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Abstract Nanotechnology is increasingly used to formulate small molecules, 
biologics, and nucleic acid-based therapeutics. The attention to this technology is 
drawn by a variety of benefits including but not limited to the improved circula-
tion time, reduced toxicity and the ability to target tissues and cells of interest. 
Clinical translation of nanotechnology-based drug products requires, among other 
investigations, the evaluation for the potential contamination with bacterial endo-
toxins. In the process of evaluating the safety of nanotechnology-based drug prod-
ucts, screening for additional microbial contaminants, such as beta-glucans, is an 
emerging new field. Herein, we will provide a general overview of the nanotech-
nology field and review challenges with estimating endotoxin and beta-glucan 
contamination in nanoparticle-based drug products.

12.1  Nanotechnology Overview

Nanotechnology does not have a universal definition. According to the National 
Nanotechnology Initiative, it is defined as “research and technology development at 
the atomic, molecular or macromolecular scale leading to the controlled creation 
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and use of structures, devices, and systems with a length scale of approximately 
1–100 nanometers (nm)” [1]. In contrast, the US Food and Drug Administration 
states that for the purposes of regulatory approval process, a product will be consid-
ered as a nanotechnology when such product “is engineered to exhibit properties or 
phenomena, including physical or chemical properties or biological effects, that are 
attributable to its dimension(s), even if these dimensions fall outside the nanoscale 
range, up to one micrometer (1000 nm)” [2]. Over eight hundred products from over 
four hundred companies in over twenty countries are declared by manufacturers as 
those including nanotechnology. Clothing, wound dressings, washing machine lin-
ers, lens coatings in sunglasses, sporting equipment, food packaging, translucent 
sunscreens, cosmetic products to name the few, contain one or another type of 
nanoscale materials [3–9]. As such, global human exposure to nanomaterials is not 
an emerging trend, but rather a well-established fact. Therefore, consumer and 
occupational safety are one of the active areas of nanotoxicology.

Besides environmental and consumer products, nanotechnology has a unique 
niche in drug delivery, especially in the areas related to the targeted interaction with 
the immune system such as vaccines and immunotherapies. The rapid growth of this 
field is highlighted by business reports estimating the change of the global nano-
technology market from $39.2 billion in 2016 and to $90.5 billion by 2021 [10]. 
While in 2015 the main categories of products containing nanomaterials were envi-
ronmental, and consumer applications, the use of nanotechnology in the biomedical 
field is predicted as the main category by 2021 [10]. Biomedical applications of 
nanotechnology include drugs, imaging agents, devices, immunotherapies, and vac-
cines. Evaluation of the current nanomedicine landscape revealed several common 
characteristics: (1) the major indication is cancer; (2) the average size is within 
350  nm; (3) the main route of administration is intra-venous (i.v.); (4) the most 
 common shape is spherical, and (5) the surface is neutral and hydrophilic [11]. 
According to the recent report by the US FDA, the majority of nanomaterials sub-
mitted to the FDA for regulatory approval are liposomes, nanocrystals, and emul-
sions [12]. Several examples of nanomedicines which are in current clinical use are 
listed in Table 12.1. 

Traditionally, nanoparticles were engineered to evade the immune recognition to 
improve the drug delivery to the target sites [13–15]. Various strategies have been 
investigated to prevent nanoparticle recognition by the immune system. For exam-
ple, the addition of a hydrophilic coating of poly(ethylene glycol) (PEG), using 
membranes of host cells [16], or host peptides preventing phagocytosis (e.g., CD47 
peptides [17]) were tried to increase the nanoparticle circulation time and prevent 
the uptake by phagocytic cells. However, over the past decade of research in this 
field, it became clear that regardless of their structures, all nanoparticles eventually 
undergo clearance by the mononuclear phagocytic system (MPS). While the stealth 
properties are essential for drug delivery to non-immune cells, the non-stealth par-
ticles warrant immediate delivery of drugs, adjuvants, and imaging agents to the 
immune cells, which are the target for vaccines and immunotherapies. Therefore, 
targeting the immune system represents a unique niche for nanotechnology prod-
ucts. In the attempt to bring the nanotechnology to the market, evaluation of the 
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immunotoxicity of these materials represents an important area of research. The 
landscape of the immunotoxicity of nanotechnology-based drug product has been 
extensively studied and discussed elsewhere [13, 18].

12.2  Nanoparticles and Endotoxin

12.2.1  The Reason for Concern

One of the focus areas of preclinical research of nanomaterials is the estimation of 
contamination with bacterial endotoxins. Endotoxin contamination is a common 
issue for engineered nanomaterials in that on average from 30% to 50% of preclini-
cal nanoformulations fail every year due to the excessive endotoxin levels [19]. 
Endotoxin in nanomaterials is undesirable because it is responsible for the genera-
tion of erroneous data, which leads to wrong conclusions, could confound efficacy 
studies, result in undesirable toxicity, lead to the exaggeration of endotoxin- 
mediated inflammation, and create potential problems with the immunogenicity of 
protein-based APIs or targeting ligands [19–22].

Interestingly, some nanomaterials are not pro-inflammatory per se but exagger-
ate endotoxin-mediated inflammation [19, 20, 23]. Such effects were described for 
fibrous nanomaterials (e.g., titanium nanobelt and nanocellulose), silica nanoparti-
cles and dendrimers [19, 23–28]. The mechanisms are not always understood. 
However, one study from our group demonstrated that cationic dendrimers interfere 
with the negative regulators of inflammation, and suggested that such an effect may 
be responsible for the exaggeration effect [23] (Fig. 12.1).

Table 12.1 Examples of nanomaterials approved for clinical use. Several nanoformulations used 
in clinic are summarized in this table. The brand name of each formulation is shown in the 
“Formulation” column. After patent expiration, a generic formulation of some of these nano drugs 
have been prepared and are also approved for clinical use. For example, Doxil and Caelyx 
formulations are currently available from two generics manufacturers under the name “PEGylated 
liposomal doxorubicin”

Formulation Active ingredient Indication Nanocarrier

Doxil, Caelyx Doxorubicin Ovarian cancer, Kaposi sarcoma, 
myeloma

Liposomes

Myocet Doxorubicin Cancer Liposomes
Abelcet Amphotericin B Fungal infections Solid microparticles
Ambisome Amphotericin B Fungal infections Liposomes
Amphotec, 
Amphocye

Amphotericin B Fungal infections Solid nanoparticles

Visudyne Verteporfin Age-related macular degeneration Multilamellar 
liposomes

Feraheme None Iron deficiency Iron oxide 
nanoparticles
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12.2.2  Common Sources of Contamination

Conventional sources of endotoxin contamination in nanoformulations include in- 
process contamination (Fig. 12.2) and starting materials. Water appears to be the 
primary source of endotoxin among both process-based and starting materials medi-
ated sources. In some cases, bacterial contamination serves as the source of endo-
toxin in nanoformulations. In the experience of our laboratory, the following aquatic 
and environmental bacteria were  identified in water and contaminated nanoma-
terials: Phreatobacter oligotrophus, Ralstonia pickettii, Citrobacter freundii, 
Ochrobactrum anthropi, Achromobacter marplatensis, Pseudomonas beteli, 
Sphingomonas aeria, Shphingomonas zeae, Burkholderia contaminans. This list 
points to two critical messages. First, dust in labs, quality of air, bacteria colonizing 
pipes and filters, create a particular point of concern and require serious consider-
ation, monitoring, and control to avoid contamination in nanoformulations. Second, 
since chemical structure of endotoxin from various bacterial strains may differ sub-
stantially, quantification of endotoxin by some methods against the standard endo-
toxin derived from E.coli may not be accurate. Specifically, endotoxins from various 

Fig. 12.1 Nanoparticles may exaggerate pro-inflammatory properties of endotoxin by affecting 
negative regulation of inflammation. Shown is the schematic of the inflammatory response. Under 
normal conditions, the inflammation increases during the acute phase of the response to eliminate 
a pathogen. Then, to resolve the inflammation, the cells rely on the negative regulators which 
decrease the inflammation and restore the healthy balance. Some nanoparticles may inactivate the 
negative regulators, thereby leading to the continuation of the inflammatory response. In a recent 
study [23], the exaggeration of the leukocyte procoagulant activity by cationic PAMAM den-
drimers was attributed to the inhibition of PI3K, which serves as a negative regulator of PCA 
response
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bacteria differ by the number and types of fatty acids, types, and quantity of mono-
saccharides, and the number of phosphates. The differences between rough, semi- 
rough, smooth and other types of endotoxins were discussed earlier [21]. Some 
methods, such as mass spectrometry rely on quantifying derivatized fatty acids 
[29–36]. If the fatty acids in the standard endotoxin and that contaminating a formu-
lation are different, the mass spectrometry method will not generate an accurate 
result. The challenge in correcting this situation is that the chemical structure of 
bacteria commonly found in nanomaterials is not yet determined.

As shared in Fig. 12.2, the distilled water is not a guarantee of endotoxin-free 
quality, because bacteria may colonize filters. Therefore, it is highly recommended 
to verify the endotoxin level in water used for the synthesis of nanomaterials and to 
avoid the use of contaminated water.

12.2.3  Challenges with Detection

While a concern regarding endotoxin contamination is not unique to nanomaterials 
and is also broadly applicable to other types of drug products, the contamination 
issue comes with a particular challenge to nanomedicine. This is because these mate-
rials have complex structures and undergo a complex regulatory approval process. In 
addition, many nanoparticles interfere with one or more of the assays traditionally 
used in the drug development industry for the detection of endotoxin. Nanoparticle 
interference with LAL assay is considered as a grand challenge of nanomedicine [19, 
37–41]. Cationic nanoparticles, unfunctionalized carbon nanotubes, anionic metal 
colloids among other materials commonly result in an inhibition of the LAL assay 

Fig. 12.2 In-process contamination is a common reason for the excessive endotoxin levels in 
nanomaterials. Shown is the schematic of a synthetic procedure of a nanoparticle used for the 
delivery of siRNA. All starting materials were sterile and did not contain endotoxin. However, the 
contamination was introduced during the synthesis of an intermediate component. The contami-
nated intermediate component served as the source of endotoxin contamination in the final prod-
uct. Further evaluation revealed that purification of the intermediate component from unreacted 
chemicals and synthesis byproducts involved large volumes of MilliQ water. The amount of endo-
toxin in MilliQ water, as determined by the LAL assay, was higher than the amount of endotoxin 
in tap water from which the MilliQ system sourced the water for purification. It was further 
revealed that bacteria colonized the filter, which resulted in an excessive level of endotoxin in the 
MilliQ water
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[19]. The inhibition is characterized by the spike recovery less than 50% [42]. 
Mechanisms of interference include but are not limited to adsorption of endotoxin to 
nanoparticle surface or binding of LAL proteins to the particles. Polymeric nanoma-
terials are notorious for the enhancement effect. The enhancement is evidenced by 
the spike recover above 200% and is commonly difficult to distinguish from the 
endotoxin contamination [42]. Presence of serine proteases, protease-like activities 
as well as beta-glucan contamination is among the mechanism for the false-positive 
LAL results for these types of nanomaterials [19]. The inhibition enhancement con-
trols or positive product controls, therefore, are instrumental in estimating the valid-
ity of LAL results [19]. Variety of methods are available for overcoming nanoparticle 
interference with the LAL assays and have been described elsewhere [19, 22, 38–40, 
43]. We discuss few such methods further below.

The addition of glucan blocking reagents (e.g., Glucashiled buffer from 
Associates of Cape Code) is commonly used to prevent false-positive results origi-
nating from nanoparticle contamination with beta-glucans [40]. Endotoxin-free 
protease treatments of protein containing or protein-based nanomaterials help to 
eliminate the interference coming from high protein concentration. The use of 
detergents (e.g., SDS or CHAPS) has been proposed to overcome the inhibitory 
effects of cationic liposomes on endotoxin detection by LAL methods [44, 45]. 
Nanomaterials with hollow cavities represent yet another challenge in that endo-
toxin can be entrapped in the particle cavities and, thereby, escape accurate 
 detection by the LAL [19]. This type of interference cannot be detected by the 
inhibition-enhancement controls [19], and therefore require additional consider-
ation. Some liposomes can be successfully destroyed by heat/cool procedure and 
release endotoxin from their cavities [19, 39, 40]. In many other cases, however, it 
is very challenging to destroy the particle without destroying endotoxin. The pro-
cedures for endotoxin release are product specific and require validation using con-
trol standard endotoxin.

Frequently, when traditional methods provide invalid results, FDA recommends 
considering alternative procedures [42]. In vitro monocyte activation test, recombi-
nant Factor C assay, EndoLISA, TLR4-HEK Blue cells are few such tests [46–50]. 
In addition, several mass-spectrometry and gel-electrophoresis methods have also 
been described in the literature [30–36]. The example of some gel-based methods is 
shown in Fig.  12.3. The common limitations of these methods are that they are 
either less sensitive than LAL or not specific to endotoxin and can detect glycosyl-
ated proteins as well [51].

In our laboratory, we follow a decision tree developed by the first international 
workshop on the immunotoxicity of nanotechnology-based drugs and published 
elsewhere [13]. According to this decision tree, two different LAL methods are 
conducted for each formulation, and the results are compared. In the case when the 
results are in agreement (i.e., the EU/mL values obtained from one LAL methods 
are within 50–200% of the values obtained by another LAL method), the LAL 
results are reported. However, if two LAL formats show different levels of endo-
toxin in the same formulation, additional follow up studies are warranted. We 
described some examples of such discrepancies earlier [40, 43, 52]. Here, we will 
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present a few additional case studies. In one of them, cytokine secretion by periph-
eral blood mononuclear cells (PBMC) with and without TLR4 neutralizing antibod-
ies was used to verify that pyrogenicity observed in monocyte activation test (MAT) 
is indeed due to the endotoxin and not material mediated response (Fig. 12.4a). In 
the second case, we used endotoxin from Rodobacter spheroides to distinguish 
between material and endotoxin-mediated responses in the LAL method (Fig. 12.4b). 
We would like to note, however, that R.spheroides method worked well for nucleic 
acid-based nanoparticles (NANPs) based products (Fig. 12.4b), but was not effi-
cient for liposomes (data not shown). In the experience of our laboratory, each 
nanoparticle product is unique and may require additional methods for verification 
of endotoxin contamination in situations when traditional methods, such as LAL, 
do not show consistent results.

12.2.4  Sterilization and Depyrogenation

The amounts of endotoxin in drugs and devices is carefully monitored and regu-
lated. The levels of this biological contaminants is required to be below threshold 
pyrogenic dose, which is 5 EU/kg/h [55]. As such, the levels of endotoxin in indi-
vidual nanoformulation are considered in the context of the intended dose and route 
of administration. If at the intended dose the amount of endotoxin in the given 
nanoformulation exceeds 5 EU/kg/h limit for all routes of administration except for 
the intrathecal route, an action is required to remove it before the use in veterinary 
and human patients. The removal of endotoxin from nanoformulation represents yet 
another challenge in the field of nanomedicines. A variety of standard sterilization 
methods also capable of reducing endotoxins are available, such as, for example, 

Fig. 12.3 Alternative gel-electrophoresis based methods for detection of endotoxin. Three meth-
ods are shown and have also been discussed elsewhere [51]. All of them involve separation of 
endotoxin in polyacrylamide gels. Left to right shows the images of the gels analyzed by silver 
staining, western blot using KDO-specific antibody and fluorescent stain. The typical limitation of 
these alternative methods is that they are either less sensitive than LAL (e.g., silver stain and west-
ern blot) or not specific to endotoxin (e.g., a fluorescent stain which also detects proteins)
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Fig. 12.4 Verification of endotoxin contamination by additional methods. A variety of study 
designs can be developed to verify the presence of endotoxin detected by traditional (e.g., LAL) 
and not traditional (e.g., monocyte activation test) methods. Two such examples are presented in 
this figure. (a) Human peripheral blood mononuclear cells from two healthy donors (0636 and 
0679) were treated with a nanoparticle formulation (NP) without or in the presence of 1 μg/mL 
TLR4-neutralizing antibodies (TLR4nab). The secretion of a pro-inflammatory cytokine TNFα in 
the culture medium was measured by ELISA 24 hours after the initial treatment. The antibody but 
not its relevant isotype control suppressed the TNF induction in the nanoparticle-treated sample, 
thereby verifying that this response is mediated by endotoxin. Ultrapure E.coli K12 LPS at a con-
centration of 20 ng/mL was used as a positive control (PC); incomplete inhibition of the cytokine 
in this sample is observed due to the high potency of the ligand. Blocking of this response would 
require a higher concentration of TLR4nab. It was not used in this experiment due to the high cost 
of these antibodies. The inhibition in the nanoparticle sample was complete, because the level of 
endotoxin in nanoparticle was lower, and the tested TLR4nab concentration was sufficient to block 
this response. (b) LAL method was conducted to measure endotoxin in RNA-nanoparticle; the 
positive response in this sample was verified by the addition to R.shperoides LPS, which acts as 
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Fig. 12.4 (continued) antagonist to enterobacterial LPS in mammalian, but not in CHO or horse 
cells [53, 54]. The design of the experiment is shown in the top panel and the result in the table 
below. The spike recovery of endotoxin units (EUs) in nanoparticle sample was expected to be 
suppressed in the presence of R.spheroides LPS, if these EUs were coming from endotoxin. 
However, if a nanoparticle behaved in the LAL assay as endotoxin, then the presence of 
R.spheroides LPS would not affect the spike recovery. Since the spike recovery was below 50%, 
we concluded that the EUs in the nanoparticle sample indeed come from endotoxin contamination. 
In a control experiment, R.spheroides LPS inhibited endotoxin spike recovery in a positive water 
control made of LAL grade water and control standard endotoxin (data not shown)

gamma-irradiation or ethylene oxide sterilization. The case study summarized in 
Fig. 12.5a, shows two nanoformulations and demonstrates successful extraction of 
endotoxin from polymeric nanoparticle and the reduction of endotoxin level by 
gamma-irradiation in a metal oxide nanoparticle. The extraction of endotoxin from 
polymeric nanoparticle formulation using Triton X-114 has been described in 
details elsewhere [43]. Endotoxin removal and sterilization of nanoparticles represa 
ent yet another significant challenge in nanomedicine. This problem arises from the 
inability of many nanoformulations to resist standard sterilization procedures. In the 
sample shown in Fig. 12.5b, two metal oxide nanoparticles were subjected to steril-
ization using gamma-irradiation. Citrate-stabilized gold colloids remained their 
integrity after the sterilization as evidenced by their appearance in the transmission 
electron microscopy (TEM). However, citrate-stabilized silver colloids did not 
resist the sterilization procedure as evident by a change in their morphology in the 
TEM image. The mechanism of destruction of silver nanoparticles by the gamma 
irradiation has been attributed to their ability to scavenge reactive oxygen radicals 
produced by the gamma irradiation [56]. Due to this problem, the use of depyroge-
nated materials and nanoparticle production using aseptic procedura es represent 
the preferred method to terminal sterilization. Examples of depyrogenation and 
aseptic production have been described elsewhere [57]. Likewise, many studies 
investigated the stability of various types of nanomaterials under commonly used 
sterilization procedures including but not limited to autoclaving, UV light, and 
gamma-irradiation [41, 44, 56, 58–63].

12.3  Nanoparticles and Beta-Glucans

12.3.1  Reason for Concern

Beta-glucans are present in cell walls of variety of microbes including fungi, yeast, 
and some bacteria. These polysacchardies are made of D-glucose monomers which 
are connected by [1–3] beta-glycosidic bonds [64]. Low (10–40 pg/mL) levels of 
beta-glucans are also present in the blood of healthy individuals due to the dietary 
sources (e.g., seaweeds and cereals) and commensal flora [65]. The primary sources 
of beta-glucan contamination in pharmaceutical products are plant-based raw 
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materials (e.g., sucrose and cellulose) and cellulose-based filters [65]. Beta-glucans 
are immunostimulatory and activate the immune cells through a variety of receptors 
including but not limited to Toll-like receptors, Complement receptors, Dectins and 
combination thereof [66–73]. Although beta-glucans are less potent than endotoxin 
in stimulating the immune cells, they can both exaggerate endotoxin-mediated 
pyrogenicity and contribute to the immunogenicity of therapeutic protein formula-
tions. As such, the US FDA recommends detecting beta-glucans as the innate 
immunity modulating impurities in therapeutic proteins and considers this data in 
the context of immunogenicity of the products [2]. When it comes to the pyrogenic-
ity assessment, however, the main regulatory concern is the endotoxin, while beta- 
glucans remain a grey area. Particularly, threshold pyrogenic dose and limits for 
beta-glucans in drug products are unknown. In the current era of immunotherapies, 

Fig. 12.5 Sterilization and nanoparticles. (a) Shown are two examples. In one case, endotoxin was 
removed in polymeric nanoparticles using Triton X-114 extraction procedure [43]. In another 
example, metal oxide nanoparticles were sterilized using gamma irradiation, and the sterilization 
also resulted in a reduction in endotoxin levels. In both of these cases, the physicochemical proper-
ties of nanoparticles were verified and confirmed to be unaffected by the sterilization or extraction 
procedure. (b) Not all nanoparticles can tolerate common sterilization methods. While some com-
mon sterilization procedures can be efficient at reducing endotoxin levels in nanoformulations, it 
is very important to confirm the particle integrity after the sterilization [56]. In the example shown 
in this figure, citrate-stabilized gold nanoparticles were sterilized by gamma irradiation without 
any changes in particle size. In contrast, citrate-stabilized silver nanoparticles were destroyed by 
the same sterilization method
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the presence of beta-glucan in nanoparticles intended for specific immunomodula-
tion represents a special interest because these contaminants may confound the 
results of both safety and efficacy studies of these materials.

12.3.2  Challenges with Detection and Estimation of Safe 
Levels

Beta-glucans can be detected in vitro using modified LAL assay [74]. In the tradi-
tional LAL lysate, both Factor C (specific to endotoxin) and Factor G (specific to 
beta-glucans) are present [74]. Such co-presence creates a false-positive interfer-
ence of beta-glucans during endotoxin detection [40]. However, when Factor C is 
extracted from the lysate, the remaining Factor G initiates a proteolytic cascade in 
response to the presence of beta-glucans [75]. An immunoassay similar to the LAL 
and known as Fungitell was approved the FDA in 2004 for the diagnosis of fungal 
infections (https://www.fungitell.com/). The same assay is also marketed in Europe 
since 2008. A research grade assay is available commercially under brand name 
Glucatell (http://www.acciusa.com/pdfs/accProduct/inserts/Glucatell_Kit.pdf).

The applicability of the Glucatell assay to engineered nanomaterials has not 
been studied before. In Table 12.2 we present the results of a study in which we 
tested a variety of research- and clinical grade nanomaterials using commercial kit 
(http://www.acciusa.com/pdfs/accProduct/inserts/Glucatell_Kit.pdf). Each nano-
particle was tested at several dilutions (5, 50 and 500). The spike recovery and 
inhibition/enhancement control requirements applied to the detection of endotoxin 
by LAL assays were also applied to evaluate the performance of the Fungitell 
assay. Two of six screened formulations (Doxil and Feraheme) interfered with the 

Table 12.2 Evaluation of beta-glucan levels in clinical- and research-grade nanoformulations 
using in vitro Glucatell assay. Each formulation was tested at three dilutions (5, 50 and 500-fold). 
The data were reported from the lowest dilution not interfering with the commercial Glucatell 
assay. The interference was estimated as a spike recovery outside of the 50–200% range

Formulation β-glucan conc., pg/mL Spike recovery, %
Lowest Dilution with 
acceptable spike recovery

Citrate- stabilized
gold colloids

BLOQ* 109 5

Citrate stabilized
Silver colloids

91.3 90 5

Doxil 307 120 50
Abraxane 29.2 123 5
Ambisome 85.01 142 5
Feraheme 306 133 50

*BLOQ=below low limit of quantification
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assay at the lowest tested dilution 5. Therefore, for these two formulations, we 
reported the results from the lowest not interfering dilutions, which was 50. Other 
formulations (colloidal silver, colloidal gold, Abraxane and Ambisome) did not 
interfere with the assay at the dilution 5. Levels of beta-glucans in tested formula-
tions varied from undetectable to 306 pg/mL. To evaluate whether these levels may 
represent any safety concerns, we converted the detected levels of beta-glucans 
from pg/mL to pg/dose.

Next, we estimated how much beta-glucans would be injected into a 70 kg adult 
with each dose of nanomaterials. We estimated that the blood volume of such adult 
is 5.6  L (or 8% of the body weight), and subsequently converted the injected 
amounts of beta-glucans per one milliliter of blood. Finally, we compared these 
estimated concentrations to what is considered in the clinical diagnostic assay as an 
abnormal level of beta-glucans (70 pg/mL). In all cases, the amounts of beta- glucans 
injected with an intended clinical dose did not exceed 70  pg/mL of blood. We 
emphasize that this approach relies on the logic assuming that the levels of beta- 
glucans above 70 pg/mL may represent a safety concern. However, there is no for-
mal limit against which this data could be compared. The results of this study 
demonstrate that the Fungitell assay is not immune to nanoparticle interference, and 
suggests that thorough studies aiming at the evaluation of safe levels of beta-glucans 
are warranted.

12.4  Conclusions and Future Directions

The data and literature discussed above demonstrate that the detection of endotoxins 
and beta-glucans in nanotechnology formulations is not a trivial task and requires 
thorough planning and relevant controls. We further emphasize that more research 
is needed to understand both the evaluation procedure and safety levels of beta- 
glucans in nanotechnology-based drug products.
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