2.3:1 molar ratio of PEG/HDI/CO. First,
HDI was reacted with PEG at 80 °C for 4 h with vigorous stirring in a
250 mL three-neck flask at normal pressure, and then the mixture was
reacted with CO at 80 °C for 30 min. A thin-layer PU film was
obtained by casting the mixture on silicon wafer by spin-coater. Then,
stamps with adhered methanotroph cells were pressed against the PU
film, and the PU film was cured and aged at 25 °C in a vacuum oven
for 24 h. Then, the stamp was peeled off, and the parts of
methanotroph cells used for the production of imprinted sites were
taken away from the PU film at the same time. To remove the residual
methanotroph cells, the remaining film was sonicated in hot water for
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10 min. The final PU-MIFs were obtained after being dried at 60 °C in
vacuum oven for 24 h. Simultaneously, polyurethane nonimprinted
film (NIF) was produced using the same procedure without templates.

2.4. SEM and AFM. The surface morphology of PU-MIFs and NIF
was observed by SEM (S-4800, Hitachi Science System, Japan) with an
accelerating voltage of 20 kV. Prior to observation, samples were
coated with gold with a thickness of 2—3 nm using a coating system
(JFC-1600 Auto Fine Coater, JEOL, Tokyo, Japan).

To study the adhesive properties of PU-MIFs and NIF, we applied
the AFM technique in force spectroscopy mode. All adhesion force
measurements were performed on an AFM (Asylum Research, Santa
Barbara, CA) in liquid conditions, that is, buffer for the culture of
ATCC 33003 and ATCC 49242. Methanotroph type strains of ATCC
33003 and ATCC 49242 were separately stuck at the end of the AFM
cantilever, which was previously salinized according to the protocol of
Blanchette’s research.'® Prior to the adhesion measurements, the
spring constants of both cantilevers immobilized with cells were
calibrated, and the obtained values were 39.29 pN/nm for ATCC
33003 and 40.44 pN/nm for ATCC 49242. The force curves were
recorded over the scanned area of 400 ym* with 100 force points
measured. Data treatment referred to the former publication."

2.5. Measurement of Water Absorption Rate. PU-MIFs or
NIF with same weight was immersed into distilled water at room
temperature. After 0.5, 1.0, 1.5, 2.0, 2.5 and 4.0 h, the weights of
polymers were weighed after water residue on the polymer surfaces
was wiped off with paper towel. The water absorption rate (WAR) of
polymers was calculated using the equation WAR = (W, — W,)/W,,
where W, and W, are polymer weights before and after water
absorption.

2.6. Evaluation of Biocompatibility. To further study the
application probability, we investigated the biocompatibility of PU-
MIFs using both methanotroph type strains and methanotroph
mixture extracted from paddy soil. For methanotroph type strains,
light microscopy was used to compare the shape and size of
methanotrophs. Sterilized PU-MIFs with same weight were immersed
into the culture solution, and aliquots of cultured methanotrophs were
added. Simultaneously, a control methanotroph culture solution (ie.,
without PU-MIFs) was also prepared. After 72 h, part of the
methanotroph solution cultured with or without PU-MIFs was
harvested and observed under light microscopy.

For microorganism mixtures extracted from paddy soil, ODg¢y, and
CH, consumption were carried out for further justification. First,
methanotroph mixtures with or without sterilized PU-MIFs were
incubated under the same conditions. Then, the ODyg, value of the
sample was obtained by UV spectroscopy analysis, and simultaneously,
the CH, amount in sample was detected by gas chromatography (GC;
Shanghai Precision and Scientific Instrument, Shanghai, China). The
CH, consumption amount was obtained by subtracting the remaining
CH, amount from the initial CH, after incubation.

2.7. Methanotroph Sorting and Characterizations. For sorting
of methanotroph type strains, fluorescence microscopy was used to
observe the separation efficiency. The freshly cultured type I
methanotroph (ATCC 33003) and type II methanotroph (ATCC
49242) were stained with CellTracker Green CMFDA and
CellTracker Orange CMTMR, respectively, according to the
manufacturer’s instructions. These two kinds of stained cells were
resuspended using 15 mL of PBS and subpackaged into 6 aliquots.
Then, sterilized PU-MIF;, PU-MIF,, and NIF were separately added
into one of the stained ATCC 33003 or ATCC 49242 solutions. After
2 h of incubation, PU-MIF,, PU-MIF,, and NIF were taken out and
washed by PBS five times to remove fluorescent dye residue.
Subsequently, PU-MIF,, PU-MIF,, and NIF were observed by an
Olympus FV1000 Confocal Laser Scanning Microscope (Tokyo,
Japan). The excitation wavelength for CellTracker Green CMFDA and
CellTracker Orange CMTMR were set at 488 and 543 nm,
respectively.

The procedure of methanotrophs isolation from rice paddies was as
follows. Sterilized PU-MIF,, PU-MIF,, and NIF were immersed into
corresponding cultured microorganism mixture extracted from paddy
soil. After incubation for 0.5 h, PU-MIF,, PU-MIF,, and NIF were
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Scheme 1. Illustrations the Fabrication and Cell Capture of PU-MIFs: (a) Chemical Structures of Monomers Used for PU-MIF
Fabrication, (b) Fabrication of PU-MIF, and (c) Re-Recognition of Template Cells
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Figure 1. SEM images of (a) NIF, (b) PU-MIF,, and (c) PU-MIF, after template removal.
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Figure 2. (a) Kinetic curves of the water absorption rate of PU-MIF,, PU-MIF,, and NIF. SEM images of cavities (b) PU-MIF, and (c) PU-MIF,

after 4.0 h of water incubation.

picked up and washed by sterilized distilled water 10 times.
Subsequently, the above PU-MIF, PU-MIF,, and NIF samples were
placed into fresh-cultured solutions to further incubate the adsorbed
methanotrophs. The ODgy, and CH, consumption amounts of the
samples were monitored in real-time.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of PU-MIFs. In
nature, there were mainly two kinds of methanotrophs carrying
different physiological behaviors, namely type I methanotroph
(Methylomonas, Methylomicrobium, Methylobacter, Methylocal-
dum, and Methylosphaera) and type II methanotroph
(Methylocystis and Methylosinus).’® The shape of type I

methanotroph (ATCC 33003) and type II methanotroph
(ATCC 49242) were cocco-bacilli and rod, respectively. To
sort methanotrophs from real samples, two types of
methanotroph were chosen as templates to prepare MIFs in
our experiments. Scheme 1 illustrates the process flow of
experiment, and two series of PU-MIFs (PU-MIF, and PU-
MIF,) were fabricated.

To validate the successful establishment of the imprinting
sites, we examined surface morphologies of PU-MIF,, PU-
MIF,, and NIF by SEM and AFM. For the surfaces of PU-MIF,
(Figure Sla in Supporting Information) and PU-MIF, (Figure
S1b in Supporting Information) without template removal,
there were lots of cells on them, suggesting the successful
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Figure 3. Bright field images of ATCC 33003 cultured (a) without PU-MIF, and (b) with PU-MIF, and of ATCC 49242 cultured (c) without PU-

MIF, and (d) with PU-MIF,.

(a) After immersed in stained ATCC 33003

; -

(b) After immersed in stained ATCC 49242

- i

Figure 4. Fluorescent micrographs of PU-MIF,, PU-MIF,, or NIF preimmersed in (a) ATCC 33003 and (b) ATCC 49242. ATCC 33003 and
ATCC 49242 were stained with CellTracker Green CMFDA and CellTracker Orange CMTMR, respectively.

introduction of the template cells. After the removal of template
cells, cavities were produced on the surface of PU-MIF, and
PU-MIF, (Figure lb,c and Figure S2b,c in Supporting
Information). And the sizes of the cavities were consistent
with the original dimensions of the two methanotroph type
strains, whereas the surface of NIF was very smooth and
uniform (Figure 1la, Figure S2a in Supporting Information).

It was known that polyurethane polymer containing PEG was
. : 16,21

apt to swell in a water-abundant environment. To ensure
the integrity of the imprinted sites on the surface of PU-MIFs,
swelling of the polymer should be minimized by optimizing the
ratio among PEG, CO, and HDI. The water absorption rates of
the PU-MIFs and NIF synthesized under optimal reaction
condition were measured and remained very low (below 0.3%,
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Figure S. Comparison of adhesion force distributions for matrices: (a) NIF, (b) PU-MIF,, and (c) PU-MIF, measured using the cell-probe ATCC
33003; p is the probability of the adhesion points presented within the scanned area on the polymer surface. The p value was calculated by being

normalized to the total number of recorded force curves, N = 100.
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Figure 6. Comparison of adhesion force distributions for matrices: (a) NIF, (b) PU-MIF,, and (c) PU-MIF, measured using the cell-probe ATCC
49242; p is the probability of the adhesion points presented within the scanned area on the polymer surface. The p value was calculated by being

normalized to the total number of recorded force curves, N = 100.

even after 4 h; Figure 2a). To clearly demonstrate the change of
imprinted sites, we collected SEM images of PU-MIFs after 4.0
h of water adsorption. As shown in Figure 2b,c, the sizes of
imprinted sites were accorded with that of the original PU-
MIF, and PU-MIF, (Figure 1b,c). These results indicated that
imprinted sites on the surface of PU-MIFs remained to be
intact and effective throughout the experiments. In addition, to
verify the shelf life of PU-MIFs, PU-MIF, prepared at different
time was viewed by SEM (Figure S3 in Supporting
Information). And even up to 6 months, the shape of cavities
remained intact.

In view of the application purpose, excellent biocompatibility
of PU-MIFs for microorganism was highly demanded. To
enhance the biocompatibility, here, PEG and CO were adopted
to prepare PU-MIFs due to their superior biocompatibilities.**
As a result of the clear definiteness in size and shape of
methanotroph type strains, light microscopy was used to trace
the cell growth. As shown in Figure 3, when cultured with
corresponding PU-MIF, there were no distinct changes in the
appearance of cells for either ATCC 33003 or ATCC 49242,
suggesting the ideal biocompatibility of polymers. Besides, from
Figure 3a,b, we could find that when cultured with PU-MIF,
the growth of ATCC 33003 was accelerated. While for ATCC
49242 categorized to type II methanotroph, it was very easy to
culture, and no such phenomenon was observed. This further
demonstrated that the excellent biocompatibility of as-prepared
material could not only provide a solid support for cell
adhesion, but also offered a favorable matrix for cell
differentiation and growth.*

3.2. Capture of Methanotroph Type Strains. To
validate the ability of PU-MIFs on methanotroph enrichment,
a confocal laser scanning microscope was used to observe the
stained methanotroph type strains captured on PU-MIFs.

ATCC 33003 and ATCC 49242 were stained with CellTracker
Green CMFDA and CellTracker Orange CMTMR, respec-
tively. As shown in Figure 4 (left panels), after incubating with
stained ATCC 33003 or ATCC 49242, there was essentially no
fluorescence observed on NIF, suggesting that NIF could not
capture stained methanotrophs due to the absence of imprinted
sites. While immersed into stained ATCC 33003 and ATCC
49242, many fluorescent dots were found on PU-MIF, and PU-
MIF, (Figure 4a,b, middle panels). These results indicated that
the PU-MIFs could easily capture its cognate methanotrophs.
From the right panel of Figure 4a, we could find that there were
some fluorescent dots detected as well, implying the few stained
ATCC 33003 was also captured by noncognate PU-MIF,. This
was because (1) both ATCC 49242 and ATCC 33003 belong
to a methanotroph, thus the chemical groups of lip-
opolysaccharide in the cell surface could be similar, and (2)
because the size of ATCC 49242 was larger than that of ATCC
33003, the cavities created by the removal of ATCC 49242
(PU-MIF,) were spacious enough to hold ATCC 33003. These
results revealed that the PU-MIFs fabricated using the above
method could selectively capture methanotroph type strains.
And both chemical recognition sites and imprinted cavities on
the PU-MIFs played key role in methanotroph capture.

3.3. Measurement of Affinity between Methanotroph
and PU-MIFs. To probe the adhesion force between
methanotroph and PU-MIFs, the AFM force spectroscopy
was used in our experiments. ATCC 33003 and ATCC 49242
were immobilized onto the salinized SizN, tips respectively via
hydrogen bond interaction arising from the hydroxyl groups on
the surface of methanotroph and amino groups of the salinized
Siz;N, tips.

Figure S showed the final distributions of the adhesive force
needed to detach the cell-probe ATCC 33003 from the surface
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Figure 7. Plots of (a) CH, consumption and (b) ODyg, of bacterial mixture obtained from paddy soil cultured with or without PU-MIFs or NIF. CK
represents the sample without PU-MIFs and NIF. The average of three replicates was used for plotting.
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Figure 8. Recultivation of cells captured by PU-MIFs or NIF from microorganism mixture enriched from paddy soil. (a) CH, consumption of
recultures cells solution; (b) ODjq, of recultured cells solution. The average of three replicates was used for plotting.

of NIF, PU-MIF;, and PU-MIF,. Gauss function was fitted to
determine the most probable detachment force. The adhesion
force of ATCC 33003 to NIF (0.53 + 0.44 nN; the error
represents the half width at the half-maximum) surface was
significantly lower than the adhesion forces to PU-MIF, (2.79
+ 1.29 nN) and PU-MIF, (2.13 + 0.24 nN), suggesting the
higher adhesion force was attributed to the imprinted cavities.
And for PU-MIF,, the highest adhesion force was obtained,
implying that the affinity between the ATCC 33003 and PU-
MIF, was strongest. This was because the imprinted cavities in
PU-MIF, were formed by the removal of ATCC 33003, and so,
the size, shape, and chemical recognition sites of the imprinted
cavities matched to ATCC 33003 cells. Besides, force
histograms showed that the adhesion force of ATCC 33003
to PU-MIF, was much higher than that to NIF (Figure S);
these results correspond to the results in Figure 4a. All of the
above results confirmed that both the imprinted cavities and
chemical recognition sites played a key role in methanotroph
capture.

To further verify the selective recognition of the PU-MIFs,
we used cell-probe ATCC 49242 to measure the adhesion force
to different polymer matrices. Figure 6 presented the final
distributions of the adhesion force used to detach the cell-probe
ATCC 49242 from the surface of NIF, PU-MIF,, and PU-MIF,.
And the adhesion force of ATCC 49242 to PU-MIF, (3.02 +
1.95 nN) was significantly higher than that to PU-MIF; and
NIF, suggesting that the affinity between the ATCC 49242 and
PU-MIF, was strongest. Interestingly, the adhesion force of
ATCC 49242 to PU-MIF, (1.19 + 0.42 nN) surface was similar
to that to NIF (1.09 = 0.27 nN), implying that the imprinted
sites on PU-MIF, produced by ATCC 33003 did not involve in
adsorption process of ATCC 49242 to PU-MIF,. This was
because that the imprinted cavities on PU-MIF, were smaller in
size than ATCC 49242, thus when the cell-probe ATCC 49242
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approached the surface of PU-MIF}, hydrogen bond interaction
could only occur on the surface of PU-MIF, as NIF did. This
also echoes the results shown in Figure 4b, where no stained
cells were found on either NIF or PU-MIF,, yet many stained
cells were found on PU-MIF,. These results not only confirmed
the importance of matching imprinted sites to its cognate cells,
but also certified the good selectivity of PU-MIFs for
methanotroph recognition.

3.4. Application of PU-MIFs in Methanotroph Iso-
lation from Rice Paddies. To further certify the probability
of PU-MIF’s application in real sample, we selected the
microorganism mixture extracted from paddy soil as a research
sample. The CH, consumption and ODg, were used as two
main criteria for determining the growth of methanotrophs in
samples. From Figure 7a, comparing to control, we could find
that the CH, consumption amounts of the samples were
basically consistent with PU-MIFs and NIF. These results
further show that the PU-MIFs were harmless to methano-
trophs. In addition, ODg, values of the samples added with
PU-MIFs and NIF were slightly higher than that of the CK
sample, implying that the polymer might promote cell growth.

In light of the above promising results, the PU-MIFs were
used to isolate methanotrophs from the paddy soil samples.
The CH, consumption and ODy, were selected to evaluate the
growth situation of the cells captured by PU-MIFs as well. As
shown in Figure 8, the CH, consumption and ODyy, of the
reculture solution of cells separated by NIF was far below that
of PU-MIF, and PU-MIF, at the initial incubation time,
suggesting that much more methanotrophs were captured due
to the presence of abundant imprinted sites on PU-MIF,; and
PU-MIF,. These results demonstrated that the PU-MIFs
synthesized using methanotroph type stains as template could
selectively enrich methanotrophs from paddy soil. Besides, in a
very short time (0.5 h), the PU-MIFs could capture
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methanotroph cells from paddy soil efficiently. Therefore, the
application of PU-MIFs greatly shortened the experimental
period of methanotroph screening from real samples. As shown
in Figure 8, both the CH, consumption and ODygy, of all
samples increased with incubation time. This was caused by the
proliferation of other microorganisms ascribing to the non-
specific adsorption. Thus, although the PU-MIFs could isolate
methanotrophs from paddy soil, the selectivity and specificity
needed to be further improved.

4. CONCLUSIONS

We have demonstrated the use of PU-MIFs for methanotroph
isolation from rice paddy soil for the first time. This kind of PU-
MIF has excellent biocompatibility and selectivity for template
cell. By modifying the AFM probe, the adhesion force between
methanotroph and polymer was measured, and results
elucidated the reason that PU-MIFs could selectively enrich
cells. When using this protocol in the isolation of
methanotroph from a real sample, PU-MIFs can dramatically
shorten the enrichment time. The PU-MIFs not only can be
applied in the isolation and recognition of methanotroph from
sample but also have potential in producing sensing elements
for environmental monitoring, medical diagnostics, and the
identification or quantification of harmful microorganisms in
food.
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