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Introduction

Nowadays, in the field of drug delivery devices, one of the main technological research forefronts is the development of functional materials able to load/release multi-drugs for combinatory therapy. Efficient treatments based on brand-new materials will overtake the place of traditional medical therapy for human health treatments. In this sense, drug delivery and controlled release by nanoparticles 1 , nanovesicles 2 , metal-organic frameworks (MOFs) 3 , liposomes 4 , microcapsules 5 , microporous materials 6 , clay minerals 7 , gel 8 and hydrogels 9 are highlighted areas, such as also systemic RNA delivery, drug delivery for localized therapy and oral/biological drug delivery systems.

A synergistic effect when combining drugs and administered together using a reservoir/carrier system has been widely observed. [10][11][12] In general, these drug combinations (dual-delivery) are applied for cancer therapy purposes. 13 Harth's research group 14 has developed several technologies for dualdrug delivery purposes. [15][16][17] A dual drug formulation based on polyester nanosponge containing tamoxifen and quercetin showed potential therapeutic applications for both intravenous administration and oral delivery of drugs. 16 In another work, Lockhart et al. 15 demonstrated the feasibility of polyglycidol hydrogels as combinatory therapy for delivery of hydrophobic drugs and biological therapeutics. Moorty et. al 18 synthesized functional mesoporous organosilica hybrids as functional microcarriers for efficient incorporation of hydrophilic 5-fluorouracil (5FU) and hydrophobic ibuprofen (Ibu) drugs, showing a pH-triggered release of both drugs using a unique system. 18 Functional materials originating from organic polymers (e.g., polyester, polyether, polycaprolactone, etc) could be used for world challenges depending on their chemical and morphological makeup. The simple production of polyurethane-polyureas presenting controlled and reproducible structure in a single processing step is a key advantage for developing novelty biomedical-health technologies. In particular, polyurea based materials that are obtained through the chemical reaction of polyisocayanates and a polyamine that create urea groups. 19,20 The polyureas exhibit high resistance to pH changes, enhanced thermal stability with higher melting points and better resistance to hydrolysis compared with polyurethanes. [21][22][23] These features are due to their intrinsic ability to provide multiple donor-acceptor bonds, leading to novel arrangements of oxygen, nitrogen and hydrogen atoms in urea groups 24 Polyurethanes and polyurea materials have been used in biomedical applications 25,26 due to their biocompatibility and excellent physical properties. 27 Considering the relevance of combining therapy and polymer systems for drug release purposes, this work presents an elegant strategy for the simultaneous incorporation of two drugs with distinct actions in a unique polymeric material. The concept described is utterly simple; that is, once loaded, both drugs are preserved in the polyurea network and released in water. As far as we know, there are still no reports on the use of polyurea gel (based on Jeffamine-PEO and isocyanate crosslinker) as a versatile approach for dual-drug delivery purposes. A simple reaction between an amino-terminated-polyether PEO (Jeffamine ED-2003) and a tridentate ligand hexamethylene diisocyanate trimer (HDI) at room temperature led to the formation of a transparent, flexible, and scalable polymeric device for medical purposes. The presence of functional groups (urea, oxygen ether-type) and a long polymer chain extent of the polyurea allowed remarkable dissolution (separately or simultaneously) of the anticancer therapeutic agent 5-fluorouracil and the non-steroidal anti-inflammatory naproxen drug.

Experimental Section

Materials

Naproxen (Nap), 5-Fluorouracil (5FU) and acetone were purchased from Sigma-Aldrich. O,O'-bis-(2-aminopropyl)polypropylene glycol-block-polyethylene glycol-block-polypropylene (Jeffamine ED2003 -PEO block with a molecular weight of 1900 g mol -1 ) was donated by Huntsman Performance Products (Brazil). The crosslink hexamethylene diisocyanate trimer-HDI (Desmodur N3300 with a molecular weight of ~ 504 g mol -1 ) was provided by Bayer Corporation. All reagents were used without further purification.

Synthesis of polyurea gels

The polyurea gel was obtained through the sol-gel process as previously demonstrated in literature. 28,29 To obtain the polyurea gel, tridentate ligand HDI was covalently bonded to the PEO (Jeffamine ED-2003) by reaction of the isocyanate groups and the primary amino groups attached to the end of the polyether backbone of PEO. In brief, the PEO macromonomer (4g, 2.10 × 10 -3 mol) and the HDI cross-linker (1g, 1.98 × 10 -3 mol) are first dissolved in separated beakers using acetone, at room temperature (~25°C), to form homogenous solutions. The molar ratio of PEO:HDI used was 1:0.94. The HDI solution was slowly added dropwise to the PEO solution, while stirring at room temperature, until completely dissolved. The resulting solution was poured into Teflon molds and then kept at 25°C for 24 h for gelation. After the PEO:HDI reaction, the hard domains (isocyanurate rings) are connected and ramdonly disperse through the polymer chains by urea linkage (Scheme 1). SCHEME 1

Synthesis of polyurea gels containing drugs

Samples containing drug (Nap, 5-FU or both drugs) were prepared via one-step sol-gel process. The drug concentration of 1 wt% (with respect to the mass of PEO) was dissolved in acetone and then mixed with PEO to obtain a homogeneous solution. The HDI solution was dissolved in separeted beaker and added as cited above to form the loaded polyurea samples. The resulting mixture was poured into Teflon mold and gelled using the same conditions (temperature and time) than the ones used for the pure polyurea. The drug content was embedded into the polyurea network during the gelation process. The final materials were named PUr (polyurea gel), PUr-Nap (polyurea containing 1 wt % of Nap ), PUr-5FU (polyurea containing 1 wt % of 5FU ) and PUr-Nap-5FU

(polyurea containing 1 wt % of both drugs incorporated simultaneously).

Characterization

The structural characterization of PUr gels was performed by Transform Infrared Spectroscopy (FTIR) and small-angle X-ray scaterring (SAXS). FTIR spectra was recorded at 3100-700 cm -1 by ATR mode using a Perkin Elmer Frontier spectrometer, with a resolution of 2 cm -1 and average of 32 scans. Small angle X-ray scattering (SAXS) experiments were conducted using a Nano-InXider (Xenocs). X-rays of wavelength λ = 1.54 Å was used, and the measurements was performed at sample-to-detector distance of 938 mm to cover a q-range of 0.009 < q < 0.45 Å -1 , where q = (4 π/λ) sin (θ/2) corresponding the magnitude of the scaterring vector, and θ is the scaterring angle. All the measurements were recorded at room temperature (~25 °C). The thermal features of the polyurea (loaded and unloaded) was studied by Differential Scanning Calorimetry (DSC) on a TA25 DSC.

Disk sections of approximately 10 mg were cut off from the organogels and placed in 40-μL aluminium containers. Each sample was heated from -80 to 250 °C at a rate of 10 °C min -1 using argon as the purge gas.

Water uptake features

The contact angle of the polyurea matrix was measured using an OCA (Dataphysics) contact angle instrument in sessile drop mode. The droplet volume used was about 7.0 μL of deionized water, followed by a liquid droplet that was delivered onto the polyurea surface. Contact angle values and images were obtained using the drop shape analysis software, which is described by the Young-Dupré equation, assuming a smooth and homogeneous surface. 30 The swelling behavior of the unloaded and loaded PUr samples were studied using a gravimetric method. The gel samples (~ 0.5 g and 2mm thickness) were immersed in distilled water kept at 25 °C. The swollen samples were removed from the water at the predetermined time, gently dried between two filter papers to remove any excess water on the surface, and weighed in an electronic analytical balance (Ohaus, PA214CP model). The swelling ratio (S) was determined using the equation:

𝑆 = 𝑊𝑠 -𝑊𝑑 𝑊𝑑 * 100
where Ws and Wd are the mass of swollen and dry samples, respectively.

In vitro drug release assays

Temporal release of Nap and 5FU separately and, release simultaneously was evaluated in distilled water (100 mL, pH 6) using ~0.5 g of PUr containing individual or both drugs loaded. The release assays were carried out at a controlled temperature of 37 °C, under constant stirring (100 rpm).

The in vitro studies were performed by UV-Vis spectroscopy, using a Cary60 dual-beam spectrophotometer (Agilent Technologies) connected to an immersion probe (optical path length of 2 mm). Quantitative determination of the cumulative 5-FU and Nap released were performed using a calibration curve constructed using the maximum absorbance values at λmax=229 nm (Nap) and λmax = 265 nm (5FU) of drugs solutions at different concentrations (Figures S1a-b). All release assays were performed with two independent samples and the results are presented as data averages.

Results and Discussion

Structural properties

The formation of PUr gel (presence of -NHfrom urea) and possible interactions between drugs and PUr were analyzed by FTIR. Figure 1 shows the FTIR spectrum of PUr unloaded and loaded with Nap, 5FU and both drugs simultanously. The full spectra collection of FTIR data from 700-3000 cm -1 is presented in Figure 1a. The presence of isocyanate groups are considerably toxic and moisture sensitive, thus isocyanate free polyureas is now attracting research interest due to its potential application in different areas such as optics, environment and health. The isocyanate HDI crosslink presents an intense band at 2266 cm -1 characteristic of N=C=O asymmetric streching as reported in the literature. 29 The PUr gel (Figure 1 black line), show the absence of the N=C=O band revealing that the matrix is isocyanate-free using the synthesis procedure. Furthermore, no remanescent isocyanate groups were observed for loaded PUr matrices (Figure 1 red, blue and green lines) demonstrating great potential for health application using this class of polyurea obtained by simple PEO (Jeffamine) and HDI reaction. A close inspection of the FTIR spectrum of unloaded and loaded PUr in the region between 1300-1750 cm -1 (Figure 1b) and 700-1300 cm -1 (Figure 1c)

showed bands assigned to the C=O stretching (urea linkage) and others associated to ethylene rocking vibrations (r(CH2)), (C-O-C) stretching vibrations (ν(COC)) of the polyether PEO backbone. 31 The bands originated from urea groups in the region between 1500 and 1800 cm -1 (Figure 1b) correspond to the "amide I" and "amide II" vibrational modes, assigned to C=O stretching, C-N stretching, C-C-N deformation vibrations, N-H in-plane bending, and C-C stretching. The shoulder at 1719 cm -1 was attributed to free C=O groups and the 1688 and 1643 cm -1 corresponded to H-bonds in a more ordered domain. 32 The region between 700 and 1300 cm -1 (Figure 1c) is characteristic of the polymer backbone, which is very sensitive to conformal changes of the PEO chains. The very intense band at 1102 cm -1 was attributed to C-O stretching absorption and the vibrations of the C-C stretching was found at 950, 1037 and 1247 cm -1 . Incorporation of the individual drugs (Figure 1, red and blue lines) and Nap and 5FU simultaneously (Figure 1, green line) into PUr did not affect the structure of the gel, showing similarities between the FTIR spectra of unloaded and loaded PUr. This indicates a notable solvation of Nap and 5FU drugs (individual or simultaneouly) by the PUr matrix and confirms that both structures (matrix and drug) are preserved after incorporation of drugs into the polyurea network. Regardless of the presence or not of drugs into PUr gel, transparent and rubbery samples were obtanied (Figure S2). Furthermore, versatile shaping of fabricated samples were demonstrated (Figure 2) due to the easy processability of the gel, which had high feasibility to be moldable as pharmaceutical devices for contact lenses and transdermal patches purposes. and the shapes of the SAXS profile for the polyurea containig drugs (separately or simulateneously)

were similar. This demonstrates that the microstructure of PUr gel is not affected by the incorporation of Nap/5FU. However, we noticed a decrease in the intensity of the correlation peak for polyurea samples containig Nap or 5FU (separately) compared with unloaded PUr. These features suggest that the correlation peak resulting from the interdomain spacing was masked by additional scattering of the drug. The SAXS curve for polyurea sample containing both drugs confirms that the microphase structure of PUr remains unchanged, which a similar SAXS curve shape was showed. These findings agree well with FTIR results, and swelling/release assays discussed below. 

Thermal behavior

Differential scanning calorimetry (DSC) measurements were performed to study the chain mobilities of the PUr materials. In general, Jeffamine-PEO based materials exhibit low glass transition (Tg), and a first order reversible thermal transformation characteristic of crystallizationmelting (Tm) of the PEO ethylene moities. 35,36 Independently of the PUr (unloaded and loaded with drugs) these two events (Tg and Tm) were observed in the DSC thermograms, characterizing the semicrystalline PEO with a molecular weigth of 1900 g mol -1 (Figure 5). The unloaded PUr shows a

Tg at approximately -59 °C, characteristic of the difference between the heat capacities of the glass and rubber states. The melting of the PEO crystalline phase appears as an endothermic peak at around 28°C (Figure 5 black line), allowing to calculate the crystallinity degree (DC) of the samples, as follows:

D C = ∆H 𝑚 ∆H°m x 100% (1) 
where ΔHm is the melting enthalpy per gram of PEO in the PUr organogel, and ΔHºm is the melting enthalpy for 100% crystalline PEO (188.9 J/g). 37

Table 1 provides the values of the thermal properties (Tg, Tm and Dc) obtained from DSC analyses (Figure 5). A decrease in the crystallinity degree (Dc) was observed for the loaded PUr samples with Nap, 5FU and both drugs simultaneously, in comparison with PUr. The Dc decrease is followed by a change in the melting temperature (Tm) of the polyether-PEO, suggesting a perturbation in the dynamics of the PEO chains in the molten state. 38 These findings indicate that the drugs were loaded (separately or simultaneously) into polyurea matrix presenting weak interactions with the functional groups of the PUr matrix such as ether-type oxygen atoms (from polyether skeleton) and urea, in agreement with the FTIR results (Figure 1). The slight Tg changes (Table 1) from -59 (PUr pure) to -58°C (PUr-Nap), -54°C (PUr-5FU) and -56°C (PUr-Nap-5-FU) corroborate the conclusion that the PEO chain mobility and inter-chain interactions were poorly affected after the drugs incorporation. 7d). The final amount of each individual drug released by PUr was different at the assays´ end.

FIGURE 6

Drug release studies

Opposite results were expected since 5FU has a hydrophilic nature, while Nap has major hydrophobicity. The use of ureasil-PEO hybrids as carriers for dual-drug release purposes was already reported previously. 41 The amount of Nap and 5FU released is quite different to those previously found for the di-ureasils hybrids. In the present work, the high Nap amount released could be attributed to i) the weak interactions between Nap and the host matrix (see Figure 1 FTIR results),

and ii) the exposed drug on the PUr surface leading to a dissolution of the Nap in the aqueous medium.

The water uptake and the Nap release profiles monitored by gravimetric method and UV-vis, respectively, can be explained as follows. When the Nap-loaded PUr matrix is immersed in water, the drug molecules located close to the host surface begin to dissolve followed by a deceleration in swelling ratio. Due to the Nap hydrophobic nature, this drug could act as a barrier hindering the diffusion of water molecules inside the matrix. This feature leads to a water uptake decrease, compared to the unloaded PUr matrix during the initial (60 min) swelling assays (see Figure 5). The most dissolved solute (Nap drug) extracted from the surface of PUr was observed at 150 min (80% released). From this time, a water flux arises into the polyurea matrix, which in turn, accelerates the hydration and expansion of the network free volume reaching a swelling capacity of 300%, as observed in Figure 5 (blue symbols). During the first 150 min of immerssion into water, a good agreement between the swelling and release profile of PUr-Nap is observed (Figure S3). This finding clearly points out the contribution of the drug in hindering the hydration, and, at an advanced stage (t >150 min and amount of Nap release > 80%), the water flow continues, favouring the network expansion and consequently the diffusion of drug.

It can be seen that about 72% of 5-FU was released from PUr whitin 360 min (Figure 7d).

The PUr matrix was able to release 5FU in a bimodal pattern, characterized by a faster release followed by a sustainable release. The initial burst release (68% , t = 180min) can be due to the diffusion and weakly bonded 5FU molecules located on the polyurea surface. Moreover, the presence of 5FU into the polyurea network also evidences the influence of the drug in the water uptake behavior (Figure 5). The dissolution/diffusion of 5FU in the bulk is hampered by the surface 5FU molecules in the PUr gel. This suggested that the 5FU onto the external surface of polyurea is easily and quickly diffuse to the aqueous solution. The release of 5FU located deeply inside the network (bulk) can be hindered probably due to inter-and intramolecular interactions between the drug and ether-type oxygen atoms of the polyether phase. These results agree well with the observed thermal properties:

PUr-5FU sample shows a major glass transition (Tg) change and melting temperature (Tm) increase compared to PUr-Nap (see Table 1).

The curve profiles for dual-release of NAP/5FU from PUr are shown in Figure 7f. The release behavior seems to be similar compared to the individual drug release curves (Figures 7b and7d).

However, the amount of drugs simultaneously released compared with the individual profiles whitin ACCEPTED MANUSCRIPT -CLEAN COPY 150 min of assay were lower, ~ 60% (Nap released) and ~ 40% (5FU released), respectively. These features are in good agreement with hydration (swelling properties) of the PUr-Nap-5FU sample, which the presence of both drugs hinders the water molecules diffusion through the polymeric chains hence decrease the amount release compared with separately profiles in the same time t = 150 min (see details in Table S1).

ACCEPTED MANUSCRIPT -CLEAN COPY

The Korsmeyer-Peppas model 42 S1). The lower amount of drugs released simultaneously compared with the individual systems in the same period of time (150 min)

suggests that the presence of both drugs (Nap + 5FU) on the surface and depth (bulk) within the gel causes a hindered effect suggesting (i) a hydrophilic/hydrophobic balance created by the loaded drugs into PUr network, and (ii) weak interactions between polymer-drug.

This work presents, for the first time, a drug pair (naproxen Nap, and 5-fluorouracil 5FU) could be facile embedding into a polyurea gel by one step process at mild temperature. Moreover, this class of polyurea could be used to control the Nap and 5FU release separately, and release Nap/5FU simultaneously. Due to the physical-chemical properties, biocompatibility 29 and stability of the gels, these materials could be fabricated as contact lenses, films and LED shapes open up positive perspectives to prepare multifunctional materials for health, optical, and environmental applications. The PUr material showed fast surface wettability that led to a contact angle decrease from 80 to 45° after the first initial minutes in contact with the water droplet. Thermal features (DSC analysis) revealed a rigidity increase (glass transition Tg ) of the polymer chains with the PUr containing 5FU

(individually or together with Nap) and changes in the crystallinity degree (Dc) of the loaded drug samples. The successful dual-drug release highlights the polyurea gel as a versatile carrier to combine anti-inflamatory and anticancer drugs into a single polymer matrix, opening new oportunities to develop functional materials containing different species for optical, health and environmental applications. Thus, the strategy to use polyurea material to design multicomponent drug@PUr is quite promising for simultaneous delivery of 5-FU and Nap to achieve synergistic anticancer effects.

Scheme 1. Synthetic procedure of the polyurea gel and corresponding network with hard (isocyanurate ring) and soft (polyether) domains. 
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 8 (see details and equation -Supporting information) was used to determine the transport mechanism of the individual-and dual-release of Nap and 5FU from the PUr gel. The release mechanism is characterized by the exponent n. Fickian diffusion is indicated by n value of 0.50, Case II transport indicate zero-order drug release with n value of 1, while an anomalous transport mechanism is indicated by an n value of 0.50 -1.0. The release curves, plotted as log (Mt/M∞) vs. log t, of individual and dual-release of Nap and 5FU from the PUr gel are shown in Figure The kinect curves of all loaded PUr samples with Nap and 5FU (individually and simultaneously) were fitted with one straigh line. The experimental n value obtained for individual Nap and 5FU release (Figure 8a,b) was n = 0.62. This n value indicates an anomalous transport attributed to the diffusion/zero-order rate of drug controlled by the penetration of the water-swollen front. In the case of simultaneous drug release (Figure 8c), n values of 0.68 (5FU) and 0.70 (Nap) were observed, showing the same mechanism as individual profiles. The coefficient of determination (R 2 ) for all samples was 0.99, indicating that the release of 5FU/Nap was well fitted with the Korsmeyer-Peppas model (see details in Table
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 1 Figure 1. FTIR spectra of the unloaded (black line) and loaded with Nap (red line), 5FU (blue line) and Nap+5FU (green line) PUr in the region between (a) 3000 -700 cm -1 , (b) 1750 -1300 cm -1 , and (c) 1300 -700 cm -1 .
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 2 Figure 2: Photographs of the polyurea gel with versatile shaping showing perspective as (a) contact lenses, (b) film forming material for transdermal patch, (c) bulk material as LED devices and (d) packing application.
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 3 Figure 3. (a) SAXS curves for the unloaded PUr and containing Nap and 5Fu, separately and simultaneously; (b) representation of the correlation distance between the hard domains and soft domains in the polyurea network.
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 4 Figure 4. Contact angle measurements, as a function of time, for the unloaded polyurea organogel. Inset: Contact angle images of the PUr at different times.
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 56 Figure 5. Swelling capacities as a function of time for the unloaded polyurea and containing Nap and 5FU drugs, separately and simultaneously
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 7 Figure 7. Time evolution of the UV-vis spectra collected during release experiments for (a) Nap, (c) 5FU and (e) Nap+5FU. Temporal evolution of cumulative profiles for (b) Nap, (d) 5FU and (f) Nap+5FU.
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 8 Figure 8. Plots of log (Mt/M∞) against log t for release experiments of (a) Nap, (b) 5FU and (c) Nap+5FU using water as aqueous medium.
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 S3 FIGURE S3: comparison between release profile and water uptake of PUr-Nap during the first 300 min of assays.

  

  

  

  

  

TABLETable 1 .

 1 Thermal characteristics determined by DSC measurements of the unloaded and loaded PUr containing Nap, 5FU and both drugs simultaneouly.

	Sample	Tg (°C)	Tm (°C)	Dc (%)
	PUr	-59	28	30
	PUr-Nap	-58	31	27
	PUr-5FU	-54	34	28
	PUr-Nap-5FU	-56	32	27
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Naproxen and 5-FU analytical curves

The maximum absorbance values at 265 nm and 229 nm were used to construct the analytical curves of 5-FU and Nap drugs, respectively (Figure S1a andS1b).