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As nanomedicines have the potential to address many currently unmet medical
needs, the early identification of regulatory requirements that could hamper a
smooth translation of nanomedicines from the laboratory environment to clinical
applications is of utmost importance. The blood system is especially relevant as
many nanomedicinal products that are currently under development are designed
for intravenous administration and cells of the blood system will be among the first
biological systems exposed to the injected nanomedicine. This review collects and
summarizes the current knowledge related to the blood compatibility of nanomedi-
cines and nanomaterials with a potential use in biomedical applications. Different
types of nanomedicines were analyzed for their toxicity to the blood system, and
the role of their physicochemical properties was further elucidated. Trends were
identified related to: (a) the nature of the most frequently occurring blood incom-
patibilities such as thrombogenicity and complement activation, (b) the contribu-
tion of physicochemical properties to these blood incompatibilities, and (c) the
similarities between data retrieved from in vivo and in vitro studies. Finally, we
provide an overview of available standards that allow evaluating the compatibility
of a material with the blood system.
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1 | INTRODUCTION

The advantages of applying nanotechnology in the medical field have been extensively reviewed (Kaur et al., 2014) and the
potential of nanomedicines raises many hopes to address unmet medical needs, as defined by the WHO in its report on priority
medicines for Europe (Kaplan et al., 2013). The feasibility of translating innovative therapeutic concepts into medicinal prod-
ucts has been recently shown (D'Mello et al., 2017). In the United States, there is a clear increase in the number of applications
for drug products seeking regulatory approval from the Food and Drug Administration’s (FDA's) Centre for Drug Evaluation
and Research (CDER), with more than 359 applications already submitted and each year more than 15 new applications being
registered. Similarly, in Europe more than 250 clinical trials have been registered, and approximately 30 different
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nanotechnology-based products have been approved (European Clinical Trials Database, 2017). Such success stories contrib-
ute to the positive market forecasts, which predict that the global nanomedicine market size could reach approximately $350.8
billion by 2025 (Grand View Research, 2017).

However, the full exploitation of nanotechnology in medicinal products still requires efforts to anticipate the upcoming
challenges in translating it from the laboratory environment to clinical applications. A systematic analysis of the rate and rea-
sons for failure of nanomedicines in preclinical and clinical development would be relevant, but is not yet available. Neverthe-
less, as toxicity accounts for 20% of all drug failures in clinical trials, toxic effects must be considered as potential
contributors to the failure of nanomedicines (Kola & Landis, 2004). In particular, effects on the blood system are responsible
for 11% of the total drug withdrawals reported by the FDA (Onakpoya, Heneghan, & Aronson, 2016). With the growing evi-
dence of blood incompatibilities of nanomedicines in the scientific literature, we decided to perform a detailed analysis of
those publications reporting blood incompatibilities of nanomedicines and nanomaterials with a potential use in biomedical
applications. Different types of nanomedicines were analyzed for their toxicities to the blood system and the role of physico-
chemical properties was further elucidated. Especially, the particularities of the involved nanomaterial need to be understood
as they might trigger unexpected adverse events. Such knowledge will support the design of nanomedicines in the research
and development phase and contribute to the reduction of failure rates in clinical studies thereafter. A detailed understanding
of mechanisms leading to blood toxicity could allow the selection of the most relevant and suitable test methods for screening
the blood compatibility early in product development. Although a number of standard test methods have been identified, their
relevance and suitability for the evaluation of the most important toxicological mechanisms leading to blood incompatibilities
need to be demonstrated.

2 | SEARCH STRATEGY

2.1 | Blood toxicities triggered by nanomedicines

An extensive literature review was carried out using Scopus, GoPubMed and Web of Science databases to identify and collect
peer-reviewed scientific articles reporting blood toxicological effects of various types of nanomaterials with potential use in
the biomedical field and nanomedicine. The working definition of nanomedicines established by the European Medicines
Agency (EMA) was used in this study, described as purposely designed systems for clinical applications with at least one
component at nanoscale size and resulting in definable specific properties and characteristics (Hernán Pérez de la Ossa, 2014;
Quiros-Pesudo et al., 2018). The bibliographic search covered publications until April 2017. Nanomedicines were classified in
the following types: lipid-based, polymer-based, or inorganic nanoparticles (NPs) using the classification scheme of Wicki,
Witzigmann, Balasubramanian, and Huwyler (2015).

Three blood incompatibilities were considered for in vivo studies: hematology (including hemolysis and leukocyte count),
thrombosis, and complement activation; according to the recommended categories and assays proposed in ISO 10993-4 (ISO,
2017b). For in vitro studies, the endpoints assessed were: hematology, coagulation, platelets (aggregation and/or activation),
and complement activation. In addition, available information regarding the different physicochemical properties of nanomedi-
cines, which the authors claimed to have an effect on blood toxicity was extracted, when available, from the identified
publications.

For in vivo studies, the used keywords were: (nano*) AND (biomedic* or nanomed*) AND hemolysis or haemolysis
AND in vivo; (nano*) AND (biomedic* or nanomed*) AND thrombosis AND in vivo; and (nano*) AND (biomedic* or
nanomed*) AND complement activation AND in vivo.

For in vitro studies, the keywords used were: (nano*) AND (biomedic* or nanomed*) AND hemolysis or haemolysis
AND in vitro; (nano*) AND (biomedic* or nanomed*) AND coagulation AND in vitro; (nano*) AND (biomedic* or
nanomed*) AND platelet AND in vitro; and (nano*) AND (biomedic* or nanomed*) AND complement activation AND
in vitro.

The flow diagram of the search strategy used is shown in Figure 1. The search resulted in 1,247 records, which were col-
lected, and identified duplicates were removed. Reviews, conference proceedings, and book chapters were excluded from the
quantified results, leading to 853 screened full-text articles. Data on nanoparticles targeting coagulation diseases or the
immune system with desired therapeutic activities (e.g., procoagulant or anticoagulant effects) were excluded from our data,
giving a final data set of 662 articles which were considered relevant for our study (147 articles for in vivo and 515 for
in vitro studies). Information regarding the materials tested, the type of blood incompatibility and the corresponding reference
to the articles used for the study are listed in Supporting Information Tables S1 and S2. Information about the blood incompat-
ibilities reported (e.g., hematology) the effect observed (e.g., hemolysis), the type of nanoparticle causing it (e.g., inorganic
nanoparticles) and where possible, the nanoparticles physicochemical properties was extracted from each article. In our
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analysis, a single publication with information on more than one physicochemical property would be counted more than once.
The data generated in this review will be accessible from the JRC data catalogue (http://data.jrc.ec.europa.eu/).

Nanoparticles were considered hemolytic when a percentage of in vitro hemolysis above 5% was reported. Currently, there
are no established pass/fail criteria for alterations in thrombosis or for a level of complement activation that is clinically rele-
vant. Therefore, for this review, all the publications reporting an increase in the levels of complement activation or altered
thrombogenicity (coagulation or platelets for in vitro studies) have been considered as positive for these endpoints. However,
it should be kept in mind that a statistically significant change in clotting times does not necessarily equate to a biological rele-
vant response, because normal hemostasis can occur even if the activity of a particular clotting factor is reduced dramatically.
The present study does not take into account published literature on white blood cells; which is subject of a recently published
study by the JRC (Halamoda-Kenzaoui & Bremer-Hoffmann, 2018a).

From the 147 screened publications for in vivo studies, 46 publications reported blood toxicities and contained information
regarding the contribution of NPs physicochemical properties on the reported blood incompatibilities. For in vitro data, 153 publi-
cations reported blood toxicities and contained information regarding the contribution of each NP property on the reported toxic-
ities. Contributions of different physicochemical properties of nanomedicines to blood incompatibilities were calculated.

We would like to note that leading to firm conclusions was challenging in this extensive review due to the heterogeneity of pub-
licly available data on preclinical effects of nanomedicines. A lack of harmonization regarding the information available in the litera-
ture about dose-selection, dose-metrics, blood preparation, assay formats or species to use did not allow performing a quantitative
analysis for the establishment of dose–effect relationships of physicochemical properties and adverse effects (Dobrovolskaia, Shurin,
& Shvedova, 2016). Furthermore, the origin of data deriving from animal in vivo studies, human in vivo studies, and in vitro studies
using blood from multiple species complicates the comparison of results obtained by different laboratories.

2.2 | Available guidelines for blood compatibility testing

A search of available standards and guidelines for in vitro preclinical characterization of blood compatibility was performed to
have an overview on available standards that can address the above-identified endpoints. Documentary Standards from the
International Organization for Standardization (ISO), ASTM International, European Committee for Standardization (CEN),
International Council for Standardization in Haematology (ICSH), Clinical & Laboratory Standards Institute (CLSI), and Reg-
ulatory Agency Guidance Documents were screened. Relevant assays for regulatory purposes were identified and listed,
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FIGURE 1 Flow diagram of the methodology used to select articles which were included in the study. It is based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA). The diagram maps out the number of records (n) identified, included, and excluded; and the reasons for
exclusion
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including information regarding the type of document, the blood incompatibility addressed and the in vitro or in vivo methods
described.

3 | BLOOD TOXICITIES TRIGGERED BY NANOMEDICINES

3.1 | In vivo blood toxicities triggered by nanomedicines

In the first step of our literature review, we identified 147 articles reporting on in vivo studies that assessed adverse effects of
three types of nanoparticles: lipid-based, polymer-based, and inorganic nanoparticles. In all, 31% of these studies (46 out of
147 publications) described blood toxicities (Figure 2a) which have been grouped according to their three main biological
effects on: hematology, thrombosis, and complement activation.

Thrombosis represents the most commonly reported blood toxicity during preclinical characterization of nanomedicines
in vivo, with 61% of reported cases from the total blood toxicities (28 out of 46). The remaining reports on blood toxicities
were associated with undesired complement activation (28%, 13 out of 46) and alterations on hematology (11%, 5 out of 46).

Thrombogenicity is the propensity of a material to induce blood clotting and partial or complete occlusion of a blood ves-
sel by a thrombus (a mixture of red blood cells [RBCs], aggregated platelets, fibrin, and other cellular elements). Thrombosis
comprises diverse effects such as platelet aggregation, plasma coagulation, disseminated intravascular coagulation, and leuko-
cyte procoagulant activity. Nanoparticles intended for drug delivery applications are intentionally engineered to reduce their
clearance from the bloodstream and extend their systemic circulation times to increase drug delivery to a target site
(Dobrovolskaia & McNeil, 2013). This extended exposure of the nanoparticles to coagulation factors and platelets may
amplify adverse effects such as disseminated intravascular coagulation, which is a coagulation toxicity characterized by initial
massive blood clotting, and it is increasingly being reported for cationic engineered nanomaterials (Dobrovolskaia & McNeil,
2015). Safe nanoparticles are expected to have no effect on the coagulation time. Shortening of coagulation times can induce
toxicity by formation of a thrombus that could partially or completely occlude blood vessels; while an anticoagulant effect
(longer coagulation times) could cause hemorrhaging (Dobrovolskaia, Aggarwal, Hall, & McNeil, 2008). Furthermore, nano-
particles may interact with and modulate the activity of various components of the coagulation system such as platelets, endo-
thelial cells, leukocytes, and plasma coagulation factors. However, the detailed mechanisms of procoagulatory events upon
blood contact with artificial surfaces are still not fully understood (Braune, Grunze, Straub, & Jung, 2013), despite this being
the most reported, as well as intensely researched, blood adversity of nanomedicines in vivo.

In addition to effects leading to thrombosis, we could demonstrate that undesired complement activation was reported in
28% (13 out of 46) of the reviewed articles describing blood toxicities (Figure 2a). The complement system is a group of pro-
teins from the innate immune system that are linked to each other in a biochemical cascade which contributes to the removal
of pathogens from the body and supports cell-mediated immunity. The activation of the complement by a pathogen or a nano-
structure can be triggered by different initiation pathways involving different proteins, in which the protein C3 acts as a key
player in the activation cascade (Vauthier, Persson, Lindner, & Cabane, 2011). The complement may contribute significantly
to thrombosis by directly enhancing blood-clotting properties and stimulating the inflammatory response, which in turn poten-
tiates coagulation (Markiewski, Nilsson, Nilsson Ekdahl, Mollnes, & Lambris, 2007). Uncontrolled complement activation
has been reported for several nanomedicines, including the so-called stealth NPs such as liposomes (Wibroe & Moghimi,
2012). Low activation of complement is desired for safety reasons, since it has been proposed as being responsible for

FIGURE 2 Number of publications (n) reporting blood incompatibilities for nanomedicines, in vivo (a) or in vitro (b). The most frequently reported blood
incompatibility in vivo was thrombosis. Alterations on coagulation and platelets are in vitro endpoints corresponding to thrombosis in vivo; counted together,
they are also the main blood incompatibility in vitro
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hypersensitivity reactions and the complement activation-related pseudo-allergy (CARPA) (Chanan-Khan et al., 2003).
CARPA is provoked by the recognition of nanomedicines by the immune system, leading to an activation of the complement
cascade that could be life-threatening. Activation of the complement is difficult to study in vivo; only an animal model based
on pigs can identify immune reactive nanoparticles that may cause severe reactions in hypersensitive individuals, but its over-
sensitivity could lead to false positives. Furthermore, not all patients with complement activation displayed hypersensitivity
in vivo. Although CARPA ceases in most patients within minutes or hours after stopping the infusion, this reaction may
become life-threatening in a minority of patients, with substantial inter-individual variation in complement response to the
same activator (Szebeni & Storm, 2015).

Only 11% (5 out of 46) of the reported blood incompatibilities in vivo were due to problems related to hematology
(Figure 2a). Observed effects included alterations of complete blood count, leukocyte activation, and hemolysis (ISO, 2017b).
Hemolysis is used to describe damage in the RBC membrane, leading to leakage of the iron-containing protein hemoglobin
into the blood stream. When a clinically significant drop in erythrocyte count occurs, anemia and compromised oxygen-
carrying capacity can affect the brain and other organs and be a life-threatening condition. Intravascular hemolysis can also
have effects on other blood cells compartments such as the coagulation, or the immune system (Desai, 2012; Dobrovols-
kaia, 2008).

3.2 | In vitro toxicities triggered by nanomedicines

Blood toxicities evaluated by using in vitro test methods were also reviewed to correlate observed adverse effects described
in vivo with available in vitro test methods (Figure 2b). The total number of reviewed publications was 515 and 30% of them
described in vitro blood-incompatible nanoparticles (153 out of 515). Interestingly, the total percentage of reported incompati-
bilities was almost the same, around 30%, for in vivo and in vitro assays. Four endpoints were considered relevant when test-
ing blood toxicities in vitro: hematology (including hemolysis and leukocyte count), coagulation, platelets (aggregation and/or
activation), and complement activation.

Complement activation was the most commonly found blood adversity, accounting for 35% (54 out of 153) of the reported
incompatibilities (Figure 2b). Several groups have reported a good correlation between the observed complement activation
both in vitro and in vivo for various engineered nanomaterials (Chanan-Khan et al., 2003; Dobrovolskaia & McNeil, 2013).

In all, 27% of the reported incompatibilities corresponded to alterations in hematology (41 out of 153, Figure 2b). Results
from the in vitro hemolytic activity are likely an early indicator of the interaction between the nanoparticle and the cell
membrane and toxic behaviour towards cells. The hemolytic potential of nanoparticles is a crucial initial test for assessing
biocompatibility in vitro, and hemolysis has been reported to have a good correlation in vitro–in vivo (Dobrovolskaia &
McNeil, 2013).

Finally, 23% of the reported incompatibilities corresponded to changes in platelet function (35 out of 153) and 15% to
an unbalanced coagulation process (23 out of 153) (Figure 2b). Alterations in the platelets and coagulation cascade are
the in vitro endpoints corresponding to thrombosis in vivo. Platelet aggregation in vitro is often used as a marker of the
thrombogenic properties of the test material. Platelet aggregation has been described as requiring the activation of glyco-
protein integrin receptor GPIIb/IIIa, and different sizes of nanoparticles might activate this receptor through different
pathways (Radomski et al., 2005). The imbalance in the coagulation process could be explained by the fact that proteins
from the coagulation cascade are often found in the corona around nanoparticles (Sanfins, Augustsson, Dahlbäck,
Linse, & Cedervall, 2014), and this nanoparticle–protein interaction can induce conformational and functional alterations
in the proteins that could be responsible for the observed effects on the blood coagulation cascade. Currently, only a
combination of in vitro assays targeting platelets and coagulation pathways seems promising to predict the procoagulant
and anticoagulant properties of a nanoparticle.

4 | GENERAL BLOOD TOXICITIES ASSOCIATED WITH EACH TYPE OF NANOPARTICLES

To further understand the reported trends for blood toxicities related to nanomedicines, the type of nanoparticle causing blood
incompatibilities was identified in the reported cases. For in vivo effects, the majority of blood toxicities were linked to inor-
ganic nanoparticles, with 70% (32 out of 46) of the reported adversities (Figure 3a). Lipid-based nanoparticles triggered 17%
(8 out of 46) of the reported cases. The best compatibility was achieved by polymer-based nanoparticles, with only 13% (6 out
of 46) of the reported cases. The different types of nanomedicines and nanomaterials with potential use in the biomedical field,
which were included in each category of nanomedicines for in vivo studies, are described in Figure 2b. The number of articles
per nanomaterial is also presented in the graph. The highest number of articles was found for polymeric NPs, followed by
polymers with applications in the biomedical field, iron oxide NPs, liposomes, dendrimers, gold NPs, and carbon nanotubes.
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The category “Other (inorganic)” included inorganic nanoparticles such as carbon nanocapsules, hydroxyapatite NPs, nanodia-
monds, polystyrene NPs, and quantum dots, and was represented by only one publication.

In agreement with the data extracted from in vivo experiments, blood incompatibilities were most frequently reported for
inorganic nanoparticles using in vitro tests, representing 58% (89 out of 153) of blood toxicities found in the literature
(Figure 4a). Polymer-based nanoparticles accounted for 25% (39 out of 153) of the total blood toxicities and lipid-based NPs
for 16% (25 out of 153). The number of publications found for each type of nanomaterial included in the three categories is
also presented (Figure 4b). The highest number of publications was found for polymeric NPs, followed by silica NPs, poly-
mers, iron oxide NPs, carbon nanotubes, silver NPs, gold NPs, liposomes, dendrimers, and lipid NPs. In order to simplify the
data visualization, inorganic NPs which corresponded to only one publication were grouped in the category “Other
(inorganic)”, and included: aluminum oxide NPs, apatite NPs, carbon dots, cobalt ferrite NPs, graphene oxide NPs, halloysite
nanotubes, hydroxide NPs, or silicon nanowires.

5 | ASSOCIATION BETWEEN SPECIFIC BLOOD TOXICITIES AND TYPE OF NPS

As a next step, the particular blood toxicities that were reported for each type of nanomaterial were analyzed in more detail to
see if specific toxicities could be related to certain types of nanoparticles.

5.1 | In vivo toxicities

In 50% of the articles describing inorganic NPs (32 out of 64), the nanoparticles were claimed to be blood-compatible in
in vivo studies (Figure 5a). The main adversity associated with these nanoparticles was thrombosis, which had been reported

FIGURE 3 General blood incompatibilities linked to the types of nanomedicines in vivo. In all, 46 articles out of the 147 screened publications reported
blood incompatibilities, and inorganic nanoparticles were most frequently associated with blood toxicities (a). Types of nanomedicines and nanomaterials with
potential use in biomedicine retrieved from the screened publications (color—coded) and number of publications found for each type of nanomaterial. For
inorganic NPs only one publication was found for some NPs, which were grouped under the category Other (inorganic) (b)

FIGURE 4 General blood incompatibilities linked to the different types of nanomedicines in vitro. Inorganic NPs were the type of nanomedicines most
frequently associated with blood incompatibilities (a). The different types of nanomaterials included in each type (color—coded), and the number of
publications found for each nanomaterial in vitro is shown. The highest number of publications were found for polymeric NPs (n = 123) (b)
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in 42% of the articles (27 out of 64). Only a few cases of hematology-related toxicity were associated with inorganic nanopar-
ticles (5%, 3 out of 64), and complement activation (5%, 3 out of 64).

The majority of the articles reporting on polymer-based NPs showed excellent blood compatibility (90%, 54 out of 60).
However, some publications demonstrated toxic effects on the blood system: 3% for hematology (2 out of 60), 2% for throm-
bosis (1 out of 60), and 5% for complement activation (3 out of 60) (Figure 5b).

For lipid-based nanomedicines, 67% of the publications (16 out of 24) reported that these NPs were blood-compatible
(Figure 5c). The dominant reported effect in vivo for this type of nanoparticles was complement activation, with 33% reporting
undesirable activation (8 out of 24). Lipid-based nanoparticles resemble pathogenic microbes and subcellular organelles in
size and shape, which might be the biological rationale behind the complement activation (Szebeni, Muggia, Gabizon, & Bare-
nholz, 2011). No cases were found reporting hematology-associated toxicity or thrombosis for lipid-based NPs.

5.2 | In vitro toxicities

Of 259 articles found for inorganic NPs, 170 concluded that the assessed NPs were blood-compatible in vitro (64%)
(Figure 6a). Hemostasis-related alterations were the main effect observed also for inorganic NPs in vitro, which included
imbalances in the coagulation cascade (20 out of 259, 8%) and modifications on the functionality of platelets (platelets aggre-
gation and/or activation in 28 out of 259, 11%). Both effects can be associated with thrombosis in vivo. Toxic effects on
hematology and complement activation were also reported for inorganic nanoparticles. In all, 10% of the publications (25 out
of 259) identified effects on hemolysis and leukocyte count for this category of nanoparticles and 6% of the publications
(16 out of 259) described the activation of the complement system.

The majority of polymer-based NPs were compatible with the blood system according to the performed in vitro studies
(81%, 166 out of 205). The main observed adversity was complement activation (Figure 6b) described in 9% of the reported
studies (18 out of 205). Other blood toxicities associated to polymer-based NPs were effects on hematology (15 out of
205, 7%) and alterations on platelets function (6 out of 205, 3%). We did not find any publication reporting an effect of these
NPs on the coagulation cascade.

In all, 51% of the articles (26 out of 51) reported that lipid-based NPs were blood-compatible (Figure 6c). Complement
activation was the main adversity associated with type of nanoparticles with 39% of reported studies (20 out of 51), which
was in agreement with the data obtained from the in vivo studies. It has been increasingly recognized during the last decade
that a major cause of acute infusion reactions to liposome- and micelle-based nanomedicines is their ability to activate the

FIGURE 5 Number of publications reporting blood adverse effects in vivo for inorganic (a), polymer-based (b) and lipid-based NPs (c). The main adversity
associated with inorganic NPs in vivo was thrombosis. Polymers did not show relevant blood toxicities, and lipid-based NPs were linked with undesired
complement activation

FIGURE 6 Number of publications reporting blood toxicities in vitro for inorganic (a), polymer-based (b) and lipid-based NPs (c). Alterations on
coagulation and platelets counted together were the main adversity for inorganic NPs in vitro. Polymer-based NPs were the most compatible NPs.
Complement activation was the most frequently reported blood toxicity associated with lipid-based NPs
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complement system. Alterations on the hemostasis were also reported for lipid-based nanoparticles in vitro, even if no effects
in thrombosis in vivo had been found (3 out of 51, 6% for coagulation and 1 out of 51, 2% for altered platelet function).
Effects on hematology were only described in 1 publication out of 51 (2%).

Our results indicate that some nanomaterials have more frequently been linked with specific blood incompatibilities in lit-
erature: the main toxicity associated with inorganic nanoparticles is thrombosis, whereas complement activation is the most
reported blood toxicity linked to lipid-based nanoparticles. Only a few cases of blood toxicities were linked to polymer-based
nanoparticles. This knowledge could be used to raise the regulatory awareness of specific adverse reactions that need to be
addressed, because some categories of nanomedicines may be more interactive with a particular biological system. Further-
more, this information can also support nanomedicines developers in their design of safe and efficacious nanomedicinal prod-
ucts with improved blood compatibility.

6 | ASSOCIATION BETWEEN PHYSICOCHEMICAL PROPERTIES AND TOXICITIES

A link between the physicochemical properties of the nanomaterial and the toxicological outcome at the cellular level has
already been proposed in literature (Hall, Dobrovolskaia, Patri, & McNeil, 2007; Mayer et al., 2009); but only a limited
amount of preclinical in vivo data with effects on the blood system has been published. Different characteristics such as size,
particle structure, shape, and surface chemistry have been suggested as drivers of the biological behaviour of nanoparticles
(Nel, 2013; Fadeel, 2013; Fadeel & Garcia-Bennett, 2010). Additionally, the analysis of the protein corona is gaining impor-
tance to generate a holistic view of the physicochemical characteristics of nanoparticles that may influence their compatibility.
For instance, FDA's CDER has recently published a draft guidance on drug products that contain nanomaterials (as active
ingredients, carriers, or inactive ingredients) (US FDA Center for Drug Evaluation and Research (CDER); Center for Bio-
logics Evaluation and Research (CBER), 2017). This guidance acknowledges the fact that after entry into the systemic circula-
tion, nanomaterials can affect the distribution, exposure–response profile, and the residence time of an active ingredient.
These changes may be partly due to the interaction of nanomaterials with plasma proteins (and formation of a protein corona),
which may endow nanomaterials with new biological properties. Therefore, the guidance for drug products containing nano-
materials recommends testing of plasma protein binding.

In order to gain further understanding of blood compatibility of nanomedicines, we tried to identify trends in the physico-
chemical properties that have an impact on blood toxicity. Information regarding the contribution of specific physicochemical
properties of NPs on the reported adversities in vitro and in vivo was retrieved from the screened publications. The most rele-
vant physicochemical properties described in the reviewed articles that have an impact on general blood adversities are shown
in Figure 7. Surface-related properties (such as surface chemistry, surface coating, and surface charge) are most commonly
reported to have a key role on blood toxicities. These results indicate that these properties are important in the interaction of
nanomedicines with blood cells and can therefore be seen as initiators of the biological effect. Size and chemical entity have
also been identified as important contributors for undesired effects on blood cells, and other properties such as shape, curva-
ture, or type of encapsulated drug can also add to the observed blood toxicities.

Understanding the influence of specific properties of nanomedicines on each compartment of the blood system is crucial
for developing nanomaterials used in biomedical applications. For this purpose, the contribution of the reported physicochemi-
cal properties to each of the studied endpoints was assessed individually. Results obtained for in vivo data are shown in
Figure 8; it has to be noted that there was a limited number of available publications related to in vivo blood compatibility of
nanomedicines. Size has been described as the main contributor to adverse effects on hematology in vivo, interestingly; size
was not described in literature as having a role for toxicity on the complement system. The type of chemical entity of the
nanomedicine and surface chemistry were shown to have the largest influence on thrombosis, followed by size and surface

FIGURE 7 Number of identified publications associating key physicochemical properties of nanomedicines with general blood toxicities in vivo (left) and
in vitro (right). Surface-related properties were the most reported properties having an influence on blood adversities. The category Others includes properties
such as shape, type of drug encapsulated, porosity, roughness, or elasticity
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charge. Surface-related properties such as surface chemistry, surface coating, and surface charge were the most frequently
reported properties to contribute to complement activation in vivo.

The contribution of the reported physicochemical properties to each of the in vitro endpoints individually is shown in
Figure 9. Surface characteristics such as surface chemistry and charge were identified as key properties causing altered effects
on hematology (Figure 9a). Surface chemistry and, therefore, surface reactivity determine the interaction of nanomedicines
with RBCs. For instance, the interaction of dendrimers with the RBC membrane due to electrostatic attraction was shown to
lead to different outcomes depending on surface chemistry of the nanoparticles, with higher hemolysis reported for more posi-
tive dendrimers (Doma�nski, Klajnert, & Bryszewska, 2004; Malik et al., 2000). Other studies reported that blocking the sur-
face reactive groups of the particles reduces their interaction with the membranes of RBCs and therefore their potential
hemolytic activity (Zhao et al., 2011). Size, particle stability, and oxidative state were also identified as relevant contributors
to blood toxicity. Size was the main contributor to hematology toxicities in vivo; however, the exact mechanism for erythro-
cyte membrane damage is not clear and some publications describe contradictory results. Some of the claimed modes of action
are: the formation of pores in the RBC membrane by nanoparticles leading to osmotic lysis, strong local deformation causing
the destruction of RBCs or the oxidative deterioration of membranes by reactive oxygen species or lipid peroxidation (Huang
et al., 2016). Other properties; more specifically, the shape of the nanomedicine, have also been suggested as contributors to
this toxicity (Li et al., 2008).

Interactions of nanomedicines with coagulation factors, platelets, and endothelial cells may all contribute to undesirable
coagulation-mediated toxicities. Protein adsorption onto the nanoparticle surface is one of the first events occurring when
nanoparticles reach the blood stream. It has been found that plasma proteins such as albumin, apolipoprotein, complement, or
fibrinogen can adsorb on the surface of nanoparticles and exhibit structural changes (Deng, Liang, Toth, Monteiro, & Minchin,
2013; Lee, Choi, Webster, Kim, & Khang, 2014). The adsorbed proteins depend on nanoparticle physicochemical properties
such as size, shape, curvature, hydrophobicity, and surface charge, (Lundqvist et al., 2017) and on the composition of the

FIGURE 8 Number of publications associating specific physicochemical properties of nanomedicines with each of the studied endpoints for blood toxicity
in vivo: Hematology (a), thrombosis (b), and complement activation (c)

FIGURE 9 Number of publications associating specific physicochemical properties of nanomedicines with each of the studied endpoints for blood toxicity
in vitro: Hematology (a), coagulation (b), platelets (c), and complement activation (d)
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biological media. The overall protein corona composition fluctuates with time due to proteins having different affinities to nano-
particles (Setyawati, Tay, Docter, Stauber, & Leong, 2015). The type and amount of proteins adsorbed on the nanoparticles
influence the interactions of engineered nanomaterials with cells and their subsequent outcomes, playing an important role on
nanoparticle biocompatibility (Aggarwal, Hall, McLeland, Dobrovolskaia, & McNeil, 2009; Fadeel, 2013). The adsorption of
certain plasma proteins may induce adverse effects on the blood system such as imbalance of the coagulation cascade or comple-
ment activation (Dobrovolskaia, 2009). However, the mere presence of a specific protein on the particle surface does not imply
that the biological function of that protein will be activated or changed (Dobrovolskaia et al., 2014; Mayer et al., 2009). For
instance, complement and fibrinogen adsorption on nanoparticles does not lead to a level of depletion of these proteins, as they
are highly abundant in plasma (Deng, Liang, Monteiro, Toth, & Minchin, 2011; Deng et al., 2013).

Our review confirmed previous findings that had identified physicochemical properties such as size, surface charge, and
surface chemistry as relevant for the observed alterations on the coagulation cascade (Ilinskaya & Dobrovolskaia, 2013)
(Figure 9b). Surface chemistry includes aspects such as the density of surface groups or the presence of targeting moieties
(Ilinskaya & Dobrovolskaia, 2013) which might also play a role in coagulation-mediated blood toxicity (Guildford et al.,
2009). Interestingly, the type of chemical entity was the most reported property for coagulation. This result is explained in the
literature based on the uniqueness of each nanoparticle, as the interaction with various components of the coagulation system
may even differ for nanomaterials of the same category, but, for example, of different size. In general, charged and hydropho-
bic materials are expected to be more reactive, and often the activation of coagulation occurs through noncanonical pathways
when these properties are involved. The literature reviewed here indicated that procoagulant processes can also be induced by
other intrinsic physicochemical properties of the materials such as porosity, roughness, charge density, elasticity, or surface
energy (Thevenot, Hu, & Tang, 2008).

Platelets are very sensitive to changes in the blood microenvironment, and different alterations on the platelets function
have been reported such as aggregation, degranulation, changes in shape, and the expression of activation markers
(Dobrovolskaia et al., 2013; Radomski et al., 2005). As already seen in in vivo studies, in vitro studies also indicated that
surface-related properties are the main contributor to platelets alterations (Figure 9c). In addition, chemical entity and the size
of the nanoparticles have been described as important parameters (Guidetti et al., 2012; Guildford et al., 2009; Laloy et al.,
2014; Shrivastava et al., 2009). Other properties such as surface roughness and the conformation of the polymer on the surface
of the nanoparticle might play a role on the development of the reported toxicities.

In addition, surface-related properties can also trigger an undesired activation of the complement system. Parameters such
as surface charge, chemistry and/or coating play also a role in complement activation (Figure 9d) (Dobrovolskaia, 2008;
Reddy et al., 2007; Vonarbourg et al., 2006). Surface-camouflaging elements such as polyethylene glycol, poloxamer, and
poloxamine coatings may avoid recognition of nanoparticles by the immune cells (Csaba, Sánchez, & Alonso, 2006). But
coating does not completely prevent complement activation. For example, it has been reported that human complement activa-
tion is independent of dextran-coating modifications for inorganic nanoparticles (Wang et al., 2016). Our literature review
indicates that size and type of chemical entity must also be considered as key contributors to complement activation. Lipo-
somes and certain carbon nanotubes are, due to their size, within the spotlight of immune surveillance, while other types of
nanoparticles fall outside immune recognition (Szebeni, 2012). Other properties of liposomes such as vesicular lipid composi-
tion, bilayer packaging, surface characteristics, and morphology can contribute to complement activation (Moghimi & Hamad,
2010). Activation of the complement can be desirable in the case of nanoparticle-carried vaccines, where it has been shown
that the generation of the antigen-specific immune response can be dependent on complement activation by nanoparticle
(Reddy et al., 2007). Therefore, the tendency of a nanoparticle to activate the complement system may be beneficial or adverse
depending on the intended application of the nanomedicine. Currently, multiple physicochemical parameters are discussed as
initiating events for complement activation, hence, future standardized in vitro tests assessing the complement activation can
assist product development.

The observed trends for the role of different physicochemical properties in in vivo and in vitro toxicity showed similarities
for some of the studied endpoints. For instance, thrombosis in vivo has been associated with NPs properties such as surface
chemistry, size, surface charge, and chemical entity. These properties were also identified as key physicochemical parameters
from in vitro data related to alterations in the coagulation and platelets. Regarding complement activation, surface-related
properties have been identified as critical, in both in vitro and in vivo studies. But there are divergences in the information
retrieved from in vivo and in vitro studies for the hematology endpoint. In vitro data identifies surface chemistry as the main
contributor to alterations in hematology, whereas, in vivo data points to size as a critical parameter. However, the low number
of publications available for in vivo studies, especially for studies of the hematology endpoints, means that additional studies
would be relevant to confirm this conclusion for in vivo.

As already described in literature, preclinical testing has to identify potential safety concerns, but the extrapolation of find-
ings from in vivo toxicity assays to humans is often challenging (Dobrovolskaia & McNeil, 2013). Humanized in vitro test

10 of 16 URBÁN ET AL.10 of 16 URBÁN ET AL.



methods assessing, for example, blood compatibility could be valuable tools to identify potential hazards early during product
development. The number of publications reporting on in vitro data as well as their similarities with in vivo data indicates the
usefulness of in vitro testing in biomedical research (Figure 7). However, the relevance and reliability of such in vitro test
methods for regulatory decision-making has to be demonstrated.

7 | AVAILABLE GUIDELINES FOR BLOOD COMPATIBILITY TESTING

Evaluation of the quality, safety, and efficacy of nanomedicines is based on the existing regulatory framework for medicinal
products. But since available guidelines were mainly developed for small molecules, their applicability to nanomaterials needs
to be evaluated (Halamoda-Kenzaoui, Holzwarth, Roebben, Bogni, & Bremer-Hoffmann, 2018b). The Committee for Medici-
nal Products for Human Use of the European Medicines Agency has released some reflection papers to summarize the current
status of regulatory considerations when assessing a product that is nano-enabled (EMA/CHMP, 2013a, 2013b, 2013c).

A list of available guidelines and standards containing relevant information to evaluate blood compatibility of pharmaceu-
ticals and medical devices during the preclinical phase is shown in Table 1. Initial information on side effects of nanomedi-
cines on the hematological system can be retrieved during in vivo standard toxicity studies (EMA/CHMP, 2010; ICH, 2009).
Methods proposed in these guidelines include: complete cell count, the evaluation of erythrocytes morphology, determination

TABLE 1 Available standards and guidelines for the assessment of blood compatibility. Information about the endpoint covered by each document and the
methods included is shown

Endpoint Document code Title of the document Method
In vivo/
in vitro

Hematology CPMP/SWP/1042/
99 Rev 1 Corr

Guideline on repeated dose toxicity • Complete blood count
• Evaluation of RBC morphology
• Hemoglobin concentration
• Hematocrit

In vivo

ICH M3(R2) Guidance on nonclinical safety studies for the conduct of
human clinical trials and marketing authorization for
pharmaceuticals

• Complete blood count In vivo

ICH-S8 Immunotoxicity studies for human pharmaceuticals S8 • Hematological changes (total and
absolute differential leukocytes
counts)

In vivo

ISO 10993-4 Biological evaluation of medical devices—Part 4: Selection
of tests for interaction with blood

• Complete blood count In vivo

• Hemolysis
• Leukocyte activation (ELISA)

In vitro

ASTM E2524-08 Standard test method for analysis of hemolytic properties of
nanoparticles

• Hemolysis In vitro

ASTM F2888-13 Standard test method for platelet leukocyte count • Leukocyte count In vitro

Thrombosis CPMP/SWP/1042/
99 Rev 1 Corr*

Guideline on repeated dose toxicity • Gross examination In vivo

ICH M3(R2) Guidance on nonclinical safety studies for the conduct of
human clinical trials and marketing authorization for
pharmaceuticals

• Gross examination In vivo

ICH-S8 Immunotoxicity studies for human pharmaceuticals S8 • Gross examination In vivo

ISO 10993-4 Biological evaluation of medical devices—Part 4: Selection
of tests for interaction with blood

• Gross examination (lung, kidney)
• Flow reduction
• Light microscopy/scanning electron

microscope (SEM)

In vivo

• Measure of blood plasma levels of
coagulation indicators by ELISA

• Partial thromboplastin time
• Platelet counting
• Platelet activation markers

measurement

In vitro

ASTM F2382—17e1 Standard method for assessment of intravascular medical
device materials on partial thromboplastin time (PTT)

• Partial thromboplastin time In vitro

ASTM F2888-13 Standard test method for platelet leukocyte count • Platelets count In vitro

Complement
activation

ISO 10993-4 Biological evaluation of medical devices—Part 4: Selection
of tests for interaction with blood

• Assessment of complement factors
plasma levels (C3a, SC5b-9) by
ELISA

In vitro

ASTM F 1984—99 Standard practice for testing for whole complement
activation in serum by solid materials

• Total hemolytic activity of the
classical pathway (CH 50)

In vitro
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of hematocrit and hemoglobin concentration, and gross examination. When additional testing is required with respect to clini-
cal pathology, the CPMP/SWP/1042/99 Rev 1 Corr guideline (EMA/CHMP, 2010) states that the clinical pathology and the
parameters measured will be specific to the species used, referring also to the literature for recommendations regarding core
tests and standard sampling intervals (Weingand et al., 1996).

The International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) has
released the ICH S8 guideline, which contains recommendations for the evaluation of the potential immunotoxicity of human
pharmaceuticals (ICH, 2005). These recommendations for nonclinical testing apply to new pharmaceuticals intended for use
in humans, and therefore, to new nanomedicines. The investigation of hematological changes (e.g., leukocytopenia or granulo-
cytopenia) and gross examination to indicate the presence of thrombus is recommended in the ICH S8 guideline. Complement
assays, which are relevant for the detection of hypersensitivity or infusion reactions are not yet included, although such adver-
sities have already been linked with nanomedicines (Chanan-Khan et al., 2003; Giannakou et al., 2016; Szebeni, Muggia,
Gabizon, & Barenholz, 2011; Szebeni, 2012).

The blood compatibility of biomaterials contained in medical devices is evaluated in conformity with the ISO 10993-4
“Selection of tests for interaction with blood” (ISO, 2017b), which was published in 2002 and the most recent update is from
2017. This standard is the most complete available source of information for evaluating the interactions of a material with
blood, and contains a list of suggested tests. These test methods are divided as: effect of materials on blood cells
(Hematology), platelets and coagulation factors (thrombosis), and complement system. There are numerous methodologies for
the testing of the impact of nanoparticles on blood coagulation cascades. The use of some assays commonly used in literature,
such as measuring activated partial thromboplastin time (aPTT), prothrombin time, and thrombin time are not recommended
by ISO 10993-4; since they do have some limitations, for example, they assess coagulation in isolation, whereas in vivo these
pathways are closely interlinked (Curry & Pierce, 2007). Additionally, these assays include an activator (e.g., aPTT assay),
which could mask the potential activation caused by the nanoparticles themselves. Comparative assays such as the PTT assay,
which does not include an activator, are recommended in the ISO 10993-4 guidelines. However, additional supplementary
tests might be necessary to further minimize the hazard of blood toxicities (Braune et al., 2013; Van Oeveren, 2013). A limita-
tion of the ISO 10993-4 is its lack of acceptance criteria and a classification to relate obtained blood toxicity results to clinical
disorders. Currently, the only criteria available is the percentage hemolysis to classify a biomaterial in nonhemolytic (0–2%),
slightly hemolytic (2–5%), or hemolytic (>5%).

The recently published ISO 10993-22: Guidance On Nanomaterials (ISO, 2017a) describes general considerations for the
biological evaluation of medical devices that are composed of, contain or generate nanomaterials. This standard details several
pitfalls identified when testing nanomaterials and highlights the importance of proper physicochemical characterization to
understand their behaviour in biological systems. Some of the key properties proposed are: chemical entity, purity, objects size
and size distribution, aggregation and agglomeration state, shape, surface area, surface chemistry, or surface charge. Some
examples of measurement methods for the proposed key physicochemical characteristics are listed. However, the standard
acknowledges that appropriate tools and methods for the evaluation of nanomaterials are still under development and it does
not include specific methods for blood compatibility assessment of nano-enabled products. It is still under debate which sup-
plementary assays need to be performed to enhance our understanding of blood compatibility of new materials for blood-
contacting applications (Braune et al., 2013).

As shown in Table 1, other standards that should be considered for blood compatibility are ASTM standards assessing the
hemolysis, leukocyte count, coagulation, and complement activation (ASTM E2524-08, 2013; ASTM F2382-04, 2004;
ASTM F1984-99, 2013; ASTM F2888-13, 2013). ASTM E2524-08 (2013) is the only standardized test method which has
been adapted to nanomaterials and it focusses on the assessment of the hemolytic properties of nanomaterials. The Interna-
tional Council for Standardization in Haematology (ICSH) has published several guidelines and recommendations for hema-
tology (Briggs et al., 2014; Kratz et al., 2017; Roussel, Davis, Fest, & Wood, 2012) and platelet counting (Klee et al., 2001).
The Clinical and Laboratory Standards Institute (CLSI) has also made an effort to implement clinical laboratory testing stan-
dards in the area of blood compatibility. CLSI standards are mainly focused in the assessment of alterations in the coagulation
cascade (CLSI, 1997, 2001, 2008a) and platelet function (CLSI, 2008b). However, most of the currently available in vitro tests
have been developed or validated for small molecules.

Most of these assays have not been challenged for their use with nanomaterials, and their suitability for nanoparticles has
still to be proven. The evaluation of current standards for their suitability to assess also nanomaterials is highly relevant
because potential interference of nanoparticles with test reagents have to be considered. For instance, some inorganic nanopar-
ticles have high absorbance at different visible wavelengths, interfering with the readout (and result) of the performed assays
(Laloy et al., 2012). It has already been reported that nanoparticle may interfere with the hemolysis assay proposed in ASTM
E2524-08 standard through several mechanisms (Choi, Reipa, Hitchins, Goering, & Malinauskas, 2011; Dobrovolskaia,
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2008). ISO 10993-22 recommends specific attention to the reproducibility, reliability, and sensitivity of the methods before
arriving at any conclusions regarding the blood compatibility of nano-objects, due to the potential in vitro tests interferences.

A key for a smooth translation of nanomedicines into the clinical applications is a good understanding of information
requirements related to the impact of the nano-specific properties on the quality and safety of the product. A robust, standard-
ized in vitro blood compatibility testing battery can enable the detection, and subsequent elimination of undesired and exces-
sive material-induced blood adverse events at an early stage of nanomedicines development. Special emphasis should be
given to the identification of in vitro tests that have the potential to identify toxic effects triggered by the nano-specific proper-
ties of the formulation. Whilst these assays may not have been established only for nanomedicines, it is important for devel-
opers to have a resource of assays that have been demonstrated to work for nanomaterials. The strength of the nanomedicine
field is the heterogeneity of the materials that are being produced for this purpose; however, this makes their assessment par-
ticularly challenging. A panel of standardized assays will support developers in assessing their materials and allow them to
determine the most suitable testing of their materials. Furthermore, predictive in vitro methods can optimize the development
of the candidate drugs by reducing the experimental time and costs in preclinical development. The preconditions for the
translation of nanomedicines into clinical applications are promising, as the regulatory community is well aware of upcoming
challenges and several international projects such as the European Nanomedicine Characterisation Laboratory (http://www.
euncl.eu/), US Nanomedicine Characterization Laboratory (https://ncl.cancer.gov/), REFINE (http://refine-nanomed.com/),
PATROLS (https://www.patrols-h2020.eu/), and BIORIMA (https://www.biorima.eu/) are currently addressing the need to
develop standardized test methods for the most relevant information requirements available for nanomaterials safety
assessment.

8 | CONCLUSION

This review presents the analysis of an extensive literature review which was carried out using Scopus, GoPubMed and Web
of Science databases to identify peer-reviewed scientific articles reporting blood toxicological effects of various groups of
nanomaterials. In vivo and in vitro studies were taken into account in our study. In total, 146 papers of interest analyzing
hematology, thrombosis, and complement activation in vivo were considered. In addition, 515 publications evaluating hema-
tology, coagulation, platelets, and complement activation in vitro have been identified as relevant for our investigation.

We were able to demonstrate trends related to the nature of the most frequently occurring blood incompatibilities such as
thrombogenicity and complement activation. Thrombogenicity was mainly associated with inorganic NPs (reported in 42% of
the screened publications in vivo) and complement activation was associated with lipid-based NPs (in 33% of the publications
for this type of NPs in vivo). This trend was also confirmed for data obtained from in vitro studies. Interestingly, only a few
cases of blood toxicities were linked to polymer-based nanoparticles. We also investigated the contribution of physicochemi-
cal properties to blood incompatibilities. Surface-related properties (such as surface chemistry, surface coating, and surface
charge) were the most frequently reported to have a key role on general blood toxicities. Furthermore, we also identified the
role of particular physicochemical properties on each of the assessed endpoints since some types of nanomedicines may be
more interactive with a particular biological system.

We believe that this knowledge is important to raise regulatory awareness on potential blood incompatibilities that are rele-
vant for the evaluation of the next generation of nanomedicines. The information gained from this study will help to prioritize
methods for further standardization. The association of physicochemical properties with biological effects elucidated the need
for standardized methods analyzing specific nanomaterial-related properties. In particular, surface-related properties were
related to various blood incompatibilities such as thrombosis or complement activation. In order to further analyze which stan-
dards are needed, an overview of already existing standards for the evaluation of blood compatibility has been included in this
study. However, their adequacy to analyze nanomaterials has not been proved yet.

Finally, the knowledge on particular blood incompatibilities depending on the type of nanomaterial as well as the avail-
ability of suitable methods will support the establishment of tailor-made test strategies for designing efficacious and safe nano-
medicines with improved blood compatibility.
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