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Figure 6: 1H-NMR spectra of HNAP (top-left) and FHNAP = 0.2, 0.5 and 0.8 copolymers (top-right). Molar fraction in the feed (FHNAP)  and 

fHNAP, yield, Mw, Ð and Tg of all copolymers and homopolymers (bottom-left). Instantaneous fHNAP with respect to conversion and FHNAP 

(bottom-center and right)    

rHNAP = 3.16 Ñ 1.2 

rVI = 0.31 Ñ 0.06 
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Aseptic loosening is one of the main causes 

associated to biomaterials failure [1]. To 

address this issue, this work describes the 

optimized preparation and characterization of 

cationic pH-responsive polymeric nanoparticles 

(NPs) that allow a controlled delivery of 

naproxen (NAP) from the surface of novel 

design polyelectrolyte multilayer (PEM) 

coatings in combination with heparin (Hep) 
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Figure 1. In-vivo response to biomaterials 

implantation 

Materials 2015, 8, 5671-5701; doi:10.3390/ma8095269 Figure 2. Methacrylic derivative of NAP (HNAP) synthesis (characterization: 1H-NMR) 

CHARACTERIZATION: 
 

Å 1H-NMR Ą HNAP copolymer molar 

fraction (fHNAP) and reactivity ratios 

(rHNAP and rVI)  
 

Å DSC Ą glass transition 

temperatures (Tg)  
 

Å SEC Ą molecular weight (Mw) and 

polydispersity (Ð) 

Figure 3. Free radical co-

polymerization of HNAP and 1-

vynilimidazole (VI) 

A. Prepare stable and reproducible NPs 

with: 
 

Å High positive surface charge 

Å Size < 200 d.nm 

Å PdI < 0.2 

Å High naproxen content 
 

Figure 4. Scheme of the NPs 

preparation process via 

nanoprecipitation method 

Figure 5. PEM preparation by 

immersion method 
 

 

CHARACTERIZATION: 

SEM and AFM 

RESULTS AND DISCUSSION 

CHARACTERIZATION OF MONOMER AND COPOLYMERS  

The 

PEM COATINGS CHARACTERIZATION 

OPTIMIZATION OF NANOPARTICLES PREPARATION 

Figure 9: SEM (left) and AFM (right) micrographs of the forth layer of heparin (H) and NPs (P(H-

NP)4) and the forth layer of H and NPs covered with H (P(H-NP)4H). 

SEM and AFM 

micrographs show that 

the NPs form an 

homogeneous layer on 

top of the heparin layer 

The monomer (HNAP) and the copolymers with high (HMW) and low Mw (LMW) have been prepared successfully. 

The Mw increases with the content in HNAP as well as the Ð due to an stabilization phenomena that occurs when VI 

is incorporated [2]. Unique Tg values are obtained indicating that there is no perfect blocks formation and fHNAP is 

higher than FHNAP because rHNAP >> rVI. The significant difference in reactivity ratios indicates that a pseudo-

gradient microstructure is obtained which may facilitate together with the amphiphilicity the formation of NPs in 

aqueous media 

  CONCLUSIONS 

[NPs]F = 1 mg/mL 

VF = 10 mL 

[NPs]F = 5 mg/mL 

VF = 10 mL 

[NPs]F = 1 mg/mL 

[NPs]F = 5 mg/mL 

[NPs]F = 1 mg/mL 

VF = 10 mL 

Figure 7. Hydrodynamic properties (HP) of NPs prepared with 

the different copolymers 

Aggregation pH = 5.0 
ŷ [copolymer]O.P Ą ŷ size 

Max. VF = 30 mL 

Max. VF = 20 mL 

pH study [NPs]F optimization study 

Stability study Scale-up study 

Freeze-drying study 

LMW62 copolymer was chosen because: 
 

Å PdI < 0.2  

Å Size (d.nm) < 200 

Å Higher surface charge 

Å Higher naproxen content 

[NPs]F = 1 mg/mL 

VF = 10 mL 

Figure 8. Hydrodynamic properties of  LMW62 NPs at 

different pH values (top-left), [NPs]F (top-right), times 

(center-left) final volumes (center-right) and before and 

after freeze-drying and 10ô of tip sonication (30 % amplitude., 10 

Watts) (left-down) 

Aggregation pH = 5.0 because it is the one at 

which the peak in the microscale (i.e. aggregated 

NPs) has increased significantly. A direct 

relationship between [copolymer]O.P and size has 

been observed being the highest [NPs]F that 

maintain HP = 5 mg/mL and the maximum VF  = 20 

mL and 30 mL for 5 mg/mL and 1 mg/mL, 

respectively. NPs demonstrate stability up to four 

weeks and the HP are maintained after freeze-

drying and resuspension in the same volume if 

they are sonicated for 10 minutes with an US tip 

 

Å Copolymer: LMW62  
 

Å Aqueous phase: 0.1M Acetic Acid Buffer, 100 mM NaCl pH = 4 
 

Å Organic phase: Acetone:Ethanol (8:2) and [copolymer] = 10 mg/mL 
 

The OPTIMAL NPs PREPARATION CONDITIONS that allow the formation of HOMOGENEOUS LAYERS OF NPs over the heparin layers in 

newly designed PEM coatings are: 

B. Incorporate them into novel design 

PEM coatings in combination with 

heparin and poly(ethylene imine) (PEI).  
 

Optimal PEM formation conditions: 
 

ÅMaximum [NPs]F 

ÅNPs showing stability in time 

ÅMaximum final volume (VF) 

VF = 10 mL 

Å [NPs]F = 5 mg/mL and VF = 20 mL 
 

Å Storage: In aqueous suspension at 4ºC 

for at least 1 month or in powder 

[NPs]F = 1 mg/mL 

VF = 10 mL 

[NPs]F = 5 mg/mL 

VF = 10 mL 
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