Facile synthesis of poly(DMAEMA-co-MPS)-coated porous silica nanocarriers as dual-targeting drug delivery platform: Experimental and biological investigations
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A B S T R A C T 
      Inorganic structures with functionalized polymers play important roles in diverse biological trends. Herein, thermal and CO2 dual-stimuli nanomaterials composed of mesoporous silica nanoparticles (MSN) anchored with two grafted copolymers: poly(3-methacryloxypropyltrimethoxysilane) “PMPS” & poly(N,N-dimethylaminoethyl methacrylate) “PDMAEMA” were synthesized via one step reaction and characterized by BET as well as BJH methods to estimate pore sizes, pore volumes and surface areas. The smart PDMAEMA acted as active gatekeeper to adjust the loading or in vitro release processes of a fungicidal drug loaded inside the mesopores by altering temperature or CO2 of the tested environment. Furthermore, treating the nanomaterials by CO2 for few minutes was found to have a bactericidal effect with promising results as indicated by the disk diffusion technique. In general, the positive biological activity against selected strains of bacteria and fungi indicates that, these particles may be helpful for engineering more efficient antifungal or antibacterial agents for pharmaceutical applications.  
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Introduction 
[bookmark: _GoBack]      Over the past two decades, smart polymeric materials have been exploited for versatile applications e.g. ion absorbance capacity,1 wastewater treatment,2 cargo delivery systems,3 photodynamic and photothermal effects.4 A famous example is MSN which have been used widely as drug carriers in biomedical technologies, thanks to several merits e.g. biocompatibility, easiness of surface-modification, and controllable mesopore sizes.5 PDMAEMA was applied as CO2 responsive polymer in aqueous solutions as a result of protonation of the tertiary amine group which can also deprotonate reversibly by N2 stimulation, i.e. swelling-shrinking effect.6 Furthermore, this smart polymer showed pretty good thermo-responsiveness, as it can from coil-to-globule states by changing temperatures degrees and showed a lower critical solution temperature (LCST) in aqueous solutions,7 which is similar character to the well-known thermosensitive  poly (N-isopropylacrylamide) (PNIPAAm).8,9 More interestingly, quaternization of terminal amino groups of PDMAEMA had promising antimicrobial activity against some bacterial strains.10
 
      Because of the possible applications in various promising areas including material science and life science, this study aims to synthesize and characterize pharmaceutical nanocontainers with dual-sensitive character to release the loaded cargos with response to CO2 or temperature or both together, followed by biological evaluation against microbial strains as illustrated in Scheme 1. We exploited the alkoxysilane moity of silicon derivative monomer 3-methacryloxypropyltrimethoxysilane (MPS) to link it (through a condensation reaction) with silanols surface of MSN from one side, while the other side (active double bond) was polymerized simultaneously with N,N-dimethylaminoethyl methacrylate (DMAEMA) monomer via thermal polymerization using AIBN as azo initiator.11,12 The growing PDMAEMA onto MSN surface was used as a cap to maintain or trigger anidulafungin, which utilized as a model antifungal drug. The release behavior of the cargo was investigated by the two mentioned responses and tested against some microorganisms to evaluate the biological activity. The advantages of this construction are not only for the simple synthesis via one-step experiment, but also lie for obtaining high drug loading capacity, efficacious response for thermo‑ or CO2‑stimuli and the potential application as antifungal or antibacterial agents, especially after converting PDMAEMA into its cationic form. 
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Scheme 1. Schematic illustration of MSN/P(MPS-co-DMAEMA) generation followed by drug loading, then CO2 and hyperthermia induced release through dual-functional biomedical platform.
Materials and characterization techniques
      The chemicals and reagents were purchased with analytical grade via Sigma-Aldrich. The specific surface areas and mesoporous structures were obtained through N2 adsorption–desorption isotherms. The loading and releasing contents of anidulafungin drug were studied by UV-Vis spectrophotometry at max of 303 nm. Random isolates from Escherichia coli (E.coli, gram negative bacteria) as well as Candida albicans (C. albicans, fungi) were obtained from College of Life Science, Northeast Forestry University, Harbin, China. The culture medium was nutrient agar (NA) which prepared by adding agar (20 gm), beef extract (3 gm), peptone (5 gm) and sodium chloride (5 gm) then completed to one liter of deionized water.

Methods
      MSN/P(MPS-co-DMAEMA) nanocarriers were prepared by established polymerization method,13 and then loaded with anidulafungin drug after several purification according to Rahoui et al.14 The loading content of the drug was estimated from UV-Vis spectra via Eq. (1).



      On contrast, In vitro drug release experiments were tested in physiological saline solution (PSS) and estimated according to Eq. (2) at different time periods (from 1h to 24h).5, 14 The release behavior in PSS (100 mM) using dialysis membrane (molecular weight cut-off: 8000-14000 Da) were calculated by detecting the corresponding absorbance peak of anidulafungin at 303 nm using different environments including: (i) temperature lower and higher LCST of PDMAEMA (i.e. 25 °C & 45 °C) and (ii) bubbling with CO2 for 10 min at the two mentioned temperatures.



      The antimicrobial activity for the nanocarriers containing anidulafungin (NCA) was tested (after the releasing process with the two stimuli) using the well diffusion technique. The inoculum density in chosen NA plate was 108 CFU.ml-1, which related to the 0.5 McFarland turbidity scale.15 The seeded plates were dried in the incubator at 36 °C for 25 min. A borer of cork with 7 ml diameter was applied to cut uniform wells onto the inoculated agar surface, then around 100 μl of every sample (20 mg/ml) was added to the well. Free anidulafungin and tetracycline were used (with the same concentration as NCA) as positive control for antifungal and antibacterial activities, respectively. Deionized water and filter paper were used as the negative control (around 100 μl of the solvent). The plates were accordingly incubated for one day at the normal body temperature (37 °C). By the end of incubation time, the biological activity was tested by through inhibition zones in millimeters.16  

3. Results and conclusions 
     Both MSN and MSN/P(MPS-co-DMAEMA) nanocarriers were synthesized and characterized by N2 sorption isotherms (Fig.1), using BET and BJH methods. For both materials, the isotherms were of type IV, which suggesting the mesoporous nature17 as indicated in Fig.1A. The high surface area of 705 m2 g-1 for MSN had decreased considerably to 257 m2 g-1 after coating with copolymer layer to obtain MSN/P(MPS-co-DMAEMA) (see Table 1), which matching well with a similar study.18 Similarly and from pore size distribution curves (Fig.1B) and the same Table, there was a decrease in the pore volume (from 0.66 to 0.51 mL/g) along with the mean pore diameter (from 8.82 to 6.53 nm), when going from MSN to MSN/P(MPS-co-DMAEMA). The maintained large pore volume and high surface area for MSN/P(MPS-co-DMAEMA nanocarriers  refers to that their mesopores have not been blocked after anchoring both PMPS & PDMAEMA on the silica surface, and consequently have the opportunity to carry the drug in the next step.
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Figure 1. (A) N2 adsorption desorption isotherms and (B) pore size distribution curves for MSN and MSN/P(MPS-co-DMAEMA) .


Table 1. Structure parameters of MSN and MSN/P(MPS-co-DMAEMA) derived from nitrogen sorption.
	Samples
	BET surface area (m2/g)
	Pore volume (mL/g)
	Mean pore diameter (nm)

	MSN
	705
	0.66
	8.82

	MSN/P(MPS-co-DMAEMA)
	257
	0.51
	6.53



      For drug encapsulation studies, anidulafungin was chosen as a model antifungal agent, especially for treatment of candidemia caused by candida albicans yeast. The loading content (%) was calculated by UV-Vis spectrophotometry at max of 303 nm according to Eq. (1) and it was 17.9±0.7%, which is still higher than most surface-modified MSN previous studies (lower than 10%). This could be attributed to the hydrogen bonds and strong electrostatic interactions between the drug and nanocarriers.

      The triggered release of anidulafungin from NCA was tested by the dialysis method in PSS, according to Eq. (2) under the following environments: (i) 25 °C, (ii) 45 °C, (iii) 25 °C & bubbling with CO2 for 10 min and (iv) 45 °C & bubbling with CO2 for 10 min. The results demonstrated that, the extended copolymer can perform as a smart gatekeeper for this system according to CO2 or temperature changes. For the gas-response, the extended PDMAEMA is hydrophobic at neutral or alkaline pH values with collapsed uncharged chains, while it can convert into the weak cationic character in acidic medium with water-soluble, protonated and extended chains (i.e. after treated with CO2 gas).19 On the other hand, the releasing of anidulafungin at hyperthermia state could be related to thermo-responsive features of the PDMAEMA segments. When the temperature increased (above LCST), the extended PDMAEMA units would shrink to the globular structure due to weakening or breaking of hydrogen bonds, which resulting in collapsed PDMAEMA chains.20 

      After the releasing processes via dual stimuli from NCA, we evaluated the biological activity through antimicrobial screening using two organisms (E.coli, & C. albicans) according to Table 2. Free anidulafungin and tetracycline were used as positive control for the antifungal and antibacterial properties, respectively. The results showed that NCA did not express important antimicrobial impact on these microorganisms except an exceedingly weak impact on C. albicans, which perhaps due to the very small leakage of anidulafungin from NCA at room temperature (entry 1 in Table 2). Bubbling with CO2 for 10 min at this room temperature (single CO2 stimulus, entry 2 in Table 2), showed a moderate antifungal effect against C. albicans, but a very strong one 
against E. coli, which could be attributed to formation of ionene polymers (cationic polymers include positive nitrogen or phosphor in their backbones) after reacting with CO2 gas. This is in a good agreement with recent studies, which proved that the cationic PDMAEMA+ has a strong bactericidal effect against E. coli and some other bacterial strains.10,21

      On the other hand, upon heating to 45 °C (temperature stimulus alone), no antibacterial impact occurred, but a very strong antifungal effect was obtained. This reflects that, the temperature stimulus cannot convert PDMAEMA into its quaternary ammonium salt PDMAEMA+ (which is the key point for bacteria killing), however, this stimulus can release the loaded anidulafungin extremely which inhibited the growth of the yeast considerably (entry 3 in Table 2). Bubbling with CO2 gas at this elevated temperature reduced the loaded cargo a little bit to a strong inhibition growth of C. albicans and further this effect converted PDMAEMA to PDMAEMA+ with strong inhibition too for E. coli growth (entry 4 in Table 2). It is clear that, the most important steps for antifungal and antibacterial effects were for pure temperature stimulus and pure CO2 stimulus, respectively. Using both of stimuli together is also effective against the two microbes, but not like the pure one.
	
	Antimicrobial activity on

	Stimuli Type
	E. coli (Bacteria)
	C. albicans (Yeast)

	25 °C 
	NA
	+

	25 °C + CO2 
	++++
	++

	45 °C 
	NA
	++++

	45 °C + CO2 
	+++
	+++



Table 2. The cytotoxicity effect of each stimuli on two selected microbial strains E. coli and C. albicans which symbolized by +: weak, ++: medium, +++: strong and ++++: very strong.








4. Conclusion
      In this article, a temperature- and CO2-seneitive delivery system composed of grafted copolymer capped MSN was explained. A poly(DMAEMA)-co-poly(MPS) shell on MSN was constructed via a facile one step reaction (condensation & polymerization) and characterized successfully. The grafted copolymer showed both temperature- and CO2-seneitive release properties for the antifungal anidulafungin drug, which then confirmed by killing C. albicans yeast, with low to moderate results (high in some cases). Most importantly, the PDMAEMA coating can kill E. coli bacteria effectively upon converting to its cationic form through CO2 responses. This novel strategy of designing dual-responses via particles-coating followed by evaluating the biological activity, can provide an inspiration for engineering of advanced bionanomaterials.
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