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A B S T R A C T   

The present study aimed to encapsulate rivastigmine (a drug used for treatment of the Alzheimer disease) in poly 
(methyl methacrylate – co – acrylic acid), P(MMA-co-AA), nanoparticles functionalized with the transcription 
activator peptide (TAT) for biomedical applications. Encapsulation was performed in situ through miniemulsion 
polymerization at different preparation conditions and the highest encapsulation efficiencies (around 80%) were 
obtained when the comonomer mixture contained 7.5 wt% of acrylic acid in methyl methacrylate. Afterwards, 
functionalization trials of the previously prepared polymer nanoparticles were performed through chemical 
adsorption, leading to high TAT immobilization efficiencies (94%). Additionally, toxicity bioassays conducted 
with Caco-2 cells monolayers revealed that the cytotoxicity of obtained particles was low and did not depend on 
the nanoparticle composition. Besides, the obtained results indicated that the functionalized nanoparticles could 
cross the intestinal epithelial barrier successfully. Finally, the obtained particles presented good stability, could 
be prepared with high encapsulation and functionalization efficiencies, and presented advantageous biological 
properties that encourage the future development of biomedical uses.   

1. Introduction 

The Alzheimer Disease (AD) is a complex neurodegenerative disor-
der that is responsible for nearly 60–70% of the cases of dementia, and 
constitutes an enormous challenge for individuals, families and health 
professionals, being the fifth leading cause of death among the elderlies 
[1–4]. The highest risk factor associated with the AD progress is aging 

[3,5]. Given the present social scenario, characterized by the reduction 
of global fertility and rise of life expectancy, the number of AD patients 
is expected to rise in the following decades [1,3,4]. In fact, it is estimated 
that the cases of AD (and other types of dementia) will nearly triple by 
2050, affecting 115 million people worldwide [4,6]. The socioeconomic 
impact of the disease is also a major concern, given the impressive 
number of US$ 290 billion related to AD treatments in 2019, only in the 
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USA, estimated by the Alzheimer’s Association [7]. Therefore, the 
development of effective therapeutic strategies for AD treatment is 
needed urgently. 

The original causes of AD are still unknown and despite all the efforts 
that have been made to develop therapeutic strategies to prevent (and 
halt) the progression of the disease, the obtained results have not been 
satisfactory so far [1,8–10]. The modulation of neurotransmitters by 
drugs constitutes the most favorable alternative for health improvement 
of AD patients [1]. To date, few drugs have been approved by the Food 
and Drug Administration (FDA) to treat AD symptoms: donepezil, gal-
antamine and rivastigmine as acetylcholinesterase inhibitors (AchEI), 
and memantine [1,4,9,10]. It is important to observe that the use of 
rivastigmine can affect positively two acetylcholine regulatory enzyme 
systems; thus it can be regarded as an efficient pharmacological treat-
ment for AD at the present moment [11,12]. However, the use of AchEI 
has been constantly associated with various adverse effects, such as 
nausea, vomiting, diarrhea, dizziness and weight loss [12,13]. There-
fore, the development of more efficient drugs with lower adverse effects 
constitutes a promising area of study in the field of AD treatment. One 
strategy under development is the manufacture and use of nanocarriers 
for optimization of drug delivery, reduction of adverse effects and in-
crease of bioavailability [14–17]. 

The use of nanocarriers has been widely investigated in controlled 
drug delivery applications, allowing better therapeutic results through 
regulation of temporal and spatial distribution of the drug in the body. 
Additionally, nanocarriers can protect the drug from degradation or 
complete elimination by the body, favoring transport by physiological 
barriers and driving the drug to the place of action, minimizing adverse 
effects in other regions of the body [18,19]. Among the various possible 
types of nanocarriers, polymer nanoparticles can be regarded as prom-
ising and efficient multivalent drug vehicles for various biomedical 
applications. The main advantages of polymer nanoparticles can be 
associated with the high versatility of the molecular and morphological 
characteristics of these materials, which can provide interesting and 
specific properties for the delivery application and encapsulation of the 
drug. In addition, the easy insertion of functional groups at the nano-
particle surfaces can allow the proper design of the targeting properties, 
facilitating particle diffusion through natural physiological barriers and 
increasing the drug concentration at the desired site of action [14,20, 
21]. 

In the case of AD treatment, the Blood Brain Barrier (BBB) constitutes 
a physiological barrier for the Central Nervous System (CNS), presenting 
long extension and high selectivity. It is generally accepted that the BBB 
is the most important barrier for transportation of molecules into the 
brain, constituting a major challenge for development of therapeutic 
strategies that depend on delivery of drugs into the brain [21,22]. 
Particularly, Kreuter et al. (2014) pointed out that nanoparticles can be 
transported through the BBB by receptor-mediated transcytosis. There-
fore, it may be possible to deliver nanoparticles into the brain if they are 
functionalized with specific binders that can interact with the BBB sur-
face receptors [16,21]. For this reason, many studies investigated the 
use of different types of ligands (surfactants, insulin, transferrin, endo-
thelial antibodies, among others) to promote the internalization of 
nanoparticles into the brain tissue [16,21–25]. 

It is believed that the functionalization of nanoparticles with cell- 
penetrating peptides (CPP) can stimulate the transport through the 
BBB and simultaneously reduce the cellular toxicity [22,26]. As a matter 
of fact, several CPPs can enhance the permeability of external agents 
through the BBB, including transcription activator peptides (TAT), 
Angiopep, penetratin, SynB, glycoprotein of rabies virus, among others. 
Particularly, Rao et al. (2008) showed that the use of TAT-conjugated 
nanoparticles could increase the drug concentration levels in the brain 
800 times, when compared to drug administration in solution. Addi-
tionally, the authors showed that nanoparticles could also be used to 
keep the rate of drug release constant in the brain for long periods of 
time [27]. 

Based on the previous paragraphs, the present study aimed to 
encapsulate rivastigmine in poly(methyl methacrylate – co – acrylic 
acid), P(MMA-co-AA), nanoparticles functionalized with TAT for 
development of a possible treatment for AD in the future. The polymer 
matrix was selected in the present work because it is nontoxic, 
biocompatible and already used in many biomedical applications safely 
[28,29], constituting a good model for experimentation. Besides, the 
polymer matrix can be biodegradable when copolymerized with other 
comonomers [30–32]. It is important to emphasize that acrylic acid 
provides carboxylic acid groups that can be used for functionalization 
and supporting of TAT molecules. 

In the present study, in situ encapsulation was performed through 
miniemulsion polymerization at different preparation conditions. Min-
iemulsion polymerizations have been frequently used for drug encap-
sulation because the operation can be performed in a single step with 
very high encapsulation efficiencies [33–35]. Afterwards, functionali-
zation of the previously prepared polymer nanoparticles was performed 
through chemical adsorption [36]. Moreover, toxicity bioassays were 
conducted with Caco-2 cells monolayers to characterize the cytotoxicity 
of obtained nanoparticles, which were also used for analyses of 
permeability through an intestinal epithelial barrier. 

2. Materials and methods 

2.1. Materials 

2.1.1. Polymerization reactions 
Rivastigmine free basis was purchased from Carbosynth (Berkshire, 

United Kingdom) with minimum purity of 98 wt%. Methyl methacrylate 
(MMA) and acrylic acid (AA) were acquired from Sigma Aldrich (Rio de 
Janeiro, Brazil) with minimum purities of 99.5 wt% and 99 wt%, 
respectively. The surfactant sodium dodecyl sulfate (SDS) and the 
initiator potassium persulfate (KPS) were purchased from Vetec Quí-
mica Fina (Rio de Janeiro, Brazil) with minimum purity of 90 wt% 
(containing 10 wt% of water). Sodium bicarbonate was acquired from 
Proquimios (Rio de Janeiro, Brazil) with minimum purity of 99 wt%. 
The co-stabilizer n-hexadecane and hydroquinone used purchased from 
Vetec Química (Rio de Janeiro, Brazil) with minimum purities of 99.5 wt 
% and 99 wt%, respectively. Tetrahydrofuran (THF) was used as mobile 
phase for gel permeation chromatography (GPC) analyses and was 
purchase from Tedia (Rio de Janeiro, Brazil) with minimum purity of 99 
wt%). 

2.1.2. Functionalization 
Lysine (lys, minimum purity of 98 wt%), TAT HIV-1 peptide (TAT, 

minimum purity of 98 wt%), bovine serum albumin (BSA, minimum 
purity of 98 wt%), 2-aminobenzamide (ABZ, minimum purity of 98 wt 
%), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC, minimum 
purity of 97 wt%), Bradford reagent (minimum purity of 98 wt%) and o- 
phthaldialdehyde (OPA, minimum purity of 98 wt%) were purchased 
from Sigma Aldrich (Rio de Janeiro, Brazil). 

2.1.3. Biological assays 
Caco-2 cells line derived from human colon adenocarcinoma (ATCC 

HTB-37TM), GIBCO Dulbecco’s modified eagle’s medium, glucose, fetal 
bovine serum (FBS), glutamine, commercial solution of penicillin and 
streptomycin, trypsin (standard reference), Triton X-100, para-
formaldehyde and ethylenediaminetetraacetic acid (EDTA) solution 
were purchased from Sigma Aldrich (Rio de Janeiro, Brazil) with min-
imum purity of 98.5 wt%. The phosphate saline buffer (PBS) pH 7.4 was 
prepared with sodium chloride, dibasic sodium phosphate and hydrated 
monobasic sodium phosphate supplied by Sigma Aldrich (Rio de 
Janeiro, Brazil) with minimum purity of 99 wt%. Anti-tight junction 
protein 1 (zona occludens 1) antibody (anti-ZO1) and 1,4-diazabicyclo 
[2.2.2]octane (DABCO) were purchased from Sigma Aldrich (Rio de 
Janeiro, Brazil) with minimum purity of 99 wt%. CellTiter-Blue® cell 
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viability assay kit was acquired from Promega Corporation (Madison, 
USA). Sterile 96-well white bottom acrylic plates, Corning® Transwell® 
cell culture polyester membranes and 75 cm2 TPP® sterile culture flasks 
were provided by Sigma Aldrich (Rio de Janeiro, Brazil). 

2.2. Polymerization reactions 

PMMA and P(MMA-co-AA) nanoparticles were prepared by mini-
emulsion polymerization as described by Campos, Ferraz and Pinto 
(2016). The aqueous/oil mass ratio was equal to 80/20. The aqueous 
phase contained SDS (1 wt%), KPS (0.1 wt%), sodium bicarbonate (0.08 
wt%) and distilled water. The organic phase contained n-hexadecane 
(0.08 wt%) and monomers (AA and MMA), with AA concentrations of 
7–15 wt%. When present, rivastigmine free base was added to the 
organic phase at concentrations of 0.5 wt%, 1.0 wt% and 1.5 wt%. The 
initial miniemulsion was prepared with a sonicator (Vibra Cell VCX 750 
model, Sonics & Materials Inc. Newtown, USA) working with amplitude 
of 40% at 20 kHz for 5 min. Then, the miniemulsion was transferred to a 
glass reactor vessel (Easy Max 102 model, Mettler Toledo, Ohio, USA) of 
100 mL where the polymerization reaction was carried out at 80 ◦C, 
under continuous agitation of 500 rpm for 2 h. 

Monomer conversions were evaluated through gravimetric analyses. 
At specified sampling times, aliquots of 1 mL were collected and mixed 
with 1 mL of a previously prepared hydroquinone solution (1 wt%) to 
halt the reaction. Then, collected samples were dried in a recirculating 
oven at 40 ◦C until constant weight. 

Particle size distributions were characterized through dynamic light 
scattering using a ZetaSizer Nano ZS equipment (Malvern Instruments, 
Malvern, United Kingdom) using latex samples diluted in distilled water 
(1:500 in volume). Average particle diameters and polydispersity in-
dexes (PDI) were automatically calculated and reported as averages of 
100 readings of three distinct measurements. The zeta potential was 
characterized through electrophoretic light scattering using the same 
equipment. 

Polymers samples were characterized through Fourier-transform 
infrared spectroscopy (FT-IR), gel permeation chromatography (GPC) 
and nuclear magnetic resonance (NMR). FT-IR analyses were conducted 
with dried samples in the spectral range between 400 and 4000 cm− 1 

with resolution of 4 cm− 1 using a Nicolet 6700 FT-IR spectrometer 
(Thermo Fisher Scientific, Massachusetts, USA) equipped with an ATR 
Smart Orbit accessory. The final spectra were reported as averages of 
128 scans, automatically calculated by the equipment. 

GPC analyses were performed with a Viscotek Max VE2001 chro-
matograph (Malvern Instruments, Malvern, United Kingdom), equipped 
with a refractometer detector (model Viscotek VE 3580, Malvern In-
struments, Malvern, United Kingdom), and a set of linear Shodex col-
umns (KF-G pre column, followed by one KF-805L column and two KF- 
804L columns, all of them from Showa Denko K.K., Tokyo, Japan). A 
calibration curve was performed with polystyrene standards with mo-
lecular weights ranging from 376 to 1×106 Da. The polymer samples 
were prepared at 1 mg/mL in THF and the injection volume was equal to 
200 μL. All analyses were performed using constant flow rate of 1.0 mL/ 
min at 40 ◦C. 

H NMR analyses were conducted in solutions of deuterated chloro-
form on the AVIII-500 equipment (Bruker, Massachusetts, USA), using a 
5-mm probe at frequency of 500 MHz. 

Drug encapsulation efficiencies (EE%) were evaluated through 
characterization of drug concentrations in the supernatant after centri-
fugation of 3 mL of latex samples using a Megafuge 16R centrifuge 
(Thermo Fisher Scientific, Massachusetts, USA) and an Amicon Ultra-15 
Membrane 100KDa (Millipore, Massachusetts, USA) device at 6000 rpm 
for 20 min. Rivastigmine concentrations were evaluated through 
UV–VIS spectrophotometric analyses (UV-M51 spectrometer, BEL En-
gineering, Milano, Italy) and using a standard curve built at the wave-
length of 263 nm. 

2.3. Nanoparticle functionalization 

Functionalization was performed through chemical reaction be-
tween the free carboxylic acid groups of P(MMA-co-AA) nanoparticles 
and the amino groups of the biomolecule. In the present study, two 
different conjugates were used: lysine and TAT. The immobilization 
reaction was performed as recommended by Hermanson (2008) and 
Campos, Ferraz and Pinto (2016). 

Firstly, 1 mL of the latex was added to 1.5 mL of EDC solution (0.05 
mol/L) in 0.1 M of the phosphate buffer (pH 6.7) and kept under 
agitation for 2 h at 20 rpm in Roto-Shake Genie mixing device (Scientific 
Industries Inc., New York, USA). Afterwards, the suspension was 
centrifuged for 10 min at 6000 rpm with an Amicon Ultra-15 Membrane 
100KDa (Millipore, Massachusetts, USA), and the filtrated nanoparticles 
were suspended in 1 mL phosphate buffer. Then, bioconjugation was 
performed through the addition of 40 mg of lysine or 0.45 mL of TAT 
solution (2.5 g/L) in phosphate buffer, followed by an incubation period 
of 2 h under 20 rpm in the same mixing device. Finally, the centrifu-
gation procedure was repeated and the functionalization efficiency was 
evaluated through characterization of unabsorbed protein in the su-
pernatant phase by UV–VIS spectrophotometric analyses. Unreacted 
lysine concentration was titrated in accordance with the OPA protocol at 
340 nm [37], while unreacted TAT concentration was characterized 
through standard Bradford analyses at 595 nm [38] using a BSA stan-
dard curve. The solid phase was dried in recirculation oven at 30 ◦C and 
characterized through FT-IR analyses in order to confirm the immobi-
lization through chemical adsorption. 

For in vitro tests, the nanoparticles were also functionalized as 
described before, except that in the bioconjugation step 0.20 mL of TAT 
solution (2.5 g/L) and 0.5 mL ABZ (20 mg/mL) buffer solutions were 
added in order to incorporate both protein binding and fluorescent 
feature to the nanoparticles. 

2.4. Cytotoxicity and permeability analyses 

Caco-2 cells monolayers (ATCC HTB-37™), cultivated in culture 
flasks with area of 75 cm2, were dissociated with a trypsin/EDTA solu-
tion. The isolated cells were seeded at density of 1.5×104 cells/well in 
96-well white clear bottom plates. Then, cells were grown for 4 days at 
37 ◦C and 5% CO2 in high-glucose Dulbecco’s modified eagle medium 
(DMEM) supplemented with fetal bovine serum (10 wt%). The confluent 
cells were treated with encapsulated rivastigmine (0.11–250 μg encap-
sulated rivastigmine/mL) for 72 h at 37 ◦C. Untreated cells and cells 
dosed with empty nanoparticles (without rivastigmine) were used as 
control references. Cell viability was determined through quantitation of 
ATP using Celltitter Glo kit (Promega Corporation, Wisconsin, USA). The 
luminescence signal was measured with a FlexStation-3 equipment 
(Molecular Devices, Sunnyvale, USA). The concentration that reduced 
50% of the cell viability (CC50) was determined by linear regression. 

Cellular permeability assays were performed with Caco-2 cells 
(2×105 cells/well) grown for 4 days in Transwell® (Sigma Aldrich, Rio 
de Janeiro, Brazil). Confluent monolayers were incubated on upper 
chamber with 100 μg nanoparticles/mL of P(MMA-co-AA) functional-
ized with ABZ. After 4 h, the medium from the lower chamber was 
removed and the permeability calculated by fluorescence readings in 
SpectraMax 190 Microplate Reader (Molecular Devices, California, 
USA). Non-encapsulated nanoparticles, EDTA treated and untreated 
cells were used as control references. Additionally, the Transwell 
membranes were removed from the insert and processed for tight 
junction detection. 

2.5. Indirect immunofluorescence 

Caco-2 cells monolayers incubated or not with the nanoparticles 
were fixed for 20 min at 4 ◦C with 4% paraformaldehyde in PBS pH 7.4. 
After fixation, the cells were washed and permeabilized with 0.5% 
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Triton X-100. After blocking, the cells were incubated overnight at 4 ◦C 
with anti-ZO1 antibody (1:200). Then, the cells were washed and 
incubated for 1 h at 37 ◦C with the appropriate secondary antibody. 
Samples were mounted with DABCO and observed with help of a Zeiss 
Axio Imager M2 fluorescence microscope (Zeiss, Oberkochen, 
Germany). 

3. Results and discussion 

3.1. Particle characterization 

Table 1 shows the average particle diameters, zeta potential and drug 
encapsulation efficiencies of the products obtained after the polymeri-
zation reactions, confirming that nanosized particles were prepared 
through miniemulsion polymerizations. Additionally, the obtained 
nanoparticles presented similar average diameters, smaller than 100 nm 
and in the range between 65 and 80 nm (Table 1), which are consistent 
and in accordance with previous studies regarding the preparation of P 
(MMA-co-AA) nanoparticles [39]. Moreover, the small and similar 
diameter values of the obtained particle, along with the simplicity of the 
proposed in situ encapsulation technique highlight the importance of the 
reported findings, as hydrophobic rivastigmine has not been considered 
very often in encapsulation studies [15,17,40–44]. According to Elsabhy 
and Wooly (2013), nanoparticles with average sizes ranging from 10 to 
100 nm can be handled safely and are appropriate for the desired 
therapeutic applications [20]. Therefore, the obtained low PDI (poly-
dispersity index) values indicate the production of nanoparticles with 
narrow size distributions (Fig. 1), which are desirable for medical 
applications. 

All produced lattices were stable and could be stored for months, 
with exception of the latex prepared with 15 wt% of AA. As observed 
experimentally, particle agglomeration took place in this case, leading 
to a latex with the largest average particle diameter and the broadest 
particle size distribution (Fig. 1). This may possibly be explained by the 
occurrence of homogeneous nucleation in the aqueous phase, as AA is 
completely soluble in water and can form new polymer particles through 
agglomeration of PAA chains [45]. Besides, the increase of the viscosity 
of the aqueous phase, due to accumulation of water-soluble PAA chains, 
can also facilitate particle agglomeration [46]. Moreover, accumulation 
of PAA chains on the particle surfaces can lead to formation of hairy 
polymer particles [47], also facilitating particle agglomeration through 
entanglement of soluble hydrophilic polymer segments. For these rea-
sons, the zeta potential analysis of this sample could not be performed 
reliably. At lower AA concentrations (7.5 wt%, 10 wt% and 12 wt%), no 
significant changes of emulsion stability could be observed and small 

nanosized polymer particles were obtained. 
Zeta potential analyses allow the evaluation of the magnitude of the 

accumulated surface charges, which significantly affect the stability of 
the dispersion [48]. According to Table 1, all particles exhibited nega-
tive zeta potentials of high magnitudes (more negative than − 30 mV), 
indicating latex stability by electric repulsion. Negative potential values 
can be associated with the nature of the anionic surfactant, which tends 
to accumulate on the particles surface to stabilize the emulsion and 
prevent coalescence. Similar results were also obtained for P 
(MMA-co-AA) copolymerizations conducted in a previous study [39]. 
Particularly, comparison of zeta potentials obtained for PMMA homo-
polymers, PMMA-based copolymers and rivastigmine-containing nano-
particles did not indicate significant changes of size, size distributions or 
surface characteristics, suggesting that neither the drug nor the como-
nomer affected the latex stability significantly (with exception of the 
latex produced with 15 wt% of AA, as already discussed) and that the 
surfactant exerts a dominant effect on surface properties and latex sta-
bility, as also observed previously [39]. 

Regarding the encapsulation efficiency, and based on Table 1, higher 
initial rivastigmine concentrations resulted in higher encapsulation ef-
ficiencies for both homopolymer and copolymers nanoparticles. This 
result could already be expected because the drug is hydrophobic and 
tends to remain in the organic phase, so that the relative amount of drug 
that is dissolved in the aqueous phase is expected to decrease with the 
increase of the drug concentration in the organic phase. Besides, no 
significant differences of encapsulation efficiencies were found when the 
amounts of AA were increased. Particularly, 1.5 wt% of drug could be 
successfully encapsulated in the produced particles, which was at least 
three times higher than reported previously in other studies that used 
different techniques to encapsulate rivastigmine [15,40–43,49], which 
indicates the high potential of P(MMA-co-AA) nanoparticles to encap-
sulate rivastigmine free base. 

3.2. Monomer conversion 

The copolymerization of AA with MMA allows the insertion of car-
boxylic groups onto the particle surfaces that can be used for particle 
functionalization in a subsequent reaction step. However, as AA is very 
reactive, addition of AA into the reaction medium can significantly 
affect the course of the polymerization and the properties of the final 
product. 

Fig. 2-A shows the dynamic trajectories of overall monomer con-
versions for the distinct reactions. As shown in all cases, reactions were 
extremely fast and monomer conversions approached 100% in less than 
20 min, indicating that polymerization reactions could be safely halted 
after 60 min of reaction. Additionally, monomer conversions were not 
very sensitive to addition of AA at the analyzed conditions. Fig. 2-B 
shows dynamic trajectories of overall monomer conversions when re-
actions were performed in the presence of the drug. As in the case of the 
copolymerization, addition of rivastigmine did not affect the monomer 
conversion trajectories significantly, as high conversion values were 
obtained once more in less than 20 min. This can be regarded as a very 
positive behavior, as previous studies reported the significant inhibitory 
effect of encapsulated drugs on polymerization kinetics [50–52]. 
Therefore, addition of rivastigmine to the reaction medium at the 
analyzed concentrations did not modify the course of the polymerization 
process, which is certainly beneficial for encapsulation proposes. 

3.3. GPC analyses 

Table 2 shows the average molar mass values and the poly-
dispersities of the obtained copolymers. 

As one can see in Table 2 and Fig. 3, the addition of AA tends to cause 
the increase of the average molar masses, possibly explained by the high 
reactivity of AA. On the other hand, addition of rivastigmine tends to 
cause the decrease of the average molar masses and the increase of the 

Table 1 
Average diameters, polydispersity indexes (PDI) and zeta potentials of the ob-
tained nanoparticles.   

Size 
(nm) 

PDI Zeta Potential 
(mV) 

EE% ±standard 
deviation 

PMMA  76.64  0.229 -46.8  – 
P(MMA-co-AA) 7.5%  64.55  0.216 -45.8  – 
P(MMA-co-AA) 10%  81.82  0.217 -41.7  – 
P(MMA-co-AA) 12%  72.42  0.216 -40.8  – 
P(MMA-co-AA) 15%  536.70  1.000 NDa  – 
PMMA+0.5%R  74.49  0.236 -45.8  81.96±3.70 
P(MMA-co-AA) 10% 
+0.5%R  

75.51  0.233 -39.4  80.68±2.68 

P(MMA-co-AA) 12% 
+0.5%R  

75.18  0.154 -40.9  73.20±1.44 

PMMA +1.0%R  81.26  0.217 -52.4  91.54±2.37 
P(MMA-co-AA) 10% 
+1.0%R  

80.76  0.239 -40.3  88.92±1.18 

PMMA +1.5%R  58.29  0.080 -44.3  95.78±2.04 
P(MMA-co-AA) 7.5% 
+1.5%R  

69.82  0.129 -42.9  85.68±1.13  

a ND=not determined, due to suspension instability. 
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polydispersity index, indicating the possible role of the drug as a chain 
transfer agent. This chain transfer effect could be associated with the 
presence of multiple functional groups in the drug, corroborating the 
findings of previous works that detected similar effects when multi-
functional drugs were added to free-radical polymerization systems 
[50–53]. 

Fig. 3-A shows that, in absence of rivastigmine, all distributions were 
somewhat similar. However, Fig. 3-B shows that, in presence of riva-
stigmine, shifting towards lower molar masses could be observed, with 
formation of a bimodal distribution when 12 wt% of AA were used. This 
reinforces the assumption that rivastigmine interacts with the reacting 
system as a non-ideal chain transfer agent, particularly in presence of AA 

molecules, shifting molar mass distributions without affecting monomer 
conversions considerably. Despite that, the molecular weights were al-
ways sufficiently high to assure the successful occurrence of the poly-
merization reaction and guarantee the mechanical integrity of the 
obtained particulate material. 

3.4. NMR analyses 

NMR analyses were performed to characterize the incorporation of 
the comonomer and possible structural modifications of the polymer 
chains produced in the presence of rivastigmine. Fig. 4 presents the NMR 
spectra obtained for samples of polymer products obtained in trials 
PMMA (A), PMMA +1.5%R (B), P(MMA-co-AA)7.5% (C) and P(MMA- 
co-AA)7.5% +1.5R (D). 

As it might already be expected, all spectra presented the charac-
teristic signals associated with the PMMA structure. The peak positioned 
at δ=3.6 ppm is related to the ester group O-CH3 (H1 in Fig. 4), while the 
peaks placed at δ=1.6–2.0 ppm and δ=0.8–1.0 ppm are associated with 
methylene and methyl groups, respectively [54]. The peak located at 
δ=5.2–5.7 ppm is related to the double bond of the MMA monomer, 
indicating the existence of residual monomer in some final samples [54]. 
The copolymer compositions were calculated using the signal placed at 
δ=2.3–2.6 ppm (H2 in Fig. 4) [39,55], present in the copolymer material 
only, and were equal to 1.5 mol% for reaction P(MMA-co-AA) 12% and 
1.3 mol% for reactions P(MMA-co-AA)10% (not shown) and 0.9 mol% 

Fig. 1. Particle size distributions of obtained polymer materials in the absence (A) or in the presence (B) of rivastigmine.  

Fig. 2. Overall monomer conversion trajectories in distinct polymerization trials in the absence (A) or in the presence (B) of rivastigmine.  

Table 2 
Weight average molar masses (Mw) and polydispersities (PDI) of obtained 
polymer materials.   

Mw (kDa) PDI 

PMMA  1534  2.40 
P(MMA-co-AA) 7.5%  1743  3.59 
P(MMA-co-AA) 10%  2098  1.98 
P(MMA-co-AA) 12%  2099  1.91 
PMMA +0.5%R  1456  3.26 
P(MMA-co-AA) 10% +0.5%R  1550  3.77 
P(MMA-co-AA) 12% +0.5%R  1048  7.37  

L.H.R. Mangia et al.                                                                                                                                                                                                                            



Colloids and Surfaces A: Physicochemical and Engineering Aspects 624 (2021) 126776

6

for P(MMA-co-AA) 7.5%. These results are consistent with the ones 
presented by Campos, Ferraz and Pinto (2016), who explained the lower 
AA incorporation because of the AA polymerization in the aqueous 
phase, given the use of an aqueous soluble initiator (KPS). When using 
1.5 wt% of rivastigmine, the copolymerization of P(MMA-co-AA) 7.5% 
resulted in the final AA content of 1.9 mol%, confirming that significant 
part of the AA remains in the aqueous phase and suggesting that the drug 
can possibly affect the solubility of AA in the organic phase, allowing the 
slight increase of AA incorporation into the polymer chains. 

Regarding the presence of rivastigmine in the nanoparticles, the 
characteristic signals of the aromatic ring present in the drug (Fig. 4) at 
δ=7.03 ppm and δ=7.31 ppm were not present in the obtained NMR 
spectra of the encapsulated materials (Figs. 4-B and D). However, the 
NMR spectra revealed the presence of rivastigmine in 50:50 physical 
mixtures with polymer samples (see Fig. 4-E). This shows that riva-
stigmine can be indeed observed through NMR H1 analyses and re-
inforces that the absence of the characteristic signals of rivastigmine in 
the nanoparticle samples is probably due to the low drug contents, given 
the high encapsulation efficiencies shown in Table 1. 

3.5. FT-IR analyses and functionalization 

FT-IR analyses confirmed that addition of rivastigmine did not cause 
any significant modification of the obtained polymer material, as rein-
forced by the high linear correlation coefficients of FT-IR spectra of the 
different materials shown in Fig. 5. 

According to Fig. 5-A, the peaks positioned at 2900 cm− 1, 1720 cm− 1 

and 1100 cm− 1 can be attributed to the chemical bounds O-H, C-O-C e 
C˭O of carboxylic and ester groups present in both homopolymers and 
copolymers [39,56,57]. Bands placed at 1475–1600 cm− 1 that could be 
associated with the aromatic rings of the drug were not found, due to the 
low drug concentrations and successful encapsulation of drug molecules. 

Fig. 5-B presents the linear correlations of FT-IR spectra of materials 
prepared in absence and presence of rivastigmine. The high correlation 
coefficients (R2>0.9) indicate the high similarity of the analyzed sam-
ples and the small influence of rivastigmine on the chemical nature of 
the final polymer. Nevertheless, one can observe that the linear corre-
lation is somewhat lower when AA was added to the reaction system, 
reinforcing the assumption that rivastigmine interacts preferentially 
with AA molecules, as observed previously through the molar mass 
distributions. 

It is important to note that the peaks placed at 1600 cm− 1 and 
1640 cm− 1 shown in Fig. 5-C could only be detected for functionalized 
nanoparticles, indicating the successful formation of chemical links 
between the nanoparticle support and the bioactive immobilized TAT 

and lysine molecules. This band was less intense for TAT-containing 
products than for lysine-containing materials, which can be associated 
with the much smaller size of lysine molecules and consequently more 
frequent formation of chemical bonds on the surfaces of the nano-
particles in this case. Also, the presence of rivastigmine did not affect the 
functionalization process, as the band placed at 1600 cm− 1 could be 
observed in presence or absence of the drug. Particularly, the peaks 
positioned at 3100–3300 cm− 1 and 1600–1700 cm− 1 are characteristic 
of the amino groups present in both TAT and lysine molecules [39,57], 
confirming the successful functionalization of the final nanoparticles. 

It is important to remark that functionalization did not cause any 
significant change of the physicochemical properties of the obtained 
nanoparticles, as shown in Table 3. Lysine functionalized particles pre-
sented diameters that were approximately 25 nm larger than observed 
for original particles and kept the narrow size distributions (PDI<0.1). 
This was also true for the TAT immobilized nanoparticle selected for in 
vitro studies: PMMA-co-AA 7.5% +1.5%R. These measurements are in 
agreement with previous surface corona studies that indicated the 
approximate increment of 30 nm in average diameters of nanoparticles 
conjugated with multiple biomolecules [58]. However, an exception 
was observed for P(MMA-co-AA) 12%, which showed a substantial in-
crease of the z-average diameter. The higher hydrodynamic diameter 
could possibly suggest a physical multilayer sorption of lysine in addi-
tion to the chemical functionalization. Insignificant variation of the zeta 
potentials values was noticed in all cases, indicating the strong influence 
of the anionic surfactant on this property. 

3.6. Evaluation of cytotoxicity and cell permeability of Caco-2 cells 

The assessment of the toxicity and characterization of possible bio-
logical interactions can be of fundamental importance for use of nano-
particles as drug delivery materials. For this reason, cultures of Caco-2 
cells were selected as appropriate in vitro model due to the intrinsic 
capacity of these cells to form tight junctions and confluent cell mono-
layers, as in the case of BBB cells, being for this matter widely used an 
accurate model for cell transport studies [59]. Particularly, Caco-2 cells 
allow the evaluation of the toxicity of rivastigmine-loaded nanoparticles 
and their ability to permeate trough complex biological barriers. 

It is important to mention that the free reference drug showed no 
cytotoxicity effect (CC50>250 μg/mL, Table 4) on Caco-2 cells, which 
was already expected, given previous findings of acute toxicity of riva-
stigmine in epithelial cells only when concentrations reached 50 mg/mL 
[60]. Scialabba et al. (2012) also reported low toxicity of rivastigmine in 
neuroblastoma cells treated with maximum concentration of 
0.2 mg/mL, which is a much higher concentration value than the ones 

Fig. 3. Molar mass distributions of the obtained polymer materials in the absence (A) or in the presence (B) of rivastigmine.  
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Fig. 4. Chemical structures of the analyzed (co)polymers and drug and 1H NMR spectra of the obtained nanomaterials in the absence (A, C), in the presence (B, D) 
and in the 50:50 physical mixture with rivastigmine (E). 
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tested here. Nevertheless, the nanoparticles prepared in presence or 
absence of the drug reached CC50 value of approximately 52 μg/mL 
(Table 4), suggesting that the cytotoxic effect can be attributed to the 
latex components, such as the surfactant, but not to the polymer 

material. Additionally, the cytotoxic effects of both homopolymer 
(PMMA; CC50=52.31±7.46 µg/mL) and copolymer (PMMA-co-AA; 
CC50=34.52±10.80 µg/mL) materials were very similar to the cytotoxic 
effects of drug-loaded nanoparticles (Table 4). However, toxicity does 

Fig. 5. FT-IR spectra of the obtained polymer materials (A), the linear correlation of spectra obtained and the presence and absence of rivastigmine (B), and the 
spectra of the functionalized materials (C). 

Table 3 
Average diameters, polydispersity indexes (PDI) and zeta potentials of the 
functionalized nanoparticles.   

Size (nm) PDI Zeta potential (mV) 

P(MMA-co-AA) 7.5% +LIS  86.54  0.051 - 38.2 
P(MMA-co-AA) 10% +LIS  107.73  0.070 - 39.9 
P(MMA-co-AA) 12% +LIS  138.93  0.089 - 41.4 
P(MMA-co-AA) 7.5% +1.5%R +TAT  73.38  0.079 - 42.1  

Table 4 
Cytotoxic effect of the nanoparticles on Caco-2 cells.  

CC50 (μg/mL rivastigmine)±standard deviation 

Free rivastigmine (R) >250 
PMMA 52.31±7.46 
P(MMA-co-AA) 7.5% 34.52±10.80 
PMMA +1.5%R 52.86±9.28 
P(MMA-co-AA) 7.5% +1.5%R 51.26±16.76  
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not seem to be associated with the comonomers, as the selected co-
monomers have been widely used for manufacture of many distinct 
materials intended for biomedical applications [61]. As a matter of fact, 
the obtained data suggest that the nanoparticle toxic effect can be 
associated with the ingredients of the latex, such as the surfactant (SDS) 
present in the reaction and in the final latex formulation. This hypothesis 
is strongly supported by the continuing discussion regarding the cellular 
toxicity of surfactants in general and of SDS in particular [62,63], which 
drives the continuous search for more biocompatible surfactants for 
these polymerization systems [64]. 

Nevertheless, it is important to highlight that the encountered CC50 
values are associated with large periods of incubation (72 h) and high 
concentrations of nanoparticles (1.4 mg/mL), which are indeed too high 
when compared to expected real in vivo applications, given the low 
amounts of rivastigmine recommended for medical treatment. Addi-
tionally, previous reports indicated low toxic effect of poly(methacry-
lated α,β-poly(N-2-hydroxyethyl)-dl-aspartamide) (PHM) nanoparticles 
(1 mg/mL) in human myeloid leukemia cells (K-562) [44] and of PMMA 
nanoparticles (1 mg/mL) in human leukemic cells (THP1) and pulmo-
nary adenocarcinoma (A549) [28]. It is also important to indicate that 
freeze dried PMMA nanoparticles synthesized with similar methodology 
and using SDS as surfactant were also tested in K-562 cells and showed 
no significant toxicity up to 1.5 mg/mL of nanoparticles [65], which 
once more shows the impact of the composition of the latex suspension 
on the cytotoxicity and the safe use of PMMA nanoparticles. 

Pharmacokinetic studies conducted with AD patients using capsules 
and patches of rivastigmine showed a maximum plasma concentration 
of 21.6 ng/mL of the drug with a top absorption rate of 8.1 h [66]. When 
comparing these results with the CC50 values obtained here, it can be 
easily noted that the CC50 is 2,400 times higher than the maximum drug 
plasma concentration reported in human clinical treatment. Therefore, 
the required nanoparticle concentration needed for treatment would 
hardly reach toxic effects, ensuring a good safety profile of the synthe-
sized drug carriers. 

Regarding the permeability assays, the transport of nanoparticles 
through EDTA treated Caco-2 cells, taken as positive control as it can 
alter tight junctions (Fig. 6), were statistically similar (±25%) to the 

permeability of all the tested nanoparticle formulations (Table 5). This 
indicates that, for the analyzed time course of 4 h, the nanoparticles 
could successfully permeate through biological barriers independently 
of functionalization. The confirmation of cellular junction integrity 
(Fig. 6) showed that the nanoparticles did not induce cytotoxic effects, 
as tight junction disruption, maintaining the selectivity and trans-
epithelial electrical resistance of Caco-2 cells. The obtained fluorescence 
images reinforce that the transport of nanoparticles was performed only 
through the cell membrane (Fig. 6). Loss of tight junction integrity was 
clearly observed only in EDTA treated Caco-2 cells (Fig. 6). Thus, the 
obtained data suggest that all the analyzed nanoparticles presented high 
permeation ability through the membranes, since only 4 h were suffi-
cient to ensure the fast passage until gradient equity, which constitutes a 
very positive result. Also, the observed permeability values were very 
similar to the positive control (without addition of Caco-2 cells), indi-
cating that the nanoparticles permeated without extra resistance 
through the monolayer of intestinal epithelial cells. 

Similar performances of functionalized and non-functionalized 
nanocarriers were also reported by Yang et al. (2013) for in vitro 
permeation of CPP-functionalized liposomes loaded with rivastigmine 
through endothelial cells of mice for 24 h [67]. Thus, nanoparticle 
internalization can be achieved without the aid of TAT, which can be 
attributed to the reduced size of the nanoparticles. Feng et al. (2005) 
showed that cellular uptake of polymeric nanoparticles by Caco-2 can be 
significantly affected by the polymer material, concentration 
(500 μg/mL showed the best results) and size (with optimum uptake 
with 100 nm nanoparticles), indicating the existence of a very complex 

Fig. 6. Micrographs obtained after performing the Transwell test for cell control (A), test with P (MMA-co-AA) 7.5% (B), P (MMA-co-AA) 7.5% +1.5%R (C) and 
positive control (D). 

Table 5 
Nanoparticles permeability in Caco-2 cells.  

Cellular Permeability (%) ±standard deviation 

EDTA Treated Cells  24.40±0.92 
P(MMA-co-AA) 7.5%  27.10±2.13 
P(MMA-co-AA) 7.5% +TAT  23.64±0.27 
P(MMA-co-AA) 7.5% +1.5%R  24.05±0.03 
P(MMA-co-AA) 7.5% +1.5%R +TAT  23.60±1.32  

L.H.R. Mangia et al.                                                                                                                                                                                                                            



Colloids and Surfaces A: Physicochemical and Engineering Aspects 624 (2021) 126776

10

process that involves a combination of many nanomaterials properties. 
Interestingly, the authors observed a plateau of cellular uptake that in-
dicates the occurrence of saturation values for nanoparticle concentra-
tion and time of incubation (from 2 h) [68]. The latter could possibly 
explain the results found here, since the similar performances of func-
tionalized and non-functionalized nanoparticles could be associated 
with this plateau due to the long incubation periods. Mechanistic studies 
conducted with Caco-2 cells and polymeric nanoparticles (of 100 nm) 
indicated the existence of non-specific transport mechanisms with high 
permeation capacity, as fast as 1 h [69], reinforcing that the long ex-
periments can explain the observed cellular uptake of functionalized and 
non-functionalized nanoparticles. Taken together, these results indicate 
the fast permeation capacity of the synthesized nanoparticles and sug-
gest that other variables can be manipulated to characterize the phe-
nomena that can control the passage of the studied nanodevices through 
physiological barriers. 

4. Conclusion 

The present study investigated the encapsulation of rivastigmine in 
poly(methyl methacrylate – co – acrylic acid), P(MMA-co-AA), nano-
particles functionalized with the transcription activator peptide (TAT) 
and intended for biomedical applications. Encapsulation was performed 
in situ through miniemulsion polymerization at different preparation 
conditions, leading to nanoparticles with average diameters below 
100 nm and with narrow size distributions. Particularly, the highest 
encapsulation efficiencies (around 80%) were obtained when the 
comonomer mixture contained 7.5 wt% of acrylic acid in methyl 
methacrylate. Moreover, it was shown that although the drug interacts 
with the reaction medium, leading to a lower molar mass distribution, 
its copolymerization was not observed. Morphological and functionali-
zation features of the nanoparticles were not affected by the drug. 

Functionalization of polymer nanoparticles was performed through 
chemical adsorption, leading to high TAT immobilization efficiencies 
(94%). Additionally, toxicity bioassays conducted with Caco-2 cells 
monolayers revealed that the cytotoxicity of obtained particles was low 
(CC50 above 50 μg/mL of rivastigmine or 1.4 mg/mL of nanoparticles) 
and did not depend on the nanoparticle composition. Besides, the ob-
tained results indicated that the functionalized nanoparticles could cross 
the intestinal epithelial barrier successfully without damaging the 
cellular tight junctions. Finally, the obtained particles presented good 
stability, could be prepared with high encapsulation and functionali-
zation efficiencies, and presented advantageous biological properties 
that encourage the future development of biomedical uses. 
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