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Abstract 

The intravenous administration of poly(lactic-co-glycolic) acid (PLGA) nanoparticles has 

been widely reported as a promising alternative to delivery drugs to specific cells. 

However, studies on their interaction with diverse blood components combining different 

techniques are still missing. Therefore, in the present work, the interaction of PLGA 

nanoparticles with blood components was described using different complementary 

techniques. The influence of different encapsulated compounds / functionalization agents 

on these interactions was also reported. It is worth noting that all these techniques can be 
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simply performed, without the need of highly sophisticated apparatus or skills. Moreover, 

their transference to industries and application of quality control could be easily 

performed. Serum albumin was adsorbed onto all types of tested nanoparticles. The 

saturation concentration was dependent on the nanoparticle size. In contrast, fibrinogen 

aggregation was dependent on nanoparticle surfaces charge. The complement activation 

was also influenced by the nanoparticle functionalization; the presence of a 

functionalization agent increased complement activation, while the addition of an 

encapsulated compound only produced a slight increase. None of the nanoparticles 

influenced the coagulation cascade at low concentrations. However, at high 

concentration, cationized nanoparticles did activate the coagulation cascade. Interaction 

of nanoparticles with erythrocytes did not reveal any hemolysis. Interactions of PLGA 

nanoparticles with blood proteins depended both on the nanoparticle properties and the 

protein studied. Independently of their loading /surface functionalization, PLGA 

nanoparticles did not influence the coagulation cascade and did not induce hemolysis of 

erythrocytes; they could be defined as safe concerning induction of embolization and cell 

lysis.  

Keywords 

Polymeric nanoparticles, blood protein interaction, coagulation cascade, hemolysis, 

complement cascade 
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1. Introduction 

Polymeric nanoparticles have been widely studied and confirmed as nanomedicines for 

diagnostic and therapeutic purposes [1-5]. The intravenous route of administration allows 

systemic delivery of drugs [6], to achieve a specific and targeted drug delivery with 

nanoparticles to many target organs with specifically designed nanoparticles [7-9]. 

Previous studies have pointed out the importance of studying of, at least, three factors 

when nanoparticles are intended to be administered for intravenous injection: a) the 

protein adsorption pattern; b) the influence on the coagulation cascade; and c) their 

hemolytic character, as recommended by the ISO-10993 [2,10]. However, the literature is 

dispersed and only few studies reported the three factors for a series of identical 

nanoparticles [2,10-11]. 

Intravenously injected nanoparticles arrive into a solution of proteins at high 

concentration (62 – 84 g/L) [2,12]. Therefore, the protein adsorption onto nanoparticle 

surface is one of the first events that takes place when nanoparticles enter the blood 

stream. This phenomenon, termed “opsonization”, will contribute to determine the 

nanoparticle fate in the body, which depends on the protein pattern (type and amount of 

proteins) adsorbed onto each type of nanoparticles [2,8,12-14]. The adsorbed protein 

pattern depends, in turn, on nanoparticle physico-chemical properties, such as their size, 

charge and surface composition [2,8,10,13,15]. The most abundant protein in the blood is 

the serum albumin, which is present at a concentration of 40g/L. Consequently, serum 

albumin will be one of the main proteins that adsorb first onto the nanoparticle surface. 

Following, other proteins, such as fibrinogen, will displace or bound the adsorbed 
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albumin. The body recognition of the protein adsorption will be the cause of the immune 

system activation, thus producing an activation of the complement cascade, among others 

[2,12,14]. While activation of the complement cascade can be triggered by different 

signals involving different proteins, the protein C3 always acts when this cascade is 

activated. Its activation represents a key event of the complement cascade, which will 

produce the elimination of the nanoparticles that triggered the activation [12]. It seems 

that some correlation exists between low protein binding capacity of nanoparticles and 

their low potential to activate the complement system [2,16]. Having nanoparticles with 

this property is desired, because they remain in the blood circulation, thus enabling their 

distribution towards target tissues. It is also highly desired in regard with the safety, as a 

serious adverse reaction called CAPRA could appear. CAPRA produces a variety of 

symptoms similar to those of a hypersensitivity reaction, which are due to the recognition 

of nanomedicines by the immune system leading to an activation of the complement 

system [17-18]. Although this effect is difficult to study in vivo, activation of the 

complement system induced by nanoparticles can be studied by in vitro tests. 

The protein adsorption pattern onto nanoparticle surface could also influence biological 

responses such as coagulation [19]. The coagulation cascade (or blood clotting) is a highly 

complex process, activated by the fibrinogen and involving many other proteins [10,20-

21]. It is divided into two pathways: the intrinsic or contact activation pathway, activated 

by antigen-antibody complexes due to damage on a blood vessel surface, and the extrinsic 

or tissue pathway, antibody independent; finishing both in a common pathway. Previous 

studies demonstrated that intravenously injected polymeric nanoparticles could modify 
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the coagulation time by both pathways. Obviously, safe nanoparticles are expected to 

have no effect on the coagulation time. Shorter coagulation times could induce toxicity by 

formation of thrombus that could partially or completely occlude blood vessels, while an 

anticoagulant effect (longer coagulation times) would cause hemorrhage [2]. The last 

important parameter to study is hemolysis. The term hemolysis is referred to the 

disruption of the red blood cells (erythrocytes). The cause of erythrocytes hemolysis is 

another indication of nanoparticle toxicity in the blood, which concerns the integrity of 

the red blood cells [2,22]. Therefore, the results of the hemolytic nanoparticle activity will 

be an indication of their interaction with cell membrane and toxicity behavior towards 

cells [10]. 

In the present work, we chose poly(lactic-co-glycolic) acid (PLGA) nanoparticles because 

they are extensively studied as colloidal drug carriers for intravenous administration of 

drugs, since PLGA is a FDA approved polymer. Series of PLGA nanoparticles were studied, 

with different encapsulated compounds (loperamide hydrochloride as a model drug and 

Coumarin 6 as a model fluorescent molecule) and / or surface functionalizations (cationic 

carbosilane dendron and a model antibody). Although there are many studies reporting 

the interaction of blood proteins with PLGA nanoparticles [23-28], none of the work 

published so far have considered in a single report PLGA interaction with diverse blood 

components as a function of the loading / functionalization. Thus, in the present work, we 

aimed to contribute to improve the knowledge of PLGA nanoparticles interaction with 

blood complements: serum albumin and fibrinogen as model proteins, the activation of 

the complement protein C3 as indication of the activation of the complement system, the 
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interaction with the coagulation cascade and the hemolytic character of nanoparticles. In 

addition, we attempted to find out if an encapsulated compound or a modification of the 

nanoparticle surface will produce changes on their interaction with blood components. 

It is noteworthy that these nanoparticles were prepared by the nano-emulsification 

approach, using the phase inversion composition method (PIC) [29] to prepare nano-

emulsions. This method is advantageous for obtaining nanoparticles with very small 

nanometric sizes [30-31]. Smaller sizes are advantageous in terms of enhanced stability of 

the nanoparticle dispersions, as well as in avoiding blood vessels embolization and 

detection by the immune system followed by nanoparticle clearance [9,25,32-36]. 

2. Results  

2.1. Preparation and characterization of nanoparticles 

Nanoparticles were characterized by means of size and surface charge determination in 

different dispersion buffers, to assess their behavior in the different buffers used for the 

experimentation reported in the present work. The phosphate buffered saline (PBS) was 

used as the dispersion buffer to keep nanoparticles and to perform most of the 

experiments (fibrinogen and BSA adsorption, coagulation and hemolysis). The veronal 

buffered saline (VBS
2+

), together with human serum (HS) was used for the complement 

activation studies. Nevertheless, the stability of nanoparticles in VBS
2+

, without HS, was 

also studied with the aim to differentiate the effect produced by this buffer to that of the 

HS. 
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Nanoparticles physico-chemical characteristics are presented in Table 2. Non-loaded non-

functionalized nanoparticles (NP) showed hydrodynamic radii of around 20 nm, which was 

only slightly increased when Coumarin 6 (C6) was incorporated and when nanoparticles 

were functionalized either with G2SN dendron or with 8D3 antibody. However, 

loperamide loading inside of nanoparticles produced a considerable increase in the 

nanoparticle size up to 100nm in PBS buffer. This nanoparticle size increase with 

loperamide encapsulation was attributed to the oil component of the template nano-

emulsion which was different from the rest of the systems due to solubility requirements 

(unpublished results). 

NP showed negative surface charges, of around -20mV. The incorporation of an 

encapsulated compound resulted in less negative surface charges, when the compound 

was Coumarin 6, while it was more negative when it was loperamide, using PBS buffer. 

NP(8D3) showed negative charges also, but they were less negative. As expected and 

previously reported [31], the covalent binding of the G2SN dendron resulted in 

nanoparticles with a cationic surface since G2SN dendrons are cationic molecules, 

independently of the nanoparticles loading. 

Table 2 also shows the stability of nanoparticles in the above-mentioned buffers, after 1 

hour of incubation, the maximum experimental required time for complement activation 

study, by means of hydrodynamic sizes and ζ potential measurements, compared with 

initial values. The hydrodynamic radii of all studied nanoparticles (Table 2a) remain 

constant when nanoparticles are dispersed in both buffers (PBS and VBS
2+

), after 1 hour of 

Page 8 of 41Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



9 

incubation, at 37ºC. Comparing both buffers, the nanoparticle sizes did not varied 

markedly, with the exception of loperamide-loaded nanoparticles, where a nanoparticle 

size decrease of around 40nm was found in VBS
2+

, as compared with PBS buffer. However, 

the addition of HS to the VBS
2+

 dispersion media produced a remarkable nanoparticle size 

increase in most of the types studied, just after its addition (t=0). Moreover, aggregates 

were clearly formed in most nanoparticle types (NP(G2SN), NP(C6), NP(C6,G2SN) and 

NP(8D3)); thus, it was not possible to characterize them after 1 hour of incubation. Those 

non-aggregating nanoparticles (NP, NP(LOP) and NP(LOP,G2SN)) showed lower sizes after 

1 hour of incubation with VBS
2+

 and HS, as compared with their initial sizes when 

dispersed in the same buffer.  

Concerning the ζ potential stability, when nanoparticles were dispersed in PBS and VBS
2+

 

buffers (Table 2b), it did not varied after 1h incubation. However, the addition of HS 

produced a shift of the ζ potential of all types of nanoparticles to lower negative charges. 

Those nanoparticles with negative ζ potential in PBS and VBS
2+ 

buffers had surface 

charges of around -10mV, while those with positive charges shifted to negative charges 

around -2mV. Therefore, the presence of HS in the dispersion media affected both, the 

nanoparticle sizes and their surface charges. 

Table 2: Characterization of: a) nanoparticles size (hydrodynamic radii, in nm); and b) 

surface charge (ζ potential, in mV) of diverse types of the as-prepared nanoparticles 

dispersed in different buffers.  
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2.2. Interaction of nanoparticles with model proteins 

2.2.1. Interaction with fibrinogen 

The nanoparticle aggregation in the presence of fibrinogen was studied by visual 

macroscopic observations of nanoparticle dispersions. Results are presented in Table 3. 

When fibrinogen was added to the nanoparticle dispersions, those containing the dendron 

functionalization rapidly sedimented, while others remained apparently stable over a 

period of time of 1h. Their macroscopic stability was verified by optical microcopy. Size 

and ζ potential measurements were performed with those that appeared homogeneous 

by optic microscopy. 

Results are also presented in Table 3, where initial sizes in PBS are also included for 

comparative purposes. Hydrodynamic radii were slightly increased for all nanoparticles 

except for those containing loperamide, where a size reduction was observed. Surface 

charges of non-aggregating nanoparticles remained negative after fibrinogen incubation 

(Table 3), as expected, since the net charge of fibrinogen at the studied pH (7.4) is 

negative. However, in several nanoparticle dispersions, the ζ potential varied after 

fibrinogen incubation, which could be an indication of fibrinogen interaction with those 

nanoparticles, although they did not aggregate. 

Table 3: Nanoparticle dispersion characterization (Visual aspect, micrographs, 

hydrodynamic radii (nm) and ζ potential (mV)) of nanoparticle dispersions after their 

incubation with 2mg/mL of fibrinogen, in PBS buffer, for 1 hour.  
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2.2.2. Interaction with BSA 

The adsorption of bovine serum albumin (BSA) was also studied for all nanoparticles. For 

this evaluation, it was postulated that the ζ potential of the nanoparticles would change 

in case of adsorption of BSA. No change in ζ potential was observed after addition of 

increasing BSA concentrations in NP and NP(C6). ζ potential of nanoparticles incubated 

with BSA varied by increasing the BSA concentration up to a plateau value (Figure 1). The ζ 

potential of nanoparticles without BSA was positive for those nanoparticles containing 

G2SN functionalization, as expected; while it was negative for the other dispersions. At 

low BSA concentrations, the adsorbed BSA (corresponding to the y axis) was similar to the 

initial BSA concentration (x axis), indicating a high adsorption for low BSA concentrations. 

For those nanoparticles, the ζ potential obtained at the plateau varied from -18 to -10 mV 

independently on the original ζ potential. The BSA saturation took place at BSA 

concentrations lower than 10 mg/mL in all cases, except for NP(LOP). Therefore, the BSA 

concentrations of saturation found by this technique were typically below 10mg/mL. 

However, the BSA saturation concentration was different between different nanoparticles 

dispersions, thus indicating a dependence of the BSA concentration of saturation on the 

nanoparticle loading / functionalization. 
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Figure 1: BSA adsorption isotherms by means of the ζ potential measurement at 

increasing concentrations of BSA (mg/mL), in PBS buffer. a) NP(G2SN); b) NP(C6,G2SN); c) 

NP(LOP,G2SN); d)NP(LOP) and e)NP(8D3).  

 

2.3. Interaction of nanoparticles with the coagulation cascade 

The influence of nanoparticles on the coagulation cascade is another important factor that 

must be studied when nanoparticles are intended for the intravenous administration [2]. 
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In the present work, blood from healthy donors was used for this study; specifically the 

isolated plasma fraction was used. Results were tested by means of the activated partial 

thromboplastin time (APTT) and the prothrombin time (PT), as a function of the 

nanoparticle type and concentration. As Figure 2a shows, the APTT values for all 

nanoparticle dispersions are in the physiological range at lower nanoparticle 

concentrations. However, at increasing the nanoparticle concentration, an increase in the 

APTT values was found. This increase was slight for most nanoparticles, as compared with 

that of NP(G2SN). Similar results were found for the PT times (Figure 2b), although time 

increase was noticeable only for NP(G2SN) nanoparticles. The normal APTT values range 

between 25 – 35 seconds, while the basal values for the PT time range between 12 – 15 

seconds [19,21]. Therefore, at the highest concentration tested (3mg/mL), NP(G2SN) 

produced an anticoagulant effect, as reported by both coagulation parameters studied 

(Figure 2). For NP and NP(C6) a slight increase in the APTT values was also found but they 

cannot be defined as anticoagulants, since the PT times were within the normality (Figure 

2). All nanoparticles studied did not influence the coagulation times at concentrations up 

to 1mg/mL, the usual concentration used to perform coagulation studies [2]. 
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Figure 2: Coagulation time as a function of the simple type and concentration. Figure a) 

represents the APTT results while b) corresponds to the PT results. Grey zones correspond 

to the expected times for healthy donors. Mean values ± SD of at least three independent 

experiments from different donors. 
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2.4. Interaction of nanoparticles with the complement cascade 

The activation of the complement cascade was studied by measuring the activation of the 

C3 complement protein, using 2D immunoelectrophoresis. The results, presented in Table 

4, given as normalized percentages of C3 activation, show that NP were really weak 

activators of the complement system (activation of around 5%). The addition of an 

encapsulated compound produced an increase on the C3 activation, up to values around 

20 – 25%. Furthermore, nanoparticle functionalization also produced an increase on the 

complement activation. NP(G2SN) showed percentages of activation around 40%, while 

these percentages were increased up to 60% for NP(8D3). It is worth remarkable that the 

shape of the electrophoresis profiles (Figure S1, SI) depended on the functionalization 

agent. 

Table 4: Percentage of C3 complement protein activation for nanoparticles with different 

functionalizations and loadings. Mean values ± SD of at least three independent 

experiments. 
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2.5. Determination of the hemolysis 

These experiments were performed to evaluate the toxicity of nanoparticles with blood 

cells. The results are shown in Table 5. All nanoparticle dispersions, studied at the as-

prepared concentration (3mg/mL), were non-hemolytic after 10 minutes and 24 hours of 

incubation with erythrocytes, since hemolysis percentages were nearly null for all 

nanoparticles. The results allowed stating the non-cytotoxic character of the formulated 

nanoparticles, independently of their loading or functionalization. Furthermore, the 

integrity of erythrocytes was confirmed by microscopic observation (Table 5).  

Table 5: Nanoparticle hemolysis (%) of the nanoparticle dispersions (3mg/mL), after 10 

min and 24 h of incubation. Mean values ± SD of at least three independent experiments 

from different donors. 
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3. Discussion 

The protein adsorption onto nanoparticle surface is a well-known and widely studied 

phenomenon that takes place when nanoparticles enter in the bloodstream [2,15-16]. In 

the present work, PLGA nanoparticles with different loadings and functionalizations were 

studied and compared with the aim to better understand the effect on adsorbed proteins, 

of an encapsulated drug (loperamide) or fluorescent dye (Coumarin 6), of a functionalizing 

element covalently attached to nanoparticle surface (dendron G2SN or 8D3 antibody) or a 

combination between them. All these nanoparticles showed sizes (Table 2) in the range of 

intravenously administrable nanosystems (below 1 µm) in the as-prepared buffer (PBS) 

[6,25]. Therefore, the study of their interaction with blood components was considered of 

interest.  

An initial key point is the nanoparticle blood compatibility. The non-hemolytic character of 

all types of nanoparticles confirms their hemocompatibility with erythrocytes. Comparing 

with previous studies reporting PLGA nanoparticles, Kim et al., [27] found really higher 

hemolytic percentages (around 80%) than ours, which were attributed to the presence of 

a non-ionic surfactant (lauric acid sodium salt), at nanoparticle concentrations equivalent 

to ours (between 1 to 10mg/g vs our 3mg/g). They achieved a marked reduction of the 

hemolysis after the nanoparticles were coated with poly(ethyleneglycol), reaching to 

values around 20%. Nevertheless, most studies on PLGA nanoparticles did not produced 

hemolysis [11,39], as for our results. In our study, although nanoparticles were formulated 
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with polysorbate 80, they were non-hemolytic up to the concentration tested here 

(3mg/mL), independently of their loading and functionalization. 

Concerning opsonization, a first study of PLGA nanoparticle stability in different buffers 

(PBS and VBS
2+

), including human serum (HS) in the VBS
2+

 buffer, confirmed a modification 

of physico-chemical characteristics (size and surface charge) of all types of nanoparticles 

when serum was included (Table 2) which could be an indication of serum protein 

interaction with nanoparticle surface, as previously reported [19].  The size decrease 

found for loperamide-loaded nanoparticles in the presence of serum had not been 

previously described. It could be attributed to some kind of interaction of loperamide 

molecules with HS constituents, as well as to a shrinkage of the polymeric matrix. 

Nanoparticle surface charge resulted in expected values taking into account the surface 

materials nature [32,40-41].  

Studying specific proteins (fibrinogen and BSA), differential behaviors were found for 

each, as previously stated by Vauthier et al., [12] who attributed the differential protein 

adsorption as due to the differences in their conformation (size, shape and charge; as 

assessed by protein data bank (PDB).  

Fibrinogen, a rod-like shape anionic protein, only produces aggregation when nanoparticle 

surfaces were cationic (Table 3). The slight increase on the nanoparticle size found for 

non-aggregated dispersions may be due to fibrinogen adsorption. However, the size 

decrease found for loperamide-loaded nanoparticles was not expected (Table 3). An 

interaction of the fibrinogen with the drug could be hypothesized, producing shrinkage of 
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the polymeric nanoparticle corona. This size decrease represents a confirmation of the 

above-mentioned possible interaction of loperamide with components of the serum.  

The adsorption of BSA onto nanoparticle surface has been widely reported for different 

kinds of polymeric nanoparticles [12,16,24,39], including PLGA nanoparticles [42]. In the 

present work, adsorptions typically lower than 10mg/mL of BSA (300 µg/cm
2
) were found 

(Figure 1 and Table 6). Comparing different nanoparticle types, only 8D3-functionalized 

nanoparticles showed much lower saturation concentrations than other nanoparticle 

types (between 100 – 300 µg/cm
2
). As expected, the BSA adsorption depended mainly on 

the nanoparticle surface. Nanoparticle sizes increased notably after the BSA incubation, 

except NP(LOP), which is in good agreement with fibrinogen size determinations. The 

nanoparticle size increase was an indication of the BSA adsorption onto the nanoparticle 

surface instead of within the polymeric matrix, as previously reported for other polymeric 

nanoparticles [16]. 

Comparing with previous bibliography, similar BSA concentrations of saturation were 

found in previous studies considering polymeric nanoparticles [12,43]. Studies concerning 

PLGA nanoparticles also exist [23-25,39]. Most of them [23,25,39] consist on comparative 

studies between non-coated and coated PLGA nanoparticles (e.g. PEGylation or 

thiolation). All they stated a lower protein adsorption after the nanoparticle 

functionalization due to the reduction of the hydrophobicity of nanoparticle surface. The 

protein interaction dependence on the nanoparticle surface hydrophobicity is in good 

agreement with previous reports [44-45].  
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BSA density per surface unit was studied in depth (Table 6). Around a hundred BSA 

molecules were adsorbed per unit of surface in most of nanoparticle dispersions. 

However, for loperamide-loaded nanoparticles, the BSA adsorption density increased up 

to values typically higher than a thousand (Table 6). For NP(LOP) and NP(8D3), two 

saturation values were set, corresponding to each of the saturation plateaux (Figure 1). 

Comparing experimental NBSA with theoretical values obtained from the dimensions of the 

BSA molecule (Figure 3), experimental adsorption of NP(G2SN) and NP(C6,G2SN) are 

closer to the values of a BSA contact by the side with its small surface (32nm
2
) (Table 6). In 

contrast, NP(LOP,G2SN) showed numbers of BSA adsorption closer to the BSA contact by 

the side with higher surface (64nm
2
). In addition, for NP(LOP) and NP(8D3), at low BSA 

concentration, the BSA molecules interact with nanoparticles by their bigger surface, but 

when BSA concentration is increased, a high osmotic pressure might be caused by excess 

BSA molecules, resulting in a shift to a BSA interaction by their smaller surface (Figure 3, 

from a) to b)). In a first analysis of the results, a monolayer of BSA molecules around each 

nanoparticle was suggested. However, for NP(LOP), a multilayer BSA adsorption could be 

hypothesized since the number of BSA molecules adsorbed per surface unit was much 

higher than those calculated theoretically. The BSA adsorption in a multilayer 

conformation was previously envisaged [43] and attributed to an enhanced affinity of the 

nanoparticle components for the BSA molecules.  

Table 6: Nanoparticle hydrodynamic size, [BSA]saturation, and number of BSA molecules 

adsorbed onto an equivalent surface (NBSA), for different types of nanoparticles at a 
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nanoparticle surface of 1000 cm
2
. Initial sizes were used for any calculation. Parameters of 

NP and NP(C6) could not be calculated, since a change in the ζ potential was not observed. 

 

 

Figure 3: Schematic representation of the two possible orientations of BSA molecules onto 

nanoparticle surface. a) Surface in contact = 64 nm2; b) Surface in contact = 32 nm2; and 

c) Dimensions of the BSA molecule. 

 

Page 24 of 41Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



25 

 

The nanoparticle influence on the coagulation is another important factor to take into 

account before the intravenous administration [2,11]. Although NP(G2SN) produced a 

marked anticoagulant effect at the highest concentration (3mg/mL), all nanoparticles 

studied can be administered with safety conditions concerning coagulation issues at 

concentrations up to 1mg/mL and most of them even at concentrations up to 3mg/mL; 

which is a markedly higher concentration than those reported previously [10-11,20]. 

Therefore, our nanoparticles could be more appropriate than previously designed 

nanoparticles for the intravenous administration in terms of coagulation.  

Since fibrinogen is a critical component of the coagulation cascade, results concerning 

fibrinogen aggregation and those for the coagulation cascade should agree [6,19]. Only 

NP(G2SN) produced fibrinogen aggregation and an anticoagulant effect simultaneously at 

higher concentration . Since fibrinogen forms aggregates with the nanoparticles, it may be 

not accessible to be used by the coagulation cascade, resulting in an anticoagulation 

effect. 

The activation of the complement cascade is another important factor to study before the 

intravenous administration, since it gives an indication of the nanoparticle recognition by 

the immune system [6,17]. As described in the results section, the complement activation 

depended on the nanoparticle loading but in a higher degree on their functionalization 

(Table 4). Different functionalizations tested showed different level of complement 

activation. It is worth remarking that the complement cascade includes an amplifying 

system, therefore, it may be induced by small changes of conditions, as shown in this 
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study. Enhancement of complement activation by antibody functionalization was 

consistent with results reported in previous literature [17,46-47]. Pham et al., [47] stated 

that the classical pathway of the complement system, where C3 protein is also involved, is 

usually activated due to the presence of antibodies. In addition, Moghimi et al., [17], 

found an increase in the complement activation when nanoparticles were antibody-

functionalized. Regarding NP nanoparticles, previous studies reported similar and higher 

values of complement activation for polymeric nanoparticles [11-12,34-35,38,48]. 

Bertholon et al., [38], for example, found activation percentages up to 40%, for certain 

types of dextran-coated nanoparticles. Previous studies of PLGA nanoparticles 

complement activation [11,26,28,39] reported a weak to high activation of the 

complement system, attributed to the PLGA hydrophobicity. Our nanoparticles, 

independently of the loading / functionalization, produced lower activations of the 

complement system. Although it is believed that nanoparticles with sizes below 100 nm 

are less uptaken by macrophages and less recognized by opsonins [34-35], our results 

were consistent with those of Bertholon et al., [38], who found no relation between the 

nanoparticle size and the activation of the complement system.  

Aiming to reach a target tissue located outside organs of the immune system, it is desired 

that the nanoparticles will not be detected by the immune system [14,38]. The in vitro 

activation of the complement system was previously reported to directly depend on the 

concentration of the nanoparticles [49-50]. Therefore, NP(8D3) nanoparticles could be 

used at lower concentrations, thus, their activation of the complement system would be 

reduced. In addition, as compared with previous studies [11-12,26,39], our NP 
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nanoparticles represent more appropriate systems for the intravenous administration in 

terms of activation of the immune system, since they would not activate the complement 

system [18]. 

Previous studies stated a relationship between the complement activation and the protein 

adsorption, since the complement system is involved in opsonization (clearance of 

protein-coated nanoparticles) [11-12,14,38-39]. Nevertheless, factors affecting both 

parameters have been not fully described. Some authors state that the smaller the 

nanoparticles, the lower the opsonization [9], as indicated above. This was only found in 

the present work for studies of the BSA adsorption, where the number of molecules of 

BSA adsorbed per surface unit was larger for bigger nanoparticles (Table 6). Other authors 

reported dependence between the nanoparticle surface charge and protein adsorption / 

opsonization [10,51]. In the present work, only the fibrinogen aggregation depended on 

the nanoparticle surface charge. A more general dependence between the surface 

functionalization and the opsonization has been reported by other authors [10,39]. In the 

present work, BSA and fibrinogen adsorption, as well as the complement activation were 

dependent on the nanoparticle surface.  

4. Experimental 

4.1. Materials 

Poly-(lactid-co-glycolic) acid (PLGA) with a lactic to glycolic ratio of 75/25 and a molecular 

weight of 10,000 Da was purchased from Evonik (Resomer 752H). Polysorbate 80 was a 

kind gift from Croda (Tween 80 ®). Bovine serum albumin (BSA), agarose, the salts of the 
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buffers (Sodium chloride, disodium monophosphate dehydrate and sodium diphosphate 

dehydrate for phosphate buffered saline (PBS: 10mM, NaCl 140mM, KCl 25mM, pH=7.5), 

for the tricine buffer (1mM calcium lactate, 63mM TRIS and 27mM tricine) and for the 

veronal buffer VBS
2+

 (0.15mM calcium chloride, 0.5mM magnesium chloride), human 

fibrinogen, the complement C3 antiserum rose in goat, Comassie Blue and acetic acid 

were purchased from Sigma. human serum (HS) was obtained from Etablissement 

Française du Sang, Kremblin Bicêtre, France. Ethyl acetate was purchased from Merck. 

HemosIL SynthASil and HemosIL RecombiPlasTin 2G from Instrumentation Laboratory 

Company, Bedford MA, USA.  Water was MillQ filtered. 

4.2. Methods 

4.2.1. Nanoparticle preparation 

PLGA nanoparticles were prepared from nano-emulsion templating, using the phase 

inversion composition (PIC) emulsification method to prepare polymeric nano-emulsions 

[29] followed by solvent evaporation to obtain nanoparticles as described in previous 

bibliography of our group [30-31]. A purification step was added afterwards to remove the 

traces of surfactant excess. All nanoparticles were dispersed in an isotonic phosphate 

buffered saline (PBS) solution, at the physiological pH (7.4) and osmolality (300mOsm/kg). 

The nano-emulsion system used consisted of PBS (W)/ polysorbate 80 (S)/ [4wt% PLGA in 

ethyl acetate] (O). Different types of PLGA nanoparticles were prepared, described in 

Table 1. Differences between the types are their loadings and functionalizations. Two 

different compounds were included as loading: the fluorescent dye Coumarin 6 (C6), with 
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the future aim to use the nanoparticles as imaging agents; and the drug loperamide 

hydrochloride (LOP), with the aim to use nanoparticles as drug carriers. As 

functionalization agents, carbosilane cationic dendrons of the second generation (G2SN) 

and the anti-transferrin receptor monoclonal antibody (8D3) were used, with the aim to 

passively and actively vectorize nanoparticles to the blood-brain barrier, respectively. The 

loadings were added as a component of the oil phase of the template nano-emulsions, 

thus achieving high entrapment efficiencies. The functionalization agents were covalently 

attached to PLGA after nanoparticle formation, by means of the carbodiimide reaction 

[31]. 

Table 1: Identification codes for all types of nanoparticles used in this work. 

 

4.2.2. Characterization of nanoparticles size and surface charge 
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Nanoparticle hydrodynamic sizes were measured using the dynamic light scattering 

technique (DLS) while surface charge was assessed by means of the ζ potential. The 

surface charge was obtained using the Hückel-Onsager equation, from the electrophoretic 

mobility determinations [37]. Both measurements were carried out using the ZetaSizer 

Nano (Malvern, France). Nanoparticles were diluted 1/20 with water to accomplish the 

conductivity requirements of the equipment. Values are given as means and standard 

deviations. 

4.2.3. Stability of nanoparticle dispersions in buffers 

The stability of nanoparticle dispersions was measured by means of size and ζ potential 

determination, at the initial preparation time and after 1 hours of incubation at 37ºC in 

different buffer. The PBS, VBS
2+

 and VBS
2+

 + HS were used, since these were the buffers 

used for further experimentation. 

4.2.4. Interaction of nanoparticles with fibrinogen 

Nanoparticle dispersions were incubated for 1h with fibrinogen solutions at 0 and 2 

mg/mL fibrinogen concentration (Human fibrinogen from Sigma) dissolved in PBS 100mM, 

pH 7.4, at a nanoparticle / fibrinogen solution volume ratio of 1/10. The macroscopic 

behavior of the dispersion during fibrinogen addition was observed to follow occurrence 

of precipitation. The microscopic aspect of the dispersions containing 2mg/mL of 

fibrinogen was observed with an optical microscope using the phase contrast mode 

(Olympus BH2). Dispersions that appeared homogenous by microscopic observations were 

characterized by means of DLS and ζ potential, using a Malvern Z Sizer Nano Z [37]. 
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4.2.5. Interaction of nanoparticles with bovine serum albumin (BSA) 

Nanoparticles at a concentration of 1000 cm
2
/mL were incubated with different 

concentrations in a range from 0 to 40 mg/mL of BSA in PBS, for 10 minutes, at 37ºC, in a 

total volume of 50 µL. After incubation, the BSA adsorption was determined by means of ζ 

potential measurements. Adsorption isotherms were plotted to study the BSA 

concentration of saturation. The adsorption concentrations were also evaluated as mass 

per cm
2
 of nanoparticle surface, with the aim to compare the adsorption between the 

different nanoparticles and with theoretical calculations. In addition, the size of the 

nanoparticles was evaluated before and after the incubation with BSA at the saturation 

concentration. Theoretical calculations were performed to calculate the number of BSA 

molecules adsorbed per surface unit for different nanoparticle types (NBSA). NBSA was 

calculated from the experimental values obtained, taking into account the BSA saturation 

concentration and nanoparticle dimensions. It was also calculated the theoretical NBSA 

taking into account the dimensions of the BSA molecule [12,16]. Since BSA has around 

8x8x4 nm, two surfaces could be in contact with nanoparticle surface (32 or 64nm
2
). 

Therefore, two theoretical calculations were possible. 

4.2.6. Interaction of nanoparticles with the coagulation cascade 

Influence of the addition of nanoparticles in plasma on the coagulation cascade was 

assessed in vitro by measuring the activated partial thromboplastin time (APTT), which is a 

measure of the intrinsic coagulation pathway, and the prothrombin time (PT), which is a 

measure of the extrinsic coagulation pathway. Basal values of the APTT range between 25 
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– 35 seconds while PT range between 12 – 15 seconds [19,21]. The experimental protocol 

used was described by Dobrovolskaia et al., [19], although slight modifications were 

introduced in the present work. In brief, blood from healthy donors was collected in 

Vacutainer tubes (BD Diagnostics Franklin Lakes, New Jersey) containing sodium citrate as 

anticoagulant. The plasma was isolated by recollecting the supernatant of the centrifuged 

blood at 3,000 rpm, 10 min at 25ºC. Then, plasma was subjected to clotting tests, both 

measured using a Coagulometer KC1. 10 μL of each sample were added to 100μL of 

plasma and incubated for 30 minutes, under continuous shaking, at 37ºC. Each sample 

was tested in triplicate. For the PT assessment, once a sample was placed into the 

coagulometer, 200 μL of the phospholipid calcium thromboplastin were added and the 

coagulation time was automatically assessed. For the APTT assessment, 100 μL of 

cephalin, a negatively charged phospholipid acting as contact activator, were added to the 

sample previously placed in the coagulometer. The mixture was incubated for 2 minutes, 

followed by the addition of 100 μL of calcium chloride to activate the clot formation; and 

measurement of the coagulation time. 

4.2.7. Interaction of nanoparticles with the complement cascade 

Activation of the complement system induced by the different types of nanoparticles was 

evaluated using a 2D immunoelectrophoresis method, as described in the previous 

literature [12,38]. 

In brief, 50µL of the nanoparticle dispersion at a nanoparticle concentration of 1000 cm
2
 

per mL, in PBS (calculated by their hydrodynamic sizes) were incubated with 50µL of 
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human serum and 50µL of veronal buffer containing 0.15mM calcium chloride and 0.5mM 

magnesium chloride, for 1 h, at 37ºC. After incubation, 5µL of each sample were placed to 

a first electrophoresis on 1% agarose gels. The second dimension electrophoresis was 

carried out on Gelbond® films in 1% agarose gel plates containing a polyclonal antibody to 

human C3 (Complement C3 antiserum rose in goat, Sigma, France), recognizing both C3 

and C3b. the films were dried and stained as reported for BSA studies, to reveal the 

presence of C3 and C3b which have reacted with the antibody (Sigma). The complement 

activation percentage was calculated from the ratio between the area of the peak 

attributed to C3b over the sum of the areas of the peaks attributed to C3 and C3b. 100% 

indicated the total activation and 0% the spontaneous activation measured in absence of 

nanoparticles (normalized values with the positive and negative controls). 

4.2.8. Determination of the hemolysis 

Erythrocytes or human red blood cells (RBS), kindly provided by healthy volunteers that 

gave their informed consent (Blood Bank, Hospital Clinic i Provincial de Barcelona, Spain), 

were obtained by centrifugation (10 min, 867 g). All experiments were performed in 

compliance with the Ethical Committee of the University of Barcelona, which approved 

them before the starting of the experimental procedures, following the Guidelines of the 

European Community Council in accordance with the Nuremberg Code (Directive 

2004/23/EC).  Supernatants were ruled out and the erythrocytes were resuspended in PBS 

to remove other cells and traces of plasma. This washing step was repeated trice and 

then, erythrocytes were dispersed in PBS, at a concentration of 8 x 10
9
 cells/mL. The 
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hemolytic activity was assessed by spectroscopic experiments [22]. 1 mL of each sample 

(3mg/mL of nanoparticles) was placed in an eppendorf, and mixed with 25 µL of RBC. The 

mixture was incubated at 25ºC, under continuous agitation for the required time (10 

minutes or 24 hours) and then centrifuged for 5 minutes, at 867 g at room temperature. 

The percentage of hemolysis was spectroscopically assessed by comparing the absorbance 

(λ=540 nm) of the samples with the positive (distilled water) and negative (PBS) controls. 

The results are expressed as the percentage of hemolysis caused. 

4.2.9. Microscopic observations 

Optical microscopy was used to observe the presence of aggregates in samples in which 

fibrinogen was added. Observations were performed using the phase contrast mode 

(Olympus BH2) to highlight occurrence of microscopic phase separation in samples. 

5. Conclusion 

In conclusion, the interaction with two model blood proteins (BSA and fibrinogen), the 

activation of the coagulation and complement cascades and the production of hemolysis 

have been studied for diverse types of PLGA nanoparticles as a function of their loading 

and functionalization. Nanoparticles tested in this work did not produce hemolysis, 

indicating that they do not induce toxicity to erythrocytes. The more appropriate 

nanoparticles to be intravenously administered were those without any loading and 

functionalization. The introduction of a loading produced a slight increase in the 

complement activation, while the nanoparticle functionalization produced an increase of 

this activation. Loperamide enhancement of BSA adsorption onto nanoparticle surface 
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was attributed to the bigger sizes of loperamide-loaded nanoparticles. The G2SN 

nanoparticle functionalization affected the fibrinogen aggregation as well as the 

coagulation cascade, due to the positive charges of the surface. Therefore, some 

modifications should be included onto nanoparticle surface of G2SN-functionalized 

nanoparticles for their use as intravenous delivery systems, while other nanoparticles (e.g. 

loperamide-loaded nanoparticles) are already appropriate for the intravenous 

administration. 
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