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38 Abstract: A conjugated polymer-based supramolecular system is designed for discrimination of
40 virus and microbes. The supramolecular system is composed of cationic polythiophene
derivative (PT) and barrel-shaped macrocyclic molecular cucurbit[7]uril (CB[7]). Because PT
45 and PT/CB[7] complex possess different interaction manners toward virus and microbes, the
47 rapid and simple discrimination of virus and microbes was realized through polymer
49 fluorescence intensity change assisting with standard linear discriminant analysis (LDA). The
supramolecular strategy would expand the idea of designing biological probes, and further

54 promote the extensive application of conjugated polymer materials in biosensor field.
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1. Introduction

The public who are constantly and inevitably infected by pathogens, viruses and parasites,
have not kept calm facing of these scientific data that exploded to popular media about the close
connection between the abuse/misuse antibiotics and the spread antibiotic-resistance.'” In both
human medicine and agriculture-agrifood industry,®’ the diagnosis and discrimination of lethal
infections caused by bacteria or virus play critical roles in appropriate use of germicides,
however it is difficult even for experienced doctors and academics.*'® The aforemetntioned
factors led to unnecessary treatments with antibiotics and the ever-increasing antibiotic
resistance eventually.!' Based on the data from World Health Organization (WHO) of 71
countries, totally global antibiotic consumption grew from 50 billion to 70 billion standard units
(more than 30%) in the first decade of the 21st cen‘[ury.12 And the American Center for Disease
Control and Prevention (CDC) predicted that antibiotic-resistant infections would kill 10 million
people worldwide by 2050."* Except for the inappropriate use in medical care, the recommended
levels of antibiotics for feed in agricultural practices have risen 10-20 fold since 1950s due to the
overuse and misuse of bactericides.” '* And more concerning than the fact is that the rising
multidrug-resistant pathogens have entered the human environments from animals rapidly, and
they could easily travel through contacting with the air, water and contaminated food.'"*"” As
illustrated that the enzyme linked immunosorbent assay (ELISA), polymerase chain reaction
(PCR) and reverse-transcription polymerase chain reaction (RT-PCR) have been studied and
applied in routine laboratory and clinical diagnosis, and the isolated culture combining with
immunofluorescence (IF) is the “gold standard” for the detection and discrimination of
pathogens and viruses, however, the complicated operations and expensive instruments restrict

their popularization and applications.'®* Consequently, it is necessary to introduce innovative
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materials and strategies, which can be utilized for detecting and differentiating of pathogens and

viruses, for using the antibiotics properly and blocking the epidemic antibiotic-resistance.

Conjugated polymers have been employed for the detection and diagnosis of chemical and
biological molecular due to their outstanding light harvesting and optical signal amplification
effects.”*?® Herein, we designed and constructed a supramolecular conjugated sensor based on a
cationic polythiophene derivative (PT) and barrel-shaped macrocyclic molecular cucurbit[7]uril
(CB[7]). Furthermore, we successfully realized the detection and discrimination virus and

pathogens utilizing the supramolecular conjugated sensor.

2. Experimental Section

2.1 Materials and measurements. In the experiments, all chemicals and organic solvents were
purchased from Sigma-aldrich Chemical Company, Alfa-Aesar and Beijing Chemical Works, and
were used as received without further purification. The conjugated polymer (PT) was synthesized
according to the published reports in our lab. TMV was kindly provided by Professor Wenke
Zhang (Jilin University). All the microbial pathogens were purchased from Institute of
Microbiology Chinese Academy of Sciences and resuscitated using standard processes. Black
96-well plate was purchased from Thermo Scientific. The "H NMR spectra were obtained using
Bruker AVIII400WB apparatus. Dynamic light scattering (DLS) was measured on a Nano ZS90
(Malvern, UK). UV-Vis absorption measurements and the concentration of microorganisms were
measured on a JASCO V-550 spectrophotometer. Fluorescence spectra were obtained from a
Hitachi F-4500 fluorometer equipped with a xenon lamp as excitation source. The absolute

fluorescence quantum yield (QY) was determined by a Hamamatusu absolute PL quantum yield
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spectrometer C11347. Fluorescence intensity values for LDA analysis (performed by SPSS

v20.0) were obtained on a microplate reader (BIO-TEK Synergy HT) using black 96-well plates.

2.2 Prepare of microbial analytes. A single colony of Amp' E. coli (Top 10) on a solid agar
plate of Luria-Bertani (LB) was transferred to 10 mL liquid LB culture medium and added 50
ug/mL ampicillin, and cultured at 37°C for 8 hours. As for S. aureus (ATCC6538) and C.
albicans (CA10231), the culture medium was respectively replaced by Nutrient Broth (NB) and
Yeast-extract Peptone Dextrose (YPD) without ampicillin. And S. aureus was cultured at 37°C
for 8 hours as well, while C. albicans was grown at 30 °C for 12 h. Microbes were treated
according to the following operations: Microbes were harvested by centrifuging (7100 rpm for 2

min) and they were washed with 1 XPBS (10 mM, pH = 7.4) twice. The supernatant was

discarded in each stage, and the remaining samples were suspended in PBS. The bacterial fluid
of E. coli and S. aureus were diluted to an optical density of 1.0 at 600 nm (ODg=1.0), and the
fungi fluid of C. albicans were 2.0 ODgg. All the microbial fluid would be diluted according to

the experimental need during the discriminated peocedures.

2.3 Isothermal titration microcalorimetry. ITC experiments were measured on a MicroCal
ITC200 in phosphate buffer saline (PBS, 10 mM, pH = 7.4) at 298.15 + 0.01 K. The data were
processed by the software of NanoAnalyze and OriginPro 9.2. The thermodymanic parameters
were obtained though fitting the ITC curves by using the model for single set of identical binding
sites. The experiments were repeated at least twice with deviation within +4%. The number of

microorganisms was detected by counting the colony forming units (CFU) in standard plate
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count experiments. The number of TMV was calculated as the weight-average molar mass (Mw

=4X 10" KDa).

2.4 Fluorescence response for LDA. PT and PT/CB[7] were prepared with hyperpure water
puried by Milli-Q™ Advantage A10™, and the concentration of PT and PT/CB[7] is 200 puM.
The total volume of black 96-well plate was 100 pL in each well, which include 10 pL
fluorescence sensors, 20 pL of the tested samples, and 70 pL of 1 XPBS. For the experimental
group of different concentration analytes, 10 pL fluorescence sensors, 15 uL of the tested

samples, and 75 pL of 1 XPBS were used. The blank group contained only 1XPBS, and the
control group contained 1 XPBS and fluorescent sensors. Fluorescence data were collected on

fluorescence plate reader after culturing 37°C for 25min.

3. Results and discussion

As exhibited in Scheme 1, our identification strategy only relied on the fluorescent signal
feedback of PT and PT/CBJ[7] upon addition of analytes and standard linear discriminant analysis
(LDA). LDA is a generalization of Fisher's linear discriminant, which has been extensively used
in pattern recognition.27 Not only is our method simple, rapid, accurate and reliable, but also it
can greatly simplifies required process and steps of chemical synthesis. This work has combined
the conjugated polymer materials in an elegantly optical manner with supramolecular chemistry

for opening new avenues for bioanalysis and solving antibiotic resistance.
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Scheme 1. (a) The preparation of supramolecular sensor system. (b) Schematic illustration of

supramolecular sensor for detection and discrimination between virus and pathogens.

Firstly, we constructed and characterized the formation of the supramolecular host-guest
complex between PT and CB[7]. PT was synthesized as the published synthesis process.”® 'H
NMR experiments and isothermal titration calorimetry (ITC) were employed to investigate the
structural properties, molecular interactions, thermodynamical process and interactive
mechanism. As shown in Figure 1a, the peaks of protons on PT before and after complexation

with CB[7] have been assigned correspondingly. Upon the addition of CB[7] to PT D,O solution,
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all the protons of PT displayed significant field shifts. The peaks related to protons b-g shifted to
high magnetic field significantly after adding CB[7] (c-f: from 1.6 -1.0 ppm to 1.2-0.6 ppm; b, g:
from 3.2-2.4 ppm to 2.7-2.1 ppm), while the peaks of h, i shifted to low magnetic field (from 3.2-
2.4 to 3.7-3.2 ppm). It also should be noted that the characteristic peak of the protons in PT
backbone (8.5-8.0 ppm) in D,O appeared clearly upon binding CB[7]. CB[7] as a kind of barrel-
shaped macrocyclic hosts, possessed a hydrophobic cavity and hydrophilic exterior. Thus, it
could noncovalently attach to the QA side linkage of PT by the synergistic reaction of ion—dipole
interactions, hydrogen bonds, and the hydrophobic effect. These observations demonstrated the
formation of PT/CB[7] complex. And then, during the ITC experiments, it was titrated with
standard solution CB[7] in PT supporting electrolyte. The binding affinity constant between
CBJ[7] and PT was 5.1x 10° M (Figure 1b), which was calculated by fitting the ITC curve with
one set of site binding model. And it could guarantee the stability and practicability of the
supramolecular detecting sensor in the following experiments. Dynamic light scattering (DLS)
was carried out to illustrate the aggregate size change of PT after encapsulation by CB[7]. As
shown in Figure S2(a) and S2(b), the average diameter of PT enlarged significantly from 140+2
nm to 18541 nm with narrower size distribution (Polydispersed index (PDI) from 0.28 to
0.45), which suggested that the bulky CB[7] could reduce the aggregation of PT and make the
conjugated polymers better dispersity. The photophysical characterizations of PT and PT/CBJ[7]
were the major factors, which would be employed in the following biological tests of detection
and discrimination, UV/Vis absorption absorbance spectra and fluorescence spectra were
collected. As Figure 1(c) and 1(d) illustrated, compared with the original PT, both the UV/Vis
absorbance and fluorescence intensity increased evidently accompanying with a blue shift. The

absolute fluorescence quantum yield (QY) of PT and PT/CB[7] were 4.9% and 5.6%,
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respectively. It could be envisaged that, after encapsulation, the close stacking of hydrophobic
conjugated backbones were impeded effectively by the bulky and space-demanding CB[7]
molecules. The phenomena and results of optical physics explained the narrower size distribution
of PT/CB[7] as well. In conclusion, all the above data and results verified that the

supramolecular sensor PT/CB[7] was successfully formed and it would have potential to be

Biomacromolecules

applied in the following biological experiments.
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Figure 1. (a) '"H NMR spectra of the PT and PT/CB[7] complex in D,0, and the blue arrows
indicate the peak shifts of the protons after adding CBJ[7]. (b) ITC fitting data and the binding
constant of the host-guest complexation between CB[7] (Top) and PT. (¢c) UV—vis absorption

spectra of PT and PT/CB[7] complex. (d) fluorescence spectra of PT and PT/CB[7] complex.
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The concentration of PT in ¢, d is 0.2 mM in repeat units (RUs), and the concentration ratio of

CB[7] and PT is 10.

oNOYTULT D WN =

12 According to the published reports, the cationic conjugated polymers binding with and
14 without CB[7] both could intact and sting into microbial membrane, which would reduce the
aggregation and decrease the self-quenching of conjugated polymers in aqueous solution.” It
19 means that the various size, shape and surface status of pathogens and virus®® could augment the
21 diversity in the fluorescence response patterns of fluorescent sensor. Thus, we speculated that the
two fluorescent sensors of PT and PT/CB[7] would have corresponding response signal, after
26 they bound with different virus and microorganisms. Also isothermal titration microcalorimetry
28 (ITC), which could visualize the thermodynamical process and interactive mechanism between
30 texted samples and fluorescence sensors, was utilized for indicating the interaction between them.
Tobacco mosaic virus (TMV) was selected to represent virus, and E. coli, S. aureus and C.
35 albicans were chosen as the representative for gram-negative bacteria, gram-positive bacteria
37 and fungi respectively. As shown in Figure 2, during the interaction process, with the dropping
of PT and PT/CB[7], variations of observed enthalpy changes (AHobs) in all the texted samples
42 were detected. It directly indicated that both of PT and PT/CB[7] could bind with these
44 biological samples and all the interaction processes were an exothermic process undoubtedly.
Furthermore, positively charged PT, as a typical amphiphile, could bind to negatively charged
49 biosurface on the basis of the electrostatic and hydrophobic synergistic reaction.* PT/CB[7] was
51 more inclined to interact with negatively charged biosurface through electrostatic process,
33 because the CB[7] had encapsulated and prevented the alkyl side chains inserting driven by

hydrophobic effect. It has been recognized that the surfaces of TMV, bacteria and fungi are all
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negatively charged, but their surface structures are totally different. TMV consists of 2130
molecules of coat protein, and the coat protein self-assembles into the rod-like helical structure
around the cored RNA.>' The envelope of gram-negative bacterita (E. coli) consist of
lipopolysaccharide trimer and protein, while that of gram-positive bacteria (S. aureus) consists of
peptidoglycan, teichuronic acid and lipoteichoic acid. And fungi (C. albicans) possess an out
layer of mannatide.” For the exothermic enthalpy is contributed by the electrostatic interaction,*”
the different values of AHobs can be utilized for researching the different electrostatic binding
ability of PT and PT/CB[7] toward different kinds of biological samples, which have
characteristic size, shape and membrane structure. The binding constant and combined ratio
descripted the binding ability and binding numbers of PT and PT/CB[7] molecules associated
with a single TMV, E. coli, S. aureus and C. albicans. Specifically, PT/CB[7] had stronger
binding ability and large binding molecular amount toward TMV compared with PT, while PT
also had large binding constant toward S. aureus and C. albicans compared with PT/CB[7], the
combined ratios of PT/CBJ[7] toward them was less than that of PT. Although PT and PT/CBJ7]
had almost the same binding ability toward E. coli, the combined ratio were significantly
different. It has been verified that conjugated polymer carrying quaternary ammonium groups
could detect and discriminate microorganism possessing different surface structures.’***-*
Moreover, supramolecular conjugated polymer materials have different optical signal on the
surface of pathogens before and after dis-assembly.”’ Therefore, two fluorescent sensors of PT
and PT/CBJ7], which have characteristic interaction ability with biological surface, offer great

potential for biological detection and discrimination.
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Figure 2. Fitting curves of thermodynamical changes of tested samples upon adding PT and
PT/CB[7]. The standard dilution enthalpies of PT and PT/CB[7] in each independent

experiments have been deducted.

Next, the fluorescence signals of two fluorescent sensors (PT and PT/CBJ[7]) upon addition
of certain concentration of tested samples were collected. As expected, all the independent
experiments directly exhibited that the fluorescence intensity of sensors increased after they
interacted with both virus and microorganisms, shown in Figure 3 (a). Moreover, two
concentrations of each tested sample demonstrated a similar tendency toward fluorescent change
after the same experimental process. By calculating, in the experimental concentration range, the
degree of fluorescence intensity almost unchanged. As the column diagram shown in Figure 3a,
all tested samples had specific fluorescence intensity change ratio. For example, the fluorescence

intensity change ratio of E. coli treated with PT had an increase of more than 50%, while that of
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C. albicans treated with PT/CB[7] had a growth of less than 10%. Therefore, both PT and
PT/CB[7] could implement characteristic fluorescence fingerprints for TMV, E. coli, S. aureus
and C. albicans. Last, LDA was utilized to interprete the two-dimensional sensor data of each
independent and parallel experiment. As shown in Figure 3b, LDA classified all the tested
samples into four distinct clusters, corresponding to the different classifications and categories.
Moreover, all the tested sample were well-clustered with 99.9% discriminating accuracy, and the
two canonical scores carried about 95.4% and 4.6% of total variance. Above all, we eventually
achieve the method of detection and discrimination between virus and microorganisms through

the simple fluorescent response and LDA.
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Figure 3. (a) The histogram of fluorescence response according to the fluorescence intensity,
Fluorescence intensity of PT, PT/CB[7] and different microorganisms and virus treated with PT
and PT/CBJ[7] for 25 min recorded by fluorescence plate reader. [PT] = 20 uM in RUs,

[PT/CB[7]] =20 uM in RUs, [TMV] = 0.2 mg/mL and 0.15 mg/mL, [E. coli] = 1.0 X 10® cfu/mL

and 7.5 X 10" cfu/mL, [S. aureus] = 1.2 X 10® cfu/mL and 9X 10" cfu/mL, [C. albicans] =5X 10’
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cfu/mL and 4 X 107 cfu/mL. ex = 430/30 nm, ex = 540/25 nm. (b) Clustering the tested TMV, E.

coli, S. aureus and C. albicans via LDA of the fluorescent signal.
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12 4. Conclusion

15 In summary, we have designed and constructed a simple and exact strategy for virus and
17 pathogens identification and discrimination based on fluorescence signal response of PT and
19 PT/CB[7]. The characteristic interaction ability of PT and PT/CB[7] with biological surfaces
22 gave rise to specific fluorescence intensity change ratio of tested samples. After LDA
24 interpreting the two-dimensional data of fluorescence intensity change ratio, the distinction of
virus and pathogens was realized. Revolutionary supramolecular strategy decreased the essential
29 synthesis steps of fluorescence sensor, and this work provided a simple, effective and rapid
31 method for bioanalysis, which would contribute to intelligent use of antibiotics and combat
33 against antibiotic resistance. What’s more, it opens a new view of the application of
supramolecular materials in the future, and we believe it will have a long-term impact on existing

38 designed system of fluorescence probes.

44 ASSOCIATED CONTENT

Supporting Information. Additional Figures S1-S3. This material is available free of charge

50 via the Internet at http://pubs.acs.org/.

53 Supplementary Figure S1. The molecular structure of CB[7]. Supplementary Figure S2 Size

distribution histograms of PT and PT/CBJ[7]. Supplementary Figure S3, Fluorescence intensity of
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PT, PT/CBJ7] and different microorganisms and virus treated with PT and PT/CB[7] for 25 min

recorded by fluorescence plate reader.
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