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Abstract

:

Staphylococcus epidermidis (S. epidermidis) belongs to methicillin-resistant bacteria strains that cause severe disease in humans. Herein, molecularly imprinted polymer (MIP) nanoparticles resulting from solid-phase synthesis on entire cells were employed as a sensing material to identify the species. MIP nanoparticles revealed spherical shapes with diameters of approximately 70 nm to 200 nm in scanning electron microscopy (SEM), which atomic force microscopy (AFM) confirmed. The interaction between nanoparticles and bacteria was assessed using height image analysis in AFM. Selective binding between MIP nanoparticles and S. epidermidis leads to uneven surfaces on bacteria. The surface roughness of S. epidermidis cells was increased to approximately 6.3 ± 1.2 nm after binding to MIP nanoparticles from around 1 nm in the case of native cells. This binding behavior is selective: when exposing Escherichia coli and Bacillus subtilis to the same MIP nanoparticle solutions, one cannot observe binding. Fluorescence microscopy confirms both sensitivity and selectivity. Hence, the developed MIP nanoparticles are a promising approach to identify (pathogenic) bacteria species.
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1. Introduction


Staphylococcus epidermidis (S. epidermidis) is one of the most common Gram-positive bacteria species found on mucous membranes of human skins and animals living closely together with humans, such as cats and dogs. It can specifically adhere to adhesin receptors of host tissue surfaces [1,2,3]. Based on previous medical reports, S. epidermidis infections occur at a wide range of medical devices, intravascular catheters, prosthetic joints, artificial heart valves, and cerebrospinal fluid shunts. This even may lead to the death of hospital patients [4,5,6]. Those result from infection with a methicillin-resistant strain containing a slime capsule as a natural barrier. This also prevents other antibiotics from entering the cell, including rifamycin, fluoroquinolones, gentamicin, tetracycline, chloramphenicol, erythromycin, clindamycin, and sulfonamides [7,8].



Antimicrobial susceptibility in companion animals is a potential public health issue since Staphylococci isolated from cats and dogs had methicillin-resistant patterns similar to those of humans [9]. Current methods detecting S. epidermidis infection are antimicrobial susceptibility test [10], cultivation dependent methods [11], Gram-stain [12], Christensen’s test-tube method [13], and polymerase chain reaction (PCR) [14]. However, those methods are frequently time-consuming, labor intensive, and incur high instrument and maintenance costs.



In a first step to overcome these limitations, herein, we synthesized molecularly imprinted polymer (MIP) nanoparticles grown directly on the cell walls of S. epidermidis [15,16], mimicking the solid phase synthesis approach. During polymerization, the oligomer interacts with functionalities on the surface [17]. Previous studies revealed that MIPs against whole cells, such as bacteria and viruses, are suitable to distinguish between different microorganism types and strains [18]. However, whole-cell templates may have limited usability due to their large size, chemically complex surface, and comparably weak interactions with the MIP [19]. Generally speaking, smaller species, such as amino acids, peptides, and nucleic acids, have led to more straightforward synthesis of stable and selective MIPs [20,21]. Pan, Xue, and co-workers have prepared MIPs to recognize protein A on surfaces of S. aureus [22]. These reports demonstrate that preparing MIPs in situ for cell membrane components improves selectivity and specific recognition of whole cells.



In this work, we prepared MIP nanoparticles using “solid phase” synthesis by applying S. epidermidis as the template species and growing the MIP NPs on their surfaces in an undirected manner (in a kind of “shotgun approach”). The original solid phase approach to synthesize mimics of monoclonal antibodies goes back to the groups of S. Piletsky [23] and K. Haupt [24] Basically, it comprises of immobilizing the target template on a solid support, usually glass beads or silica gel. After that, one adds a suitable monomer solution to generate MIP nanoparticles in situ on the solid support. Washing sequentially with cold water followed by hot water allows for obtaining fractions containing high-affinity particles. Bacteria cell walls contain a wide variety of compounds on their cell surfaces that differ between species [25]. Hence, it should be possible to distinguish bacteria species from each other by exposing them to an ensemble of MIP nanoparticles synthesized utilizing a specific species as the template, and thus targeting its specific lipids, saccharides, peptides, and proteins [25]. Therefore, such MIP nanoparticle ensembles would make it possible to establish a rapid test that identifies a certain species without the need of extracting and amplifying genetic material. A previous study has reported a somewhat similar MIP nanoparticle synthesis for cancer cell proteomics [26]. However, that article does not use MIP ensembles for identifying cell species.



To assess whether this is a feasible way for achieving rapid identification, we have prepared MIPs nanoparticles to recognize the surface of S. epidermidis. Scanning Electron Microscopy (SEM), AFM, and Fluorescent microscopy served to investigate and visualize efficiency, analyte rebinding, and selectivity. For this purpose, we compared the interaction between MIP nanoparticles and S. epidermidis to other bacteria, namely Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis).




2. Materials and Methods


2.1. Bacteria Culture


S. epidermidis, E. coli, and B. subtilis were freshly cultured for 24 h at 37 °C in lysogeny broth containing 10 g/L proteose peptone, 5 g/L NaCl, 1 g/L D-glucose monohydrate, and 5 g/L yeast extract. The cell suspensions were centrifuged at 1900× g for 10 min and washed twice under sterile conditions with autoclaved distilled water before use.




2.2. Immobilizing S. epidermidis


Glass slides (≈1.5 × 1.5 cm) were cleaned with ethanol in an ultrasonic bath for 10–12 min and, after that, immersed into Piranha acid solution (1:5 = H2O2:H2SO4 v/v) for 30 min to generate –OH groups on the surface, rinsed with water three times, and dried. After activation, the glass slides were incubated in 3-aminopropyl-triethoxysilane (APTES) 0.05% in toluene in the dark for 2 h, then washed with toluene. Afterwards, they were immersed in 9 mM disuccinimidyl suberate (DSS) and incubated for 1 h, then washed in DMSO two times to remove excess DSS. Bacteria (S. epidermidis, B. subtilis and E. coli) were dropped onto the center of modified glass plates and incubated at 37 °C overnight. One day later, the glass slides were washed with water five times to remove non-immobilized bacteria and left to dry. Finally, we blocked the free linker with 10 mM ethanolamine for 30 min followed by washing five times in water (Figure 1).




2.3. MIP Nanoparticle Synthesis


We used three different monomer compositions: Recipe 1 contained N-Isopropyl acrylamide (NIPAm 74.9 mg; 0.66 mmol), and Ethylene bisacrylamide (EBAm 5.6 mg; 0.06 mmol) as the crosslinker. Recipe 2 contained NIPAm (61 mg; 0.54 mmol), N-tert-butyl acrylamide (TBAm 7.7 mg; 0.06 mmol), and EBAm 5.6 mg; 0.06 mmol. Recipe 3 comprised NIPAm (61 mg; 0.54 mmol), TBAm (7.7 mg; 0.06 mmol), N-(3-aminopropyl) methacrylamide hydrochloride (APM 10.7 mg; 0.06 mmol), and EBAm (5.6 mg; 0.06 mmol). Monomers and crosslinker were mixed in 500 µL ethanol then sonicated for 10 min. Afterwards, the mixture was degassed in a water bath (37 °C; 10 min). The glass slides containing immobilized S. epidermidis were placed in a reaction vial using double-sided adhesive tape. In total, 15 mL of the monomer solution was then poured into the vial, followed by removing oxygen by purging with argon for 5 min. N,N,N′,N′-tetramethylethylenediamine (TEMED; 200 µL in 800 µL ethanol) and ammonium persulfate (APS; 200 mg in 800 µL water) were added until the solution turned opaque followed by polymerizing at 37 °C for 3 h. To extract MIP nanoparticles, the slides were washed three times with water at 37 °C (around 50 mL), followed by washing two times with water at 70 °C (around 50 mL). MIP nanoparticles were then characterized by AFM and SEM. These MIP nanoparticles were stored at 4 °C (Figure 2). For synthesizing non-imprinted particles (NIP), we carried out the same steps without immobilizing bacteria.




2.4. MIP Nanoparticle Rebinding


Immobilized bacteria on glass slides were then assessed using AFM, SEM, and fluorescence microscopy. The former two techniques served to record different morphologies of bacteria before and after rebinding with MIP nanoparticles; the latter to obtain slightly more (semi-) quantitative insight into binding.




2.5. Assessing Surface Roughness by AFM Imaging


Briefly, the morphologies of bacteria were characterized by tapping mode in air. The surface roughness of the bacterial cell surface was calculated using the data generated by AFM height images following previously published routines on a Bruker Nanoscope 8 system [1,27,28]. Bacterial cell surfaces and shapes were estimated using Gwyddion software after applying a mean filter to the raw images. Using the following equations, the surface roughness of a selected area of this flattened image was calculated from the standard deviation in the height image. The average roughness (Ra), and root-mean-square roughness (RMS or Rq), as shown in Equation (1), were utilized to characterize the surfaces of different samples.


    R   r m s   =     ∑  i = 1   n             Z   i   −   Z   m       2     N − 1       



(1)






    R   a   =   1   N      ∑  i − 1   N         Z   i        








where N is the total number of data points, zi is the height of the i-th point, and zm is the mean height.




2.6. Statistical Analysis


Data were taken in duplicate from three independent cultures of each studied group. Analysis of variance (ANOVA) followed by independent t-test is a statistical procedure that compares the averages/means of two independent or unrelated groups to determine significant differences between the surface roughness of bacteria incubated in the presence and absence of MIP nanoparticles, the filter of roughness based on Gwyddion software. The difference is significant at a p-value < 0.005, non-significant at p > 0.005.




2.7. Fluorescence Imaging


Cells were stained with a fluorescence label by using the MemBrite Fix 680/700 cell surface staining kit purchased from Biotium. In brief, the first step comprised of washing immobilized bacteria several times with autoclaved milliQ water. Then, we prepared the 1× pre-staining solution by adding 1 µL of the pre-staining solution 1000× to 1 mL PBS (pH = 7.0). After that, we covered the bacteria with 10 µL of that solution and incubated for five minutes at 37 °C in a drying cabinet, followed by rinsing the surfaces several times with milliQ water. For actual staining, we added 20 µL anhydrous DMSO to the staining vial, added 1 µL of this 1000× solution to 1ml PBS (pH = 7.0), and transferred 10 µL of the resulting mix onto the bacteria surfaces. After incubating for five minutes at 37 °C in the drying cabinet, we rinsed the surface several times with milliQ water.



To stain nanoparticles, we used tetramethyl rhodamine isothiocyanate (TRITC) purchased from Sigma Aldrich. First, we dissolved 10 mg TRITC in 1 mL PBS (pH = 7.0). Then, we overlaid 4 g glass beads containing both bacteria and MIP beads (after synthesis) with a solution containing 15 µL TRITC concentrate (as prepared) in 2 mL PBS. After incubating in the dark at room temperature overnight, we rinsed several times with cold autoclaved milliQ water to remove excess dye and low-affinity MIP nanoparticles. In the last step, we eluted labelled high-affinity MIP NPs by rinsing with 15 mL autoclaved milliQ water at 70 °C. The dye binds to the primary amino groups of APM, which are present on the particle surface.



Sample slides were fixed with ROTI-Fix Spray Fixative (Carl Roth, Karlsruhe, Germany) and mounted using Vectashield HardSet mounting medium (Vector Laboratories, Inc., Newark, CA, United States) according to the manufacturer’s guidelines, covered with a glass coverslip and sealed. Fluorescence imaging took place on a Zeiss LSM710 Elyra PS.1 instrument equipped with an alpha Plan-Apochromat 100X/1.46 oil DIC objective (Carl Zeiss AG, Oberkochen, Germany). Laser-scanning confocal images were acquired with the software ZEN 2012 Black edition (Carl Zeiss AG) at 561 nm excitation/566–669 nm emission wavelengths for TRITC and at 633 nm excitation/671–759 nm emission wavelengths for MemBrite Fix 680/700. For quantitative image analysis, all bacteria images were recorded at the same microscope settings. Then, we opened them in a software (Fiji release 2.9.0; https://imagej.net/software/fiji/; accessed on 14 December 2022) and calculated the mean grey value at five positions each for bacteria and background. For that purpose, we marked bacteria with an ellipse and background areas with squares of roughly similar size to define the areas for calculation.





3. Results


3.1. MIP Characterization by SEM and AFM


The scanning electron micrographs in Figure 3 show the morphologies of MIPs to confirm successful MIP nanoparticle synthesis. The amounts of monomers were varied to observe their effect of both zeta potential and nanoparticle sizes, respectively. Table 1 summarizes the protocols, zeta potentials, sizes, and yields of high-affinity particles relative to the amount of monomers used.



We kept molar ratios of NIPAm to other monomers at 11 + 1, 5 + 1, and 3 + 1 in protocol 1, 2, and 3, respectively. From Table 1, it is evident that adding APM to the monomer mixture shifts nanoparticles zeta potentials to positive values. Indeed, one can expect this to affect the interaction between the MIP and bacteria: the latter reveal negative charge in aqueous solution. The shapes and sizes of nanoparticles were assessed using SEM as seen in Figure 3.



SEM images show spherical MIP particles for all three monomer compositions (see Figure 3). Their diameters depend on the synthesis protocol, though: MIP of composition 1 are around 186–199 nm in diameter, which makes them the largest of all MIP nanoparticles (Figure 3A). Adding TBAM (Figure 3B; composition 2), leads to individual particle sizes around 44 nm, i.e., the smallest particles observed. However, they tend to cluster. Recipe 3 leads to globular MIP around 79–88 nm in diameter. Finally, non-imprinted nanoparticles (NIP) are around 3–4 µm in size (Figure 3D). In the context of MIP, one usually utilizes NIP as the negative control. In solid-phase synthesis of MIP nanobodies, this approach is not feasible: synthesizing a particle on the surface requires a template; which, per definition, is absent in NIP. Therefore, one usually compares selectivities of two different MIP particles to assess selective binding. Figure 3D clearly demonstrates this: although NIP nanoparticles are more uniform in shape and morphology than the corresponding MIP, they are around 6–7 times larger than S. epidermidis cells. AFM images (Figure 4A,B) confirm the SEM data. As one can see, the MIP particles are uniform in diameter, which is around 107 nm. Overall, the particles are not only spherical, but also have a smooth outer surface [29,30].



The favorable size and positive zeta potential hence make protocol 3 the most useful for preparing high-affinity MIP nanoparticles despite the lowest overall yield.




3.2. Bacterial Cell Surface and Morphology Changes


In the first step, it was necessary to characterize the surfaces of bacterial cells by SEM. Figure 5A reveals that native S. epidermidis cells are rather smooth. However, after incubating with MIP nanoparticles, the surface roughness of S. epidermidis seemingly does not change. One reason may be that it is not possible to extract height information from SEM images. (Figure 5B). Thus, SEM is not inherently suitable to assess structure heights on the bacteria: this requires AFM data.




3.3. AFM Characterization of Binding


Figure 6 summarizes the AFM studies of binding between MIP nanoparticles and different bacteria species. For that purpose, it shows 3D images, error profiles, and a typical height image, respectively, for each experiment. This approach is in line with previous studies having demonstrated that changing surface roughness in AFM indicates binding between bacteria and nanoparticles [27,31,32]. Figure 6A shows that the surfaces of S. epidermidis are rather smooth. After incubating with MIP nanoparticles, the surface roughness increases, which becomes apparent especially in the height image (Figure 6B). One reason for such behavior may be the zeta potential of S. epidermidis, which is around −17 mV [33]. In contrast, the zeta potential of MIP nanoparticles is +8 mV as a consequence of including N-(3-aminopropyl) methacrylamide hydrochloride (APM) as a functional monomer. This increases affinity between the two species. It is known that this, among others, results in membrane depolarization and inhibition of bacterial growth [33]. However, for the other two species, i.e., E. coli (Figure 6C,D) and B. subtilis, the roughness does not change (Figure 6E,F).



This already strongly indicates that MIP nanoparticle ensembles synthesized on the surfaces of B. subtilis do bind to the surface of their respective template bacteria in a selective manner. However, it is of course necessary to assess this effect in a more quantitative manner. To achieve this, the best way is to calculate RMS roughness and Ra roughness of the cell surfaces of both control and treated bacteria, respectively, from the AFM images. Table 2 summarizes the corresponding data.



The RMS average roughness of a surface is calculated from the roughness profile [34]. The surfaces of untreated S. epidermidis, E. coli, and B. subtilis cells, respectively, revealed values of 0.7 ± 0.3, 1.8 ± 0.3, and 4.4 ± 1.9 (Table 2), which is in good agreement with previous data [27,32]. Figure 7 shows the analysis of surface roughness of all selected bacteria, both in terms of RMS roughness (Figure 7A) and Ra roughness (Figure 7B). The results in Figure 7A clearly show that the surface roughness of S. epidermidis increases after exposing the bacteria to MIP nanoparticles. In contrast, E. coli and B. subtilis lead to different results: RMS roughness only slightly increased after incubating with MIP nanoparticles. The same can be said about Ra roughness, which describes the area between the roughness profile and its mean line, or the integral of the absolute value of the roughness profile height over the evaluation length [34]. The tendencies of Ra roughness and RMS roughness are consistent with each other.



Evidently, incubating S. epidermidis with MIP nanoparticles increases their surface roughness, whereas this effect is much weaker in the case of E. coli and B. subtilis.



However, it is necessary to establish by an unpaired t-test if these surface roughness changes are significant. The difference between S. epidermidis incubated with MIP nanoparticles and native, untreated cells is 6.224 ± 0.1398 nm (Figure 8A), which is significant. In contrast, E. coli and B. subtilis do not show significant changes (Figure 8B,C).




3.4. Fluorescence Characterization of Binding


Though roughness analysis suggests selective binding between bacteria surfaces and particles, it is still somewhat generic: it relies on physical parameters of the respective surface, i.e., it does not contain explicit chemical information. To check those results in an independent manner, we carried out binding experiments between fluorescence-labelled bacteria and fluorescence-labelled MIP nanoparticles, respectively.



From the images in Figure 9, it becomes immediately clear that such binding indeed takes place: it shows different images of labelled S. epidermidis surfaces after incubating with MIP nanoparticles. Evidently, the areas overlap where both fluorescence labels—MemBrite and TRITC—emit (Figure 9a,b). They also clearly correlate with the presence of bacteria cells on the surface (Figure 9c). Figure 9d demonstrates this by combining all channels into one image.



Figure 10 summarizes the data in a more quantitative manner, namely by assessing the fluorescence intensity in the gray channels of different spots. It also compares the MIP ensembles developed in this work with a material developed earlier by Piletsky et al. [26], who published some “snapshot imprinting” on cancer cell surfaces. Last, but not least, it compares particles synthesized on two different bacteria species, namely S. epidermidis and E. coli, respectively. Evidently, MIP NP ensembles synthesized on the surfaces of S. epidermidis preferably bind to that species with a wide margin: selectivity factors to E. coli are higher than five. This is the case for both types of NPs. However, the difference in data between the two different polymer types shows that it is imperative to optimize the monomer composition for each target analyte. The image is less clear for the MIP particles synthesized on the surfaces of E. coli. First, those polymers have, of course, not been optimized (the measurements are purely for reference reasons). Second, it is known that S. epidermidis strongly adheres to a wide variety of surfaces. Hence, one would also expect the opposite effect. Going into more detail in this regard, however, is beyond the scope of this paper. Finally, neither nanoparticle ensemble shows sizeable background signal, which denotes unspecific binding on the respective glass surface. Together, these data confirm that MIP nanoparticle ensembles are indeed a useful tool for targeting defined bacteria species, and thus allowing for identifying them in a rapid manner.





4. Conclusions


AFM and fluorescence results both indicate that the MIP nanoparticle ensembles selectively bind to the cell surfaces of S. epidermidis. The beauty of the approach for rapid bacteria identification lies in the fact that the exact binding sites on the respective cell surface may remain unknown: as long as the particle ensemble fits the chemical properties of the respective cell, it binds. In contrast to current standard methods for identifying bacteria, this is more straightforward because it requires neither amplification, such as in PCR, nor cell culturing on an agar plate. Of course, in the next step, it will be of interest to assess which types of molecules (saccharides, proteins, etc.) are responsible for such binding to better understand the intricacies of the binding behavior.
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Figure 1. Schematic representation of immobilizing S. epidermidis on glass surfaces. 
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Figure 2. Schematic of MIP nanoparticle synthesis for S. epidermidis. 
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Figure 3. SEM of MIP and NIP nanoparticles revealing spherical shape. Their diameters are different; (A–C) are MIP nanoparticles resulting from protocol 1, 2, and 3, respectively. They are around 70–200 nm in diameter. Non-imprinted nanoparticles (D) are around 3.6–3.8 µm in diameter. 
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Figure 4. AFM characterization of MIP nanoparticles; (A,B) are AFM height images of MIP nanoparticles at a different scale have sizes around 70–107 nm. (C). Topographic profile obtained from height image of AFM. 
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Figure 5. SEM images of native S. epidermidis (A); and S. epidermidis incubated with 50 mg/L. MIP nanoparticles overnight (B). 
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Figure 6. AFM 3 D image projections (left), AFM error images (middle) and AFM profile (right) S. epidermidis in the absence of the nanoparticles (A); S. epidermidis incubated overnight with 50 mg/L MIP nanoparticles (B); E.coli in the absence of the nanoparticles (C); E.coli incubated with 50 mg/L MIP nanoparticles (D); B. subtilis in the absence of the nanoparticles (E); B. subtilis incubated overnight with 50 mg/L MIP nanoparticles (F). 
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Figure 7. Surface roughness changes of S. epidermidis, E. coli, and B. subtilis after incubating with MIP nanoparticles. (A): RMS roughness; (B): Ra roughness. 
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Figure 8. Analysis of the surface roughnesses (calculated based on the AFM images) of bacteria S. epidermidis (A), E. coli (B), and B. subtilis (C) in their native states (left-hand column) and incubated with 50 mg/L MIP nanoparticles, respectively, analyzed by unpaired t-test. The data represent mean ± standard deviation of roughness. **** p < 0.0001, ns = no-significant (p > 0.005). 
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Figure 9. Fluorescence and light microscopy images of: (a) S. epidermidis cells on a surface; (b) MIP nanoparticles on the surface; (c) transmitted light image of cells plus nanoparticles; (d) overlay of transmitted light image and fluorescence data. 
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Figure 10. Fluorescence intensities obtained from exposing different bacteria strains to four different MIP. Intensities result from averaging the mean gray values of five areas of each combination of surface and MIP, respectively. 
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Table 1. Polymer compositions, zeta potentials, sizes, and high-affinity particle yields (with respect to overall amount of monomer) of MIP nanoparticles.
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	Protocol
	NIPAM

(mmol)
	TBAM

(mmol)
	APM

(mmol)
	EBAM

(mmol)
	Zeta Pot mV
	Size

(nm)
	Yield





	1
	0.66
	-
	-
	0.06
	−20.9
	~200
	~4.7%



	2
	0.6
	0.06
	-
	0.06
	−11.8
	~50
	~7.5%



	3
	0.54
	0.06
	0.06
	0.06
	+7.5
	~70–110
	~3.0%
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Table 2. RMS roughness and Ra roughness of the AFM data in Figure 6.
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Bacteria Cell

	
Native Bacteria

	
Bacteria Incubated with MIP Nanoparticles




	
RMS Roughness (nm)

	
Ra Roughness (nm)

	
RMS Roughness (nm)

	
Ra Roughness (nm)






	
S. epidermidis

	
0.7 ± 0.3

	
0.5 ± 0.2

	
7.0 ± 1.5

	
5.9 ± 1.5




	
E. coli

	
1. 8 ± 0.3

	
1.5 ± 0.3

	
1.9 ± 0.1

	
1.6 ± 0.1




	
B. subtillis

	
4.4 ± 1.9

	
3.5 ± 1.3

	
4.5 ± 2.2

	
3.6 ± 1.9
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