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Abstract

The rate of translational effort of nanomedicine requires strategic planning of nanosafety research 

in order to enable clinical trials and safe use of nanomedicine in patients. In this communication, 

we will discuss the experiences that have emerged based on the safety data of classic liposomal 

formulations in the space of oncology, as well as describing the new challenges that need to be 

addressed according to the rapid expansion of nanomedicine platform beyond liposomes. It is 

valuable to consider the combined use of predictive toxicological assessment supported by 

deliberate investigation on aspects such as ADME (absorption, distribution, metabolism, and 

excretion) and toxicokinetic profiles, the risk that may be introduced during nano manufacture, 

unique nanomaterial properties, non-obvious nanosafety endpoints, etc. These efforts will allow 

the generation of IND (investigational new drug)-enabling safety data that can be incorporated into 

a rational infrastructure for regulatory decision-making. Since the safety assessment relates to 

nanomaterials, the investigation should cover the important physicochemical properties of the 

material that may lead to hazard when nanomedicine product is utilized in humans.

1. Introduction

The smart design and manufacture of engineered nanomaterials (NMs) is a major scientific 

achievement that impacts multiple areas, including biomedical and pharmaceutical fields in 

both research and industry [1–8]. Safety assessment is an integral component of any new 

technology or pharmaceutical product, and nano-enabled products are no exception [5, 9–13]. 

This notion is in agreement with a US Food and Drug Administration (FDA) draft guideline 

“Drug Products, Including Biological Products, that Contain Nanomaterials Guidance for 

Industry”, which includes statements such as, “FDA does not address, or presuppose, what 

ultimate regulatory outcome, if any, will result for a particular drug product that contains 

nanomaterials”; and, “Current [FDA] guidance documents and requirements for the 
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evaluation and maintenance of quality, safety, and efficacy, apply to drug products 

containing nanomaterials” [14]. From a safety perspective, important considerations for 

biomedical NMs should include the complexity of NM structure, the mechanism by which 

NMs’ physicochemical properties impact biological effects in the clinical setting, physical/

chemical stability, etc. Based on previous knowledge of nanotoxicology (nano-Tox) and 

nano environmental health and safety (EHS), it is necessary to contemplate the leveraged use 

of advanced strategies such as predictive toxicology, high throughput screening (HTS), 

nanomaterial library, multi-omics approach, adverse outcome pathways, in silico analysis 

and data mining, and “safe-by-design” in the context of safety assessment and safe use of 

nanomedicine in the clinic. It is also important to continue the enrichment of the safety 

knowledge toolbox, i.e. fate and transport, exposure assessment, toxicokinetics and 

biodistribution, active pharmaceutical ingredient (API)-specific toxicity, and process 

conditions and production scales, which are not fully covered, or even overlooked at times, 

in the existing nanotoxicology infrastructure. Therefore, the earlier we start gathering 

expertise and knowledge for the next-phase of nanosafety research, the more prepared we 

will be in dealing with the challenges of new nanomedicines that are being developed. In 

this short communication, we will focus on a major category of nanomedicine, i.e. anti-

cancer drug nanocarriers, in order to discuss the critical role of nanosafety research in 

advancing nano drug delivery systems into clinic.

General perception of FDA-approved liposomal nanocarriers and their 

safety profile

Liposomes used for cancer drug delivery are generally 50~300 nm vesicles formed by one or 

more bilayers of natural or synthetic lipids [15]. While this type of nanocarrier has been 

studied in depth, it continues to constitute a field of robust research, leading to the most 

successful nanocarriers in terms of clinical translation [16–20]. Up to now, there have been 

~2,400 clinical studies involving liposomes, ~1,800 of which are cancer-related (searched on 

clinicaltrials.gov in January 2020). Beginning from the prior knowledge on the FDA-

approved liposomes, we will use Doxil® (for doxorubicin delivery), Onivyde® (for 

irinotecan delivery), and Vyxeos® (for cytarabine and daunorubicin co-delivery) to 

exemplify the preclinical and clinical observations on their safety profiles.

Liposomal doxorubicin (Doxil®)

Doxil® the first FDA-approved nano formulation for use in cancer in 1995, is a doxorubicin 

(DOX) hydrochloride liposome formulation with a diameter of ~85 nm and lipids composed 

of hydrogenated soy phosphatidylcholine (HSPC), cholesterol (Chol), and polyethylene 

glycol (PEG, Mw ~2,000) conjugated phospholipid (DSPE-PEG2k) (Fig. 1A) [21]. After its 

first approval for treating AIDS-related Kaposi’s sarcoma, it was further approved to treat 

ovarian cancer and multiple myeloma [21]. Three important principles are attributed to the 

unique Doxil® formulation, namely (i) use of surface PEGylation to prolong drug circulation 

time and avoid reticuloendothelial system (RES) clearance, (ii) use of a transmembrane 

ammonium sulfate gradient to achieve a high and stable remote loading of DOX by forming 

a crystal drug precipitate (Fig. 1A, cyroEM), and (iii) use of high transition temperature (Tm 
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= 53 °C) phosphatidylcholine and cholesterol to make the liposome lipid bilayer in a stable 

“liquid ordered” phase [21].

Generally, Doxil® demonstrated more favorable toxicity profiles than did non-encapsulated 

anthracyclines, such as improved cardiac safety feature, and less myelosuppression, 

alopecia, nausea, and vomiting [21–24]. This trend was quantitatively reflected in a meta-

analysis in which 2,220 patients were included for comparison (1,112 liposome-treated 

versus 1,108 conventional anthracycline-treated patients), demonstrating that liposomal 

formulations have lower incidences of congestive heart failure (OR 0.34, 95% CI, 

0.24~0.47) among other safety benefits [25]. As one of the most long-circulating liposomes 
[23, 26], the contrast safety feature of free DOX versus Doxil® is mainly due to the altered 

tissue distribution and pharmacokinetic (PK) profile (Fig. 1B, left). It was demonstrated that 

intravenously (IV) injected liposomes cannot easily escape from the tight capillary junctions 

in normal tissues, including heart muscle and gastrointestinal tract [27]. This is in contrast to 

free drug, which when infused, deploys deep tissue penetration of the drug and causes major 

cardiotoxicity through multiple mechanisms evidenced in a variety of experimental models, 

such as reactive oxygen species (ROS)-induced mitochondrial damage, elevated DNA 

damage, inhibition of cardiomyocyte specific genes, induction of cardiomyocyte apoptosis, 

and triggering of myofiber degeneration [28, 29]. In the setting of cancer patients, DOX 

treatment was more commonly associated with myocyte damage, leading to left ventricular 

dysfunction and heart failure, some of which were fatal [30–32]. The main mechanism is now 

believed to be through inhibition of topoisomerase 2β resulting in activation of cell death 

pathways and inhibition of mitochondrial biogenesis (Fig. 1B, upper right) [33, 34]. 

Therefore, for patients who are at increased risk of cardiotoxicity, Doxil® is an important 

alternative therapeutic option [21, 24, 35]. Use of Doxil®, however, does not necessarily mean 

that DOX’s toxicity is eliminated. In fact, new side effects were reported (Fig. 1C) [23, 24, 36]. 

The main dose limiting adverse effect is palmar plantar erythrodysesthesia (PPE), a.k.a. 
hand-foot syndrome (redness, inflammation, and sometimes blisters on the palms of the 

hands and/or the soles of the feet), which may be explained by long-circulating liposomes 

that accumulate in large amounts in various healthy and susceptible tissues such as skin 
[21, 23, 24, 36]. Fig. 1B (lower right) reveals the possible mechanisms of PPE induced by 

liposomal DOX. Molecular toxicology studies demonstrate the critical role of Cu2+ ions in 

the skin, which in turn, play a key role in ROS generation in the skin. This leads to skin 

tissue disruption including keratinocyte apoptosis, release of chemokines (IL-8, GRO, 

Fractalkine), and induction of inflammatory status (through the release of IL-1β, IL-1α, and 

IL-6) [37] (Fig. 1B, lower right). So far, the best way to overcome this effect is to increase the 

time interval between treatments, but this may lower the available maximal tolerated dose 

(MTD), resulting in decreased antitumor potency [21, 24, 36]. Another side effect related to 

Doxil® is infusion-related immediate hypersensitivity reactions (HSRs) that show up as 

flushing and shortness of breath [21, 24, 38]. These reactions are a type of complement 

activation-related pseudo-allergy which may be induced by the interaction with negatively 

charged PEG-PE in the presence of in Doxil® [24, 38, 39]. It was also shown that the 

morphology change of liposomes from spherical to non-spherical (oval-like) after forming 

the intraliposomal fiber-like drug crystals may contribute to the adverse events in patients, 

presumably owing to its low deformability [21, 40, 41]. Nevertheless, unlike life-threatening 

Liu et al. Page 3

Small. Author manuscript; available in PMC 2020 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cardiotoxicity, PPE and HSRs due to Doxil® are manageable and frequently reversible with 

appropriate supportive care measures [35, 42–44]. Here, it is also necessary to mention 

Myocet®, a non-pegylated liposomal DOX that is approved for the treatment of metastatic 

breast cancer in combination with cyclophosphamide in Europe and Canada [45, 46]. Unlike 

Doxil®, the Myocet® liposome without PEG coating has been shown to have much lower 

risk of inducing Hand-Foot Syndrome [25, 45].

Liposomal Irinotecan (Onivyde®)

In addition to Doxil®, there are other liposomes that have been approved in the field of 

oncology [16–20]. Onivyde®, also known as MM-398 or PEP02, is a liposomal irinotecan 

injection approved by the FDA in 2015. These liposomes with a diameter of −100 nm are 

composed of distearoylphosphatidylcholine (DSPC), Chol, and DSPE-PEG2k (60: 40: 0.3 in 

molar ratio) bilayers with high loading of drug crystals or precipitates (Fig. 1D) [47, 48]. 

Currently, Onivyde® is indicated (in combination with fluorouracil and leucovorin but not as 

a single agent) for the treatment of patients with metastatic pancreatic ductal 

adenocarcinoma (PDAC) after disease progression following gemcitabine (GEM)-based 

therapy. In the setting of PDAC, irinotecan is a key component of FOLFIRINOX therapy (a 

4-drug regimen that includes 5-FU, oxaliplatin, and irinotecan) [49]. While FOLFIRINOX is 

more clinically effective than GEM, this regimen is far more toxic, and is therefore restricted 

to select advanced stage PDAC patients with good functional status [49]. Irinotecan 

contributes in a major way to FOLFIRINOX toxicity due to effects on the bone marrow 

(e.g., ~70% incidence of neutropenia) and the gastrointestinal tract (GIT) (e.g., vomiting, 

diarrhea, nausea, anorexia in ~70% of patients) [49, 50]. In order to address this toxicity while 

maintaining therapeutic efficacy, liposomal encapsulation of irinotecan has been developed, 

e.g., (i) the MM-398 formulation, a liposome that stably incorporates irinotecan 

hydrochloride with the aid of a polyanionic trapping agent (triethylammonium sucrose 

octasulfate, TEA8SOS) [46], and (ii) liposomes that use active irinotecan loading through the 

generation of transmembrane proton gradients with an ionophore (A23187), ammonium 

sulfate, etc [51–56]. Similar to Doxil®, Onivyde® (although a lower percentage of PEG was 

used) still remains more advantageous in PK profiles. A much slower clearance, significant 

prolonged terminal t1/2 of circulating total irinotecan, and more favorable PK of its active 

metabolite SN-38 were observed in patients who received Onivyde® compared to free drug-

treated patients [57, 58]. The dose-normalized AUC0-∞ value of active SN-38 was ~5x higher 

for Onivyde® than that of free irinotecan [57, 58]. Although great toxicity reduction with >4-

fold increased maximum tolerated dose (MTD) was demonstrated by liposomal irinotecan 

compared to free drug in mice [47], there were no significant differences among the main 

adverse events observed in clinical trials [57, 59]. The grade 3 or 4 adverse events that 

occurred most frequently in the Onivyde® plus 5-FU/LV were neutropenia (27%), diarrhea 

(13%), vomiting (11%), and fatigue (14%) (Fig. 1D)[60]. While irinotecan liposomes could 

achieve high irinotecan loading capacity, instability of liposomal nanocarriers under shear 

and osmotic stress from bloodstream conditions, as well as bilayer disruption by serum 

proteins, have been shown to result in toxicity due to premature drug release[61–63]. We 

surmise that this could explain the frequently observed GIT and bone marrow toxicity, 

including the “black box warning” for life-threatening diarrhea and neutropenia of patients 

receiving Onivyde® treatment. Interestingly, there were no reports of Onivyde®-related 
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hand-foot syndrome side effects in this study, which can be associated with irinotecan and 

Doxil® therapy [60].

Ratiometric cytarabine and daunorubicin co-delivery liposome (Vyxeos®)

The majority of FDA-approved liposome carriers deliver one active pharmaceutical 

ingredient (API). The recent success of Vyxeos® (also known as CPX-351 and carries 

cytarabine and daunorubicin at a 5:1 molar ratio, Fig. 1E) shows the impact of nano-enabled 

drug synergy for acute myeloid leukemia (AML) management [64] The classic drug 

combination was frequently tested by adding one drug at incremental doses to the 

recommended dose of the other until the aggregate toxicity became dose-limiting [65]. A key 

advantage of ratiometric co-encapsulation is the ensured in vivo drug synergy through 

synchronized PK/biodistribution profile, which turns out to be essential because the extent of 

synergy (or antagonism) frequently depends on the ratio and concentrations of APIs in the 

mixture. Another advantage is to avoid the maximal dose of each drug, serving as an 

important safeguard from the side effect reduction perspective. In a bone marrow (BM) P388 

leukemia tumor model, it was demonstrated that the CPX-351 liposomes could not only 

maintain the synergistic drug ratio in plasma but also in BM, which exhibited superior 

therapeutic activity compared to free-drug cocktails [66]. In another BM-engrafting CCRF-

CEM leukemia model, it was shown that CPX-351 liposomes had superior activity against 

BM leukemia cells than the free-drug cocktail [67]. The drug distribution results also 

demonstrated that drug concentrations were selectively and markedly elevated for liposome 

formulation over free-drug cocktail in leukemia-laden BM [67]. Interestingly, it was 

demonstrated that the CPX-351 formulation, as compared to free drug combination, showed 

enhanced selective in vitro cytotoxicity for AML cells rather than normal progenitors from 

patients [68]. These pharmacologic advantages, preferential uptake of liposomes by leukemia 

cells but reduced drug exposure in off-target tissues, may explain the robust efficacy and 

manageable safety profile of Vyxeos® observed in clinical trials [69, 70]. The Vyxeos® 

liposome significantly improved median overall survival versus the standard-of-care 

cytarabine plus daunorubicin chemotherapy (a.k.a. “7+3”), i.e. 9.56 versus 5.95 months (P = 

0.003). Moreover, there is limited information on the toxicity mechanism for Vyxeos®, 

which was only approved in 2017. In fact, the side effect profile was comparable between 

co-delivery Vyxeos® and free drug mixture in patients (Fig. 1E)[71]. However, it is necessary 

to consider toxicity as a consequence. When ratiometric co-delivery is used because of the 

deliberately-optimized drug synergy that hypothetically ensures the in vivo high potency 

(killing effect), this may exert unexpected adverse effects in the normal organs.

What do we learn from these approved liposomes? Ample evidence shows that the safety 

profiles of liposomal nanocarriers is structure-dependent. Along the technology maturation 

process, we learn that the quality, efficacy, and safety of a liposomal carrier (and drug 

products containing nanomaterials; see below) can, however, be very sensitive to the 

manufacturing process [72]. Important considerations should include lipid composition, size, 

lamellarity, charge, drug loading approach, drug loading condition (feed ratio, temperature, 

and time), type/concentration of trapping agent, intraliposomal osmotic pressure and pH, 

drug localization (interior, surface attached, or lipid incorporation), drug release profile, 

w/wo targeting design, etc. In the case of Doxil®, the main component HSPC has a high Tm. 
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Thus, making the liposome membrane in a gel state below this Tm prevents drug diffusion 

through the bilayer at the human body temperature [21]. Another popular design is the use of 

a trapping agent, such as ammonium sulfate for DOX or TEA8SOS for irinotecan. To do 

this, liposomes are usually prepared at the desired concentration of trapping agent. In the 

case of Doxil®, after removing the free ammonium sulfate from the external liposome 

medium, intraliposomal NH4
+ dissociates into NH3, which then diffuses out from the 

liposome, leading to a lower pH aqueous phase inside of the liposome as the H+ ions are 

retained by the bilayer. The weak base non-ionized form of DOX can pass through the lipid 

bilayer at temperature above Tm, and become ionized upon entering the liposome. The 

cationic form further complexes with the SO4
2− anions to form long and fiber-like salt 

crystals. Doxil’s success (including safety feature) is partially due to the trapping agent’s 

triad effect: reduced premature DOX release, minimized intraliposomal osmotic pressure 

issue, and augmented loading capacity and efficiency. This highlights the necessity of a 

critically integrated nano manufacture and high standard quality control (QC) criteria. This 

serves as the basis of “nano Chemistry Manufacturing and Controls” (nano-CMC), which 

may generate profound impact on nanosafety.

Consideration beyond liposomes - New challenges for the next stage nano-

Tox research in nanomedicine

There is a large number of research labs and startups working on a wide variety of nano-

enabled solutions in medicine, creating job opportunities, fund-raising, Investigational New 

Drug (IND) filing, and clinical trials [73, 74]. A keyword search of “nano” in the clinical.gov 

database produced 282 results/records (searched in January 2020). Approximately one third 

of the clinical records are cancer-related. From the pipeline perspective, ample evidence 

showed that the expedited developmental work leads to the versatile utilization of 

biomedical NMs, beyond just liposomes. This includes polymer[75–81], metal and metal 

oxides[82–84], carbonaceous materials[85], silica-based materials[86], two-dimensional 

nanostructures[87, 88], up-conversion materials[89], metal organic framework[90], etc 
[16–18, 90–92]. An elevated degree of unpredictability in biocompatibility and prospective 

safety issues, however, created new challenges along their translational route. The level of 

sophistication demands a paradigm shift from understanding classic toxicology (“what 

happens” approach) to how mechanistic nano/bio interactions can facilitate hazard 

identification and risk assessment, ultimately leading to a safe-by-design nanomedicine (Fig. 

2). Spurred on by the ~15 years of development in nanotoxicology and nano EHS, it is a 

practical approach to consider the existing experimental strategies, such as physicochemical 

characterization [93, 94], high-throughput and high-content screening [95, 96], nano 

quantitative structure-activity relationship (QSAR) [95, 97–100], and understanding of nano-

associated molecular patterns (NAMP) and adverse outcome pathways (AOP) [101–103], with 

an agenda to address the safety issue in the clinic (also see Fig. 4). These components serve 

as the basis of “predictive toxicology,” which was advocated as a paradigm shift for the 

assessment of nanomaterial hazards [100, 104–107]. The existing assays, which were 

summarized in Fig. 2, cover a decent amount of mechanistic endpoints that are frequently 

involved in NMs’ safety, such as oxidative stress, particle dissolution, surface membrane 

injury, lysosomes, inflammasomes, autophagy activation/blockade, mitochondria damage, 
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pro-inflammatory response, etc [104, 107, 108]. The most efficient approach that could 

reasonably address the complexity of nanomaterials is to use mechanistic cellular injury 

responses that can be linked to disease pathogenesis (Fig. 3). Quantitative study of these 

cellular toxicological endpoints would allow HTS to be used for in vivo safety prediction, 

thereby limiting animal use as the primary test platform (Fig. 2). At this point, the examples 

of mechanistic injury include heavy metal ion shedding (metal and metal oxide) [109–112], 

membrane damage (cationic nanoparticles) [113–119], lysosome damage (long aspect ratio 

NMs) [120–124], cell membrane disruption (NMs with reactive surface) [125–130], bio-

transformation (rare earth NMs) [131–133], etc (Fig. 3).

The question then becomes whether or not the existing nano EHS and nanotoxicology 

knowledge is well-developed enough for nanomedicine’s safety assessment. While useful, 

the existing knowledge needs to be further incorporated into a rational infrastructure for 

further data generation and regulatory decision-making, premised on the use of quantitative 

assessment of nanotoxicological mechanisms that are linked to acute and chronic side effects 

and adverse effects in patients. Despite the promise of leveraging a mechanistic approach for 

nanomedicine safety, new studies with a view to facilitate IND filing and comprehensive 

safety assessment in patients are still needed. We believe the next phase of research should 

pay extra attention to the following aspects (Fig. 4):

• The consideration of absorption, distribution, metabolism, excretion (ADME), 

and toxicokinetics profiles of NMs and APIs is required. New safety issues may 

emerge since nano-Rx may enhance the delivery of payload molecules to certain 

tissues in which the free drug has limited access.

• Quality, safety, and efficacy of nano-Rx that are very sensitive to manufacturing 

conditions, i.e. correlative study of nano-CMC and nano-safety.

• Consideration of unique (non-obvious) NM’s properties that determine critical 

nanosafety issue, such as reactive surface, irregular shape and long aspect ratio, 

bio-transformative composition, etc.

• Use of standardized safety assessment approach (i.e. ISO guidelines, SOPs, and 

engage a CRO entity).

• Plan and implement effective IND-enabling toxicology study for nano-Rx.

• Use of multi-omics approaches to reveal non-obvious safety-related observation 

of nano-Rx.

• Predictive nano-Rx safety and biomarker-guided safe use of nano-Rx.

• Nano adverse event management in patients.

• Nanomedicine that may interact with classic drugs in human.

• Development of new experimental models with augmented predictive value for 

rapid capture of nanomedicine safety profile (i.e. lab-on-a-chip, organ-on-a-chip 

approaches).

• Limitation of pre-clinical nanosafety assessment. While findings in animal safety 

data are generally applicable to patients, the responses of animals and humans 
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may differ. This disparity has been attributed to many factors, i.e. different levels 

of cytochrome P450s and detoxification enzymatic system. In terms of dose, use 

of body weight for linear dosimetry extrapolation frequently leads to less 

accurate animal-human conversion, while allometric scaling on the basis of body 

surface area is generally believed more accurate. Moreover, animal studies 

cannot reveal subjective effects such as headache, dizziness, nausea, or mental 

effect, which frequently involve idiosyncratic reactions and inter-individual 

responses in a complex real-life patient population.

In our opinion, there are no simple solutions to nanomedicine’s safety assessment during the 

translation phase. It is likely to be case-by-case. It should fit into the existing infrastructure 

governed by the FDA. At this stage, the combined use of predictive toxicology 

supplemented with ADME and toxicokinetics analyses could be a reasonable approach. 

From the feasibility aspect, implementation of physicochemical characterization plus HTS 

predictive toxicity profiling will facilitate important decision-making and determine the 

scope (and the focus) of the safety assessment in vivo. For nanotherapeutics, it is important 

to address the administration route and exposure likelihood with the view to understand 

toxicokinetics profile, ADME, and targeting of specific organs. Depending on the 

mechanism and degree of potential toxicity, it is also important to use appropriate animal 

models [134, 135]. For example, the spontaneously hypertensive rat and the beagle dog are 

considered the most suitable small and large animal models, respectively, to use for 

anthracycline cardiotoxicity [136–138]. The rat model is regarded to be more sensitive than 

mice in predicting both chemotherapy and targeted therapy induced GIT toxicity in humans 
[139–141]. Beyond liposomes, we want to mention inorganic nanoparticles that have emerged 

as new therapy. A frequent safety concern was raised in the category of the inorganic 

nanoparticles because they are generally thought to be more difficult to degrade and to be 

cleared out than organic particles like liposomes and micelles. While this could be true, it 

may also just be a stereotype perception because nanomaterial properties are obviously more 

complicated than “inorganic” or “organic”.

There are multiple successful inorganic nanoparticles that have moved into clinical 

studies[91, 142], such as C-dots (a silica particle for imaging and treatment purpose)[86], 

metal-organic frameworks (MOFs) [143–146], nanoscale coordination polymers (NCPs) 
[147–149] and gold nanoparticles [150–153]. We want to discuss a gold-silica nanoshells (GSNs 

or AuroShell, 155 nm in diameter with a coating of polyethylene glycol 5000) (Fig. 5A) in 

more detail [154]. This platform recently passed a clinical pilot device study for local 

photothermal ablation of prostate tumors [152]. The dielectric silica/gold shell structure was 

designed to absorb light at wavelengths of high tissue transparency (principally at near 

infrared (NIR) wavelengths ~ 800 nm), which can convert absorbed NIR light to heat and 

induce highly localized hyperthermia, resulting in cell death and tumor remission for 

photothermal cancer therapy [153]. As the therapeutic mechanism of action is physical and 

not biological or chemical, the AuroShell particles are regulated as a medical device by the 

FDA [154]. Before clinical trials, the AuroShell particles were comprehensively evaluated for 

preclinical biocompatibility, toxicity, and biodistribution by both in vitro and in vivo assays. 

There was no indication of toxicity in a complete good laboratory practice (GLP) compliant 

International Organization for Standardization (ISO)-10993 biocompatibility program, 
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including cytotoxicity, pyrogenicity, genotoxicity, in vitro hemolysis, intracutaneous 

reactivity, sensitization, and USP/ISO acute systemic toxicity assays (Fig. 5B) [154]. 

Impressively, after a single IV injection, the amount of gold in the body did not decrease 

significantly even at >1 year post infusion (Fig. 5C). The nanoshells are too large to be 

cleared through standard excretion pathways and are chemically inert. Despite the long-term 

persistence in the body, a series of studies in mice, Sprague-Dawley rats, and Beagle dogs 

for time durations of up to 404 days identified no toxicities, lack of tolerance, or 

immunological effects to these particles [154]. The following safety profile of AuroShell 

particles in clinical trial was excellent, matching previous preclinical findings where the 

blood/hematology/urinalysis assays indicated no particles-related toxicity [152]. More and 

more encouraging clinical safety profiles are being confirmed for emerging inorganic 

biomedical nanoparticles, such as the ~27 nm polyethylene glycol-coated gold nanoparticles 

binding recombinant human tumor necrosis factor alpha (rhTNF) (CYT-6091) [150, 151] and 

the ~6- to 7-nm ultrasmall inorganic hybrid silica nanoparticles (Cornell dots, C dot)[86].

Here, we also want to illustrate our view by sharing the developmental experiences of a 

novel nanocarrier, i.e. “silicasome”, for pancreatic cancer (PDAC) treatment (Fig. 6A) 
[155, 156]. We have developed a mesoporous silica nanoparticle (MSNP) platform to 

efficiently deliver a protected high-dose PDAC chemotherapy using a supported lipid bilayer 

(LB) for payload encapsulation (Fig. 6B). The name is given as “silicasome” to distinguish it 

from liposomes, which contain a non-supported LB. This platform was used to load a highly 

potent but toxic PDAC cancer drug irinotecan (a key component in the “FOLFIRINOX” 

regimen; Fig. 6A), which is a weak base that can be imported by a proton-releasing trapping 

agent, triethylammonium sucrose octasulfate. After experimenting with ~70 reaction 

conditions in an iterative optimization approach, it is possible to accomplish ~120 g batch 

sizes of biocompatible MSNPs in ~20 L volume (Fig. 6C) [157]. Since the LB is supported, 

the improved stability of the silicasome was associated with less API leakage systemically, 

which was experimentally proven in the case of irinotecan delivery [156]. We have tested our 

irinotecan silicasome in an orthotopic Kras-derived PDAC model as well as a colorectal 

cancer (CRC) orthotopic model [157]. The latter model was selected because irinotecan was 

approved as a monotherapy for CRC management. The data demonstrated that the 

silicasome delivered significantly increased drug concentrations at the orthotopic tumor sites 

compared to liposomes (in-house synthesized or commercial irinotecan liposome 

Onivyde®), leading to superior anticancer effect (including treating metastases) in vivo (Fig. 

6D) [156, 157]. Equally important, the reduced leakage and slower rate of drug release by the 

silicasome carrier dramatically reduced the rate of bone marrow, gastrointestinal, and liver 

toxicity compared to the liposomal carrier (Fig. 6D) [156, 157]. The superb safety feature also 

comes from MSNP itself, a platform that is generally devoid of biohazard including previous 

data with respect to its biocompatibility, biodegradability, and bio-elimination from living 

animals [158–161]. A mechanisms study shows the safety feature to the profound surface 

chemistry on the silica [125]. The intrinsic safety of MSNP (and Stöber silica), which are 

synthesized under low temperature conditions, is due to the lack of high energy and strained 

siloxane rings. This differs from the silica nanomaterials that are made at high temperature, 

such as quartz and fumed silica. The latter type of silica nanoparticles frequently leads to 
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toxicity, such as pulmonary toxicity (silicosis) due to surface reconstruction and display of 

H-bonded silanols [125].

Lastly, we want to briefly mention the safety assessment of non-cancer nanomedicine. The 

blueprint of safety assessment should be applicable to any nanomaterials irrespective of the 

indication. However, it is necessary to pay extra attention to API-specific safety endpoints. 

One example is nano-enabled gene editing in rare genetic diseases. Although the nanocarrier 

itself could be highly biocompatible[6], the safety feature of the gene editing platform itself 

(i.e. off-target effect) is still controversia[162, 163].

Conclusions

It is a timely effort to “rethink” the major thrust of nanotoxicology (nanosafety) research. 

Like traditional toxicology research, it is always relevant to address the safety and hazardous 

features of emerging new nano substances. In the context of clinical nanomedicine safety, it 

is necessary to consider the leveraged use of predictive toxicology expertise with a view to 

correlate the NM properties and manufacture process to its safety features, including the use 

of safe-by-design approach. Moreover, the existing knowledge needs to be further 

incorporated into a clinical infrastructure for further data generation and regulatory decision-

making, premised on the use of quantitative assessments of nanotoxicological mechanisms 

that are linked to acute and chronic side effects and adverse effects in patients.
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Figure 1. 
Comparative demonstration of free DOX and Doxil®’s PK/biodistribution, targeted organ 

and safety features. (A) Appearance, cryoEM image and scheme of Doxil® formulation. 

HSPC: hydrogenated soy phosphatidylcholine, Chol: cholesterol, DSPE-PEG2K:1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]. 

Reproduced with permission.[21] Copyright 2012, Elsevier. (B) Pharmacokinetics (PK) 

profiles and main cardiotoxicity and palmar plantar erythrodysesthesia (PPE) effects/

mechanism of doxorubicin and Doxil® formulation. Reproduced with permission. 
[21, 23, 34, 37] Copyright 2012, Elsevier. Copyright 2003, Springer Nature. Copyright 2017, 

Elsevier. Copyright 2013, Springer Nature. (C) Clinical adverse effect profile of pegylated 

liposomal doxorubicin. Reproduced with permission.[24] Copyright 2008, Elsevier. (D) 

Scheme and clinical adverse effect profile of liposomal irinotecan Onivyde®. Reproduced 

with permission. [48, 60] Copyright 2014, Elsevier. Copyright 2016, Elsevier. (E) Scheme and 

clinical adverse effect profile of cytarabine and daunorubicin co-delivery liposome Vyxeos®. 

Reproduced with permission.[64, 71] Copyright 2018, Future Medicine Ltd. Copyright 2018, 

American Society of Clinical Oncology.
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Figure 2. 
Overall blueprint of safety assessment of nanomedicine. Therapeutic nanomaterials of 

various chemical compositions demand comprehensive characterization, such as size, 

morphology, charge, surface area, porosity, crystal structure, API concentration, release 

profiles, etc. It is necessary to consider HTS assays and response readouts in cells to obtain 

mechanistic toxicity insight with a view to plan and prioritize the animal assessments for the 

IND filing. The in vivo toxicity assessment should be designed and implemented with 

necessary consideration on ADME, toxicokinetics, administration routes, and acute vs 
chronic toxicity, which may not be fully covered in the in vitro assays. The output of these 

assays needs to be analyzed to facilitate the decision-making with respect to the technology 

translation. If necessary, a safe-by-design approach could be helpful to improve 

nanomedicine’s safety features. The preclinical data can be used to as a reference for the 

clinical safety assessment, i.e. patient adverse event report and management, for the 

efficacious and safe use of nanomedicine in patients.
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Figure 3. 
Mechanistic injury responses that are frequently involved in nanomaterials. This includes 

dissolution and release of toxic metal ions from metal or metal oxide nanoparticles, cationic 

injury to surface membrane and organelles, frustrated phagocytosis and inflammasome 

activation by long aspect ratio nanomaterials, reactive surface that may lead to membrane 

disruption, and bio-transformation response in rare earth nanoparticles.
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Figure 4. 
Critical research aspects that are required to strengthen nanomedicine nanosafety 

investigation.
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Figure 5. 
Safety assessment of Auroshell nanoparticles, an example for inorganic biomedical 

nanomaterials. (A) Scheme of the silica/gold core-shell structure of Auroshell nanoparticle. 

(B) Preclinical International Organization for Standardization (ISO) toxicological testing 

performed for Auroshell particles. (C) Mass balance data of mice receiving a single injection 

of Auroshell particles and sacrificed at the time points indicated. Gold content was detected 

by Neutron activation analysis (NAA). Reproduced with permission.[154] Copyright 2012, 

SAGE Publishing.
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Figure 6. 
Development of silicasome drug nanocarrier to address irinotecan safety and efficacy for 

pancreatic and colon cancer treatment. (A) In the setting of PDAC, while FOLFIRINOX is 

more potent than GEM, this regimen is far more toxic, in which irinotecan contributes in a 

major way to its toxicity on the bone marrow and the GIT. (B) Scheme and unique 

characteristics of silicasome nanocarrier. (C) Successful scale-up development of silicasome 

for translational study. (D) Use of highly stringent orthotopic cancer models to study PK, 

efficacy and safety features of silicasome nanocarrier. Irinotecan delivery by silicasome led 

to a major improvement of efficacy and safety over free drug and commercial liposomes for 

PDAC and colon cancer. In order to study irinotecan’s toxicity in diffident formulations, 

liver, sternal bone marrow, and intestinal tissues were collected from the mice. Histological 

examination of these organs showed reduced hepatocyte necrosis and GIT apoptosis. Panel 

D highlights the H&E staining result of bone marrow. While animals treated with free drug 

or commercial liposomes generated strong effects on bone marrow damage (i.e. evidenced 

by ~30% of the space being filled by hematopoietic cells), there was no major reduction in 

silicasome treated mice. This correlates to peripheral blood neutropenia in patients receiving 

either free drug or Onivyde®. No neutropenia was observed in mice receiving irinotecan 

silicasome. Reproduced with permission.[155, 164] Copyright 2017, American Society for 

Clinical Investigation. All other figures. Copyright 2019, American Chemical Society.
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