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Biochemical transformations of inorganic
nanomedicines in buffers, cell cultures and
organisms
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The field of nanomedicine is rapidly evolving, with new materials and formulations being reported almost
daily. In this respect, inorganic and inorganic—organic composite hanomaterials have gained significant
attention. However, the use of new materials in clinical trials and their final approval as drugs has been
hampered by several challenges, one of which is the complex and difficult to control nanomaterial chem-
istry that takes place within the body. Several reviews have summarized investigations on inorganic nano-
material stability in model body fluids, cell cultures, and organisms, focusing on their degradation as well
as the influence of corona formation. However, in addition to these aspects, various chemical reactions of
nanomaterials, including phase transformation and/or the formation of new/secondary nanomaterials,
have been reported. In this review, we discuss recent advances in our understanding of biochemical
transformations of medically relevant inorganic (composite) nanomaterials in environments related to
their applications. We provide a refined terminology for the primary reaction mechanisms involved to
bridge the gaps between different disciplines involved in this research. Furthermore, we highlight suitable
analytical techniques that can be harnessed to explore the described reactions. Finally, we highlight
opportunities to utilize them for diagnostic and therapeutic purposes and discuss current challenges and
research priorities.

Nonetheless, compared to the abundance of nanomedical
research, with around 10 000 publications per year, the clinical

Over the past 25 years, nanotechnology has received increasing
attention in the biomedical field. The design,” tunability,**
biomedical efficacy,” and characterization®” of nanomaterials
(NMs) for biomedical applications have been widely studied.
In addition to studies on organic nanomaterials, such as lipo-
somes and micelles, detailed studies on inorganic and
organic-inorganic composite NMs have been conducted.®’
Such materials have been used extensively in applications, as
imaging agents,'®™ in drug delivery systems,"*'* in radio-
enhancement therapy,’® " and in wound healing.>*>> They
have also been used as theranostic agents (combining diagnos-
tics and therapy)”®® due their exclusive and tailorable
properties.
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use of nanomedicines is greatly limited, with only about 200
organic and inorganic nanomedical drugs having entered
clinical phases to date.”* Clinical translation remains challen-
ging®® due to the oftentimes limited understanding and
control over the nanomaterial chemistry during all stages of
material life-cycle from stable storage to applications, covering
bioavailability and fate within the body, metabolism and ulti-
mately excretion/elimination processes. While many of these
aspects have been well-characterized for organic nanomaterials
(liposomes and micelles),>®>” research on the physical and
chemical modification and transformation of inorganic NMs
within the body is still scarce.”® Physical and chemical
changes in NMs are related to modifications in NM compo-
sition and structure, and therefore to modified efficacy and
safety profiles. Those factors need to be strictly controlled if
NMs are intended for medical use, as NMs might undergo
physical and chemical transformations upon interaction with
the different chemical environments within the body, such as
variations in pH, ion composition, and redox potential. In this
context, research on NM stability has mostly focused on NM
decomposition and degradation (often monitored as a loss of
function over time),? as well as on corona formation;**?" i.e.,
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the formation of secondary (bio-)molecule layers on the NM
surface. However, in biomedical research, there is a gap
between the number of studies reporting the design of new
NMs and those assessing NM fate, including primary reactions
and secondary effects. Primary transformations may result in
alterations in elemental speciation, crystal structure, material
composition and/or morphology of the NM, as well as the
generation of secondary nanoparticles. These alterations can
have a major impact on the in vivo efficacy, toxicity, and fate.
The occurrence and impact of such NM transformations have
been widely acknowledged and studied in various fields, such
as nano-environmental health and safety (nanoEHS),**™** cata-
lysis®® and energy applications.’**® However, over the past
several years, the importance and relevance of NM transform-
ation have become also recognized by the biomedical field.*®

In this review, we highlight studies on the transformation
of inorganic and organic-inorganic composite NMs (metals,
metal-oxides, and metal organic frameworks (MOFs)) that are
relevant for various biomedical applications; such applications
are realized under cell-free, in vitro, ex vivo, and in vivo con-
ditions. Hereafter, “NMs” refers to inorganic and inorganic-
organic composite materials and will be assessed with a focus
on chemical transformation, including changes in element
speciation, crystal structure, material composition and mor-
phology,?® as well as the formation of secondary nanoscale
phases from the parent material. Studies that solely investigate
dissolution are excluded since they have been extensively
reviewed elsewhere.”**' Additionally, we point to successful
measures that protect clinically relevant inorganic NMs from
transformation, as well as specific transformations that might
be harnessed to endow NMs with additional functionality.
Moreover, we provide a comprehensive overview of suitable
analytical techniques that can be leveraged to gain insights
into the underlying reaction mechanisms for material trans-
formations. Ultimately, a better understanding of potential
transformation reactions allows for better safe-by-design
approaches and tunable transformation for therapeutic, diag-
nostic, and elimination purposes.

Application routes for inorganic
nanomedicines and associated
biological environments

Application routes for inorganic nanomedicines in vivo can be
divided into four principal categories: (i) oral administration,**
(i) inhalation/tracheal administration,*! (iii) injection (which
can further be divided into (iii.a) intravascular*'*° (Iv) (iii.b)
direct site?” and (iii.c) retroorbital*® injection (which is solely
found in rodent studies)), as well as (iv) subcutaneous and
transdermal*®~* application (see Fig. 1A). The route of admin-
istration is highly dependent on the intended medical appli-
cation, the bioavailability, as well as the NM surface chemistry
and size.”® The size and surface chemistry of NM are of para-
mount importance. As the size decreases, the proportion of
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surface atoms becomes increasingly pronounced, which in
turn significantly influences the long-term fate of NM,
especially under varying pH values and ionic strengths of the
environment. The surface chemistry, along with any coatings,
can serve dual roles: they can act as protective layers, stabiliz-
ing the NM, or they can actively modulate interactions with the
surrounding environment. This surface chemistry determines
the charge, hydrophobicity, and affinity of the NM, all of
which play pivotal roles in how these materials interact with
biological systems.’® The application route defines the local
fate of the NM as well as the chemical environment the NM is
first exposed to. After oral administration, studied typically
with oral gavage in rodents,*' the NM is exposed to the milieus
of the gastrointestinal (GI) tract starting from the stomach, all
the way to the small intestine, and then to the large intestine
(SI/LI). This involves drastic changes in pH, from pH 1.0-3.0
(stomach) to pH 5.4-7.5 (SI) and pH 6.6-7.4 (LI)** (Fig. 1B).
Additionally, digestive enzymes may be present, which, again,
is strongly dependent on the exact anatomical location. The
entire gastrointestinal system is lined by a mucosal layer, sep-
arating the cells of the gastrointestinal tract from its contents.
In a healthy GI tract, the mucosal layer shields the intestinal
cells, to a certain extent, from interactions with ingested nano-
materials. However, disruption of this barrier, e.g., due to
inflammatory bowel disease (IBD), has shown altered exposure
of the GI to ingested NMs, hence indicating a strong depen-
dence of NM fate on the barrier being intact.>®

In contrast to oral NM administration, the conditions
encountered by NMs via inhalation or tracheal adminis-
tration®' are distinctly different; the first organ of contact is
the lung, with a neutral pH of around 7.0, coated with a
mucosal layer that protects it from the external environment.
For inhalation or intratracheal exposure, NM uptake into alveo-
lar macrophages and epithelial cells has been reported, with
further translocation of NM to the vascular system.’”

A benefit of injection into blood either intravenously®'™*®
(or retroorbitally in rodents*®), which is favored by most
studies, is direct systemic distribution with exposure to a near-
neutral pH of 7.1-7.6.°® Nonetheless, blood (Fig. 1B) is a very
complex environment, containing phosphates (0.9-1.5 mmol
1I"* (ref. 59)), macromolecules (60-80 g 1* (ref. 60)), and a
variety of ions (e.g., Ca®*, CI~, K*, Na*). Unless the GI tract or
the lung is the primary target organ for the clinical application
of nanomedicine, injections are typically preferable.
Intravenous administration gives access to circulation in the
blood stream and, therefore, a systemic distribution; however
NM fate is heavily influenced by their interaction with the reti-
culoendothelial system (RES), including the liver, kidneys,
and/or spleen, where NMs preferentially accumulate.***%%48
Depending on the target organ and therapy involved, a direct
site injection may have advantages over intravenous adminis-
tration, achieving a highly defined and concentrated local NM
distribution.”” This is crucial for several therapies, such as
NM-enhanced radiotherapy (Hensify®, NBTXR3)°' and mag-
netic hyperthermia (MagForce AG, NanoTherm® Therapy)®*®?
of solid tumors.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Application routes for inorganic nanomedicines and associated biological environments (A) in a whole organism, (B) at the organ level with
tissue-specific pH values and ion/macromolecule compositions, and (C) in the endosomal-lysosomal cellular uptake mechanism of NMs, with lyso-
somal-specific composition of ions, macromolecules, phosphate, and pH values. The organism to organelle compartments are juxtaposed to (D) lab
mimicries with bar “Lab mimicry” indicating restricted availability, high throughput and simplicity. Ranging from chemically defined liquids (phos-
phate buffered saline (PBS), artificial compartment buffer (ACB), simulated body fluids (SBF)), in vitro systems to in vivo.

Irrespective of the route of administration, the therapeutic
efficacy of almost all NMs relies on the NM uptake by cells.®*
The most relevant cellular uptake mechanism for NM is via
endocytosis (Fig. 1C).** The NM is taken up by cells from the
extracellular space into endosomes with an initial pH of
6.0-6.5.°> Over the course of endosomal maturation and
V-ATPase acidification (H" pump), the endosomes mature to late
endosomes with a pH value of 5.0-6.0.°> Further maturation
and acidification fully converts the endosomes into lysosomes
with a pH of 4.5-5.0,°>"°® corresponding approximately to a
25 uM H' concentration, which is roughly 500 times higher
than the cytosolic H" concentration.®” Lysosomes (Fig. 1C) are
vesicles found in most eukaryotic cells containing a wide variety
of enzymes relevant for (bio-) macromolecule degradation.
Additionally, lysosomes play a role in cellular processes, such as
the secretion of proteins, cell signaling, and metabolic pro-
cesses.” The size of lysosomes varies from 0.1-0.6 um, and they
are containing a diverse set of enzymes (e.g., phosphatases,
lipases, proteases, and sulfatases, responsible for different
degradation and digestion processes) and ions (0.5 mM Ca*",
20-140 mM Na*, 2-50 mM K", 60-80 mM CI7).°> All of the afore-
mentioned factors, including phosphates, macromolecules, and
ions (Ca>', CI", K", Na*, H"), and various combinations of these,
add complexity to the biochemical environment that the NM is
exposed to. The major challenges when studying transformation
in whole organisms include: (i) highly dynamic effects, (ii) mul-
tifactorial reactions, as well as (iii) observer bias (i.e., “you only
see what you look for”). Even though there is increased focus on

This journal is © The Royal Society of Chemistry 2023

the chemical and physical changes inherent to NM research for
biomedical applications, most studies continue to focus on
degradation and loss of function and not on primary environ-
ment-specific transformation reactions. Therefore, the inter-
action between complex in vitro or in vivo environments and
NMs with associated transformations can currently be con-
sidered a “black-box”, with native NMs as the input and trans-
formed NMs as the output. However, the underlying reactions
are potentially a series of primary/elementary reactions/pro-
cesses that result in secondary processes, such as degradation,
amorphization, and recrystallization. To understand these fun-
damental processes, it is often essential to carefully simplify the
environment to better discern the reaction mechanisms at play.
However, such simplified studies should always be complemen-
ted by research in more advanced in vitro human models, as
well as ex vivo or in vivo models. This approach verifies the
occurrence of significant transformations. For example, mor-
phological changes to CuS/CuS-iron oxide NM were first
observed in vitro and afterwards confirmed in vivo.”® Drawing
correlations between findings in intricate in vivo scenarios and
those in more basic systems will contribute to the safe and sus-
tainable translation of NMs towards clinical trials. As systematic
in vivo investigations are time consuming, laborious, and
resource intensive, adequate alternatives are needed, not only to
reduce the amount of animals sacrificed, but also to unravel
primary reaction mechanisms in less complex environments
(Fig. 1D). The complexity of the lab systems need to be as
defined as possible, with greatly reduced numbers of unknown
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variables that mimic single compartments and biological
environments, such as lysosomes, blood, and tissue differences.
Gradual complexity reduction, from whole in vivo organisms to
cell-free systems, might be obtained using: (i) ex vivo’”* and
organ-on-a-chip approaches,”® (ii) mono- or co-cultured 3D
in vitro models,”*”> (iii) conventional monolayer in vitro cell
cultures,”’° (iv) cell-free buffer systems, and (v) in silico model-
ing approaches’” (Fig. 1D).

Nanomaterial transformation: a
cascade of primary and secondary
reactions

Most studies on NMs for biomedical applications discuss end-
points, such as degradation or loss of function. These end-
points are secondary effects rather than primary/elementary
reactions, on which the focus will be placed in the following.

In classical chemical reaction theory, a reaction mechanism
has one or more elementary reactions. These reactions consist
of only one reaction step and one transition state involving
one or more reactants. As previously discussed, the reactions
that NMs undergo in model systems are intrinsically complex,
not only due to the complexity of the model system and
environments the NM’s are facing, but also the NM’s own
complex structure (e.g., MOFs). Here we break down the trans-
formation processes into two main classes: primary and sec-
ondary transformation processes. Our aim is to elucidate the
black box of NM transformation, and to clarify transformation
reaction terminology to produce a starting point in unifying
the scientific language of NM transformation. We consider
primary processes to be the very first steps in initiating a trans-
formation of the parent material, i.e., a deviation from the
material’s original chemical, morphological, and/or structural
states. Primary processes can be easily differentiated from sec-
ondary processes, as secondary processes are the result of one
or more sequentially or simultaneously occurring primary pro-
cesses (primary-secondary-reaction-cascade). We systemati-
cally analyzed studies (Table 1) in which primary and second-
ary processes that involved NMs for biomedical applications
were determinable. To give a short example of such a primary-
secondary-reaction cascade, the transformation of ZIF-8, a Zn-
based MOF, in phosphate buffered saline (PBS) is described as
a corrosion reaction of the Zn>" centers with free phosphate
groups.”® The gradual formation of zinc phosphate leads to a
release of the organic linker, gradual amorphization, and the
loss of the original structure as secondary processes.”®

Primary chemical reaction
mechanisms dependent on the
chemical environment

Every biological environment, such as tissue, blood, and cell
organelles, can be translated to an environment that drives
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chemical reactions. From the studies analyzed in Table 1, four
main types are identified: hydrolysis, redox reactions, cor-
rosion and complexation. Their relative importance is heavily
dependent on the environment and intended application: pH,
(mineral) ion composition and concentration, protein and
macromolecule composition, as well as irradiation as an exter-
nal parameter (Fig. 2). All of these parameters initiate specific
reaction mechanisms, hereafter termed “primary reactions”.

One of the simplest and most widely studied primary reac-
tions is hydrolysis. This reaction is mediated by water and its
dissociation products, OH™ and H', which react with the orig-
inal molecule, causing it to break down into smaller mole-
cules. Hydrolysis is an integral reaction in many biological pro-
cesses, such as food digestion and metabolism, also known as
chemical digestion.'®>'®* This reaction can be accelerated
under basic or acidic conditions and is temperature depen-
dent; however, near-neutral to acidic conditions dominate
under normal human physiological conditions, with individ-
ual variations in temperature around 37 + 0.5 °C (Fig. 1)."%
For example, Fe-MIL MOFs, mainly investigated for drug deliv-
ery applications, hydrolyzed in water, resulting in cleavage of
the metal clusters and the linker into amorphous ferrihydrite
(Fe,0;-2H,0) and its respective linker molecule®” (Fig. 2A).
This reaction was more pronounced in acidic environments
compared to neutral environments.”” Taken together,
increased temperature and acidic environments can enhance
hydrolysis. Generally, MOFs exhibit a lower chemical stability
than their metal oxide counterparts due to the covalent
binding of MOF metal clusters and organic linkers that makes
them more prone to hydrolysis. However, this “Achilles heel”
holds the potential to be used in acidic environments as a
stimulus for drug release. An example for this is given by
Liang et al.,'®" where a PBS pH reduction from 7.4 to 6 was
sufficient to release an encapsulated macromolecule (bovine
serum albumin (BSA)) from a zinc-based ZIF-8 MOF. ZIF-8
MOFs are a widely studied material for drug delivery appli-
cations."®® Iron oxide nanoparticles are also prone to hydro-
lysis, undergoing degradation to ferrihydrite and losing their
magnetic properties.®®

The pH, however, not only significantly influences hydro-
lysis, but also drives reduction-oxidation (redox) reactions
(Fig. 2B). In redox reactions, electrons are generally transferred
between a NM and its chemical environment. The pH plays a
pivotal role in this respect as it influences the redox potential
and thereby the capability of the NM to acquire or loose elec-
trons. For example, an increased transformation of Au’ NP
into ionic gold, in which Au" seems to be more stable in bio-
logical environments than Au®* (Fig. 2B), occurred in acidic
(pH 2) and neutral (pH 7) saline solutions (NaCl), whereas
under basic conditions (pH 12), this reaction was prevented.
This shows that pH is a driving force in redox reactions, with
the constraint that the associated experiments were performed
under a focused electron beam, which might have had its own
influence on the transformation.’*'”” Additionally, the oxi-
dation state of the target element can be altered via electron
transfer, e.g., by the transfer of free electrons or highly reactive

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Primary reactions initiate transformation of inorganic NM dependent on the chemical environment including (A) hydrolysis reactions (e.g.,
MIL-101 transformation into an amorphous ferrihydrite®’), (B) redox reactions (e.g., AUNP transformation into Au™/Au®* (ref. 82) and formation of
Ce" surface sites on CeO, as well as formation of Ce-phosphate needles in vivo*>*3), (C) corrosion reaction (e.g., AGNP transformation into Ag,$”®
and ZIF-8 transformation into Zinc phosphate78), (D) complexation and chelation reactions (e.g., FesO4 transformation into Fe-citrate®® and AgNP
transformation into Ag-cystein/-histidin/-acetate’®), and (E) radiation induced amorphization reaction.

radicals, such as reactive oxygen species (ROS). In physiologi-
cal environments, in addition to purely chemically driven
redox reactions including Fenton-like'®® reactions also
enzyme-mediated reactions can occur. Enzymes, such as
superoxide dismutase (SOD) or catalase (CAT), maintain the
redox balance in physiological environments to support cellu-
lar health and functionality. SOD catalyzes oxidation reactions,
converting highly reactive oxygen (superoxide, O>7) to hydro-
gen peroxide (H,0,) and oxygen (O,), whereas CAT catalyzes
reduction reactions, in which the H,O, is further converted to
water and oxygen. Therefore, CAT and SOD play pivotal roles in
cellular oxidative stress protection.'®'* An example of
enzyme-mediated oxidation is one involving 4 nm gold nano-
particles (Au® NPs), which are generally believed to be chemi-
cally inert. Balfourier et al. proposed a complex biotransform-

18146 | Nanoscale, 2023, 15, 18139-18155

ation reaction, where in a first stage the NOX complex (mem-
brane associated protein complex: NADPH oxidase) converted
O, into 'O,, followed by its conversion into H,O, via SOD.
Hydrogen peroxide then oxidized the Au’ NP into ionic gold
via a Fenton reaction, resulting in either Au® or Au’**
(Fig. 2B).*” Besides SOD mediated H,0O, generation also a
spontaneous dismutation is conceivable, most likely due to
the reduction of O, to "O,” in the mitochondrial respiration
pathway.'"® Therefore, depending on the source of the ROS,
the transformation is either a bio- or chemical transformation.
Another example of a redox reaction is the in vivo reduction of
Ce™0, particles. As-synthesized 30 nm cubic Ce"™VO, particles
were analyzed 90 days after IV injection in rat liver and spleen.
In vivo dissolution of high energy edges occurred, resulting in
a rounded morphology with increased Ce™ levels in the shell

This journal is © The Royal Society of Chemistry 2023
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region. The transformation rate in the liver, which possessed a
higher acidity, was higher than that of the spleen. These find-
ings were consistent with previous work that showed that the
transformation rate of ceria was dependent on pH and electro-
chemical potential. The in vivo dissolution of these Ce™O, par-
ticles resulted in the formation of Ce™ enriched clouds as well
as the recrystallization of ultra-small 1-3 nm CeO,_, particles;
these particles had a significantly increased free radical
scavenging potential (antioxidant effect) (Fig. 2B).*>'*
Following the Ce' ion release, Graham et al. observed tissue-
dependent phosphatization and recrystallization in form of
Ce™PO, nanoneedles, with an individual length of about
20 nm being part of a greater network.*” Generally, metals,
such as cerium, iron, chromium and nickel are known to cata-
lyze Fenton-like reactions in vitro and in vivo.'°®*>!1¢ Also,
some metals or trace elements are essential for the body and
were recently shown to be converted to active biological mole-
cules, thus over time exerting an effect on the metabolism.®**”
For example, Mo was shown to be integrated into Mo-cofactors
in the liver after enzyme-mediated oxidation of Mo(iv) to Mo(vi)
from MoS, particles. This in turn led to an increased activity of
the main molybdoflavoenzymes (aldehyde oxidase and
xanthine oxidoreductase) which can generate nitric oxide,
involved in tumor progression.’” Thus, metals should be
closely monitored over their entire in vitro or in vivo life cycle if
considered for biomedical applications to ensure their efficacy
and safety.

Like hydrogen and oxygen, sulfur and phosphorous are
essential and abundant elements in physiological environ-
ments. Sulfur is present in different forms, such as sulfate
(S0,>7), sulfides ($>7), and thiol groups (-SH), in proteins and
cellular structures. Phosphorous is an integral component of
biological molecules, nucleic acids (DNA and RNA), adenosine
triphosphate (ATP), and phospholipids, the building blocks of
the cell and cell organelle membranes. In their different
forms, depending on the composition and affinity, those ions
can interact with NMs. Here, we term the underlying chemical
reaction “corrosion”, which leads to the gradual destruction of
an NM as the ion reacts with the metal, resulting in the for-
mation of metal-sulfides or metal-phosphates in amorphous
or crystalline forms (Fig. 2C). The metal-sulfide or metal-phos-
phate can also still be bound to the macromolecule and there-
fore forming metal-sulfide- or metal-phosphate-complexes.®°
The corrosion of the chalcophile silver (Ag) (-NP) with e.g. H,S
into Ag,S is widely known and has been described for different
systems were sulfur-bearing species are prevalent, significantly
impacting behavior and fate of the material in the different
systems."” 2% In biomedical applications, silver nanoparticles
(AgNPs) are studied for their antimicrobial properties,'*!
advanced wound healing properties,'**'** implant coating
properties,'>* and applicability in drug delivery systems.'** In
in vitro lymphocyte experiments, Ag either stayed intact as
metallic silver or was transformed into Ag,S in a corrosion
reaction or complexed as Ag-cystein.”® The transformation and
fractionation into intact AgNPs, Ag,S, and Ag-cystein was
highly dependent on the original particle size. The smaller the

This journal is © The Royal Society of Chemistry 2023
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as-synthesized particle, the higher the uptake and intracellular
sulfidation into Ag,S in contrast to a lower AgNP uptake and
intracellular sulfidation for bigger as-synthesized particles
(Fig. 2C).”° Jiang et al. and Wang et al. proposed a multiple-
step intracellular transformation that saw the dissolution of
Ag® NP to Ag", followed by an oxidation to Ag-O species after
12 h and a sulfidation to Ag,S after 24 h, resulting in a more
stable intracellular form compared to the intermediate
states.®>®! Also, the phosphatization of zinc-based ZIF-8 MOFs
has been found to exhibit particle-size-dependent transform-
ation kinetics. Phosphates in PBS were found to compete with
the linker of the framework structures, resulting in a release of
the linker and a conversion of the rhombic, dodecahedron
ZIF-8 particles into spherical, amorphous Zinc phosphate par-
ticles (Fig. 2C).”® This process was highly particle-size-depen-
dent, with a faster transformation for smaller nano-sized ZIF-8
particles.”® Similarly, also Zn from ZnS shells was shown to
transform (amongst others) into Znz(PO,),.*° Also other
elements with a high affinity towards specific S- or P-bearing
species are likely to be subject to corrosion (e.g. Cu'?® or Cd®®).
This transformation will alter biocompatibility and nanomedi-
cal application efficiency. A better understanding of the under-
lying corrosion mechanisms can help to improve stability and
reduce undesired side effects, already during the NM design
and synthesis. The synthesis could be augmented by e.g.,
mesoporous silica shells'*” or organic polymer coatings, such
as poly ethylene glycol (PEG)'®® coatings, to protect the
material from corrosion. For semi-conductor NM, ZnS is some-
times proposed as a protective shell. However, recently, Chen
et al. showed that a ZnS shell can be rapidly degraded within
10 days in an in vivo setting.®® Ultimately, whether a more pro-
tective or a more labile shell is required will depend largely on
the needs of the final application and/or on the clearance
pathways of the respective NM and its constituent elements.

So far, only interactions between ions and small molecules
have been discussed. However, physiological environments
also contain larger and complex (macro) molecules, such as
proteins, amino acids, and other organic molecules. These
molecules have key functional moieties, such as carboxyl-
(-COOH), amino- (-NH,), aldehyde- (-C(=O)H), and thiol
(-SH) moieties, which can interact and coordinate NM-related
elements/ions. Generally, metal coordination, complexation,
and chelation processes (Fig. 2D) play a key role in cellular
metabolism and signaling, e.g., in metalloenzymes such as
peptidases, the zinc finger-proteins of transcription factors,
oxygen transport via hemoglobin and excretion. As chelation
and complexation are systemically present, and many protein
functional groups can function as chelators, they influence
NM cellular fate. AgNPs have been shown to transform apart
from the main product Ag,S also into Ag-cysteine, Ag-histidine,
and Ag-acetate complexes (Fig. 2D).”° The proportional distri-
bution of Ag-cysteine, Ag-histidine, and Ag-acetate complexa-
tion was surface-functionalization and particle-size dependent;
for example, no Ag-cysteine complexes were found for differ-
ently sized citrate-capped AgNP, whereas the opposite was the
case for polyethylenimine-(PEI)-coated AgNPs.”” Gutiérrez
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et al. also proved the impact of surface functionalization on
chelation kinetics.”® This study used citric acid (CIT) and phos-
phonoacetic acid (PAA) on magnetic Fe-oxides (Fe;O4) in
20 mM citric acid lysosomal mimicking buffer (pH 2.5, 3.5,
and 4.5).°° The transformation was faster for PAA-functiona-
lized particles than for CIT-functionalized particles, with a size
reduction and faster transformation in strong acidic environ-
ments (pH 2.5). They compared the temperature (RT and
37 °C) dependence at pH 4.5 and found a tremendous impact
on transformation kinetics for both coatings, with a signifi-
cantly faster transformation for PAA-functionalized Fe-oxides
(Fig. 2D).°° Surface functionalization and coatings potentially
protect NMs from chelation and complexation; i.e., the metal
centers are shielded from the chelators and complexing agents
by the coating layer. Therefore, a denser and thicker coating
might improve the protection, but at the same time hamper
applications relying on core material activity.

So far, all primary transformation reactions discussed were
induced by the chemical environment, i.e., the concentration
and combination of ions, the pH (basic, neutral, acidic con-
ditions), or presence of macromolecules and proteins.
However, external factors, such as radiation, are known to
induce transformation (Fig. 2E). To our knowledge this has
not yet been studied for biomedically relevant nanomaterials.
Except for Lin et al., who has introduced the first radio-enhan-
cing Hf-based MOF, RiMO-301, which is currently under clini-
cal trials (Phase I: NCT03444714). They did not find any phase
transformation upon 16 Gy X-ray (250 kvp, 15 mA, 1 mm Cu
filter) irradiation.'®® However, since radio-enhancement appli-
cations of nanomaterials have found increasing potential,
phase transformation must be carefully considered if ionizing
radiation is applied.

In other fields, radiation-induced transformations have
been observed; for example in waste management, hydroxy-
apatite nanoparticles (Ca;o(PO,)s(OH),) are used for the dispo-
sal of actinides and fission products."*® These particles amor-
phize under 1 MeV Kr** ions in a size-dependent manner (20
to 280 nm); the smaller the particles, the faster the amorphiza-
tion process. This suggests a surface-to-volume enhanced
transformation process due to the fast accumulation of oxygen
vacancies. Interestingly, after amorphization, they observed a
transmission electron microscope-induced (electron energy of
200 keV) recrystallization, again size dependent, with a signifi-
cantly faster recrystallization process into smaller hydroxy-
apatite nanoparticles, respective to the native particle size.'°
Furthermore, influence of particle size on radiation-induced
amorphization has been studied. Smaller CePO, particles
(20 nm) underwent faster amorphization at RT, than larger
particles (40 nm) under 1 MeV Kr** irradiation. It was pro-
posed that for smaller NP a proportionally higher fraction of
amorphization induced swelling and deformation which led to
a faster complete loss of crystallinity. This effect was further
increased for both particle sizes in higher temperature con-
ditions (100 °C)."*' However, there are also the opposite indi-
cations, that small single crystals/grains can enhance radiation
tolerance, ie. the resistance to phase transitions.*>'** The
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mechanisms governing this dependence remain yet to be
determined.

Harnessing analytics to unravel (bio-)
transformation processes

Generally, the analysis of (bio-)transformations of inorganic
nanomaterials in a near native manner and based only on
minimal perturbation of the system is key. However, high-
resolution chemical and structural analysis relies on adequate
sample preparation and analysis settings. These often necessi-
tate analysis under vacuum conditions and might involve
other modifications to the system, such as introducing labels.
In particular, the introduction of widely used (fluorescence)-
labels, e.g., for the visualization of metal ions or entire nano-
particles has a high potential for critical alteration of the
system. Similarly, also the use of high-vacuum analytical tech-
niques, such as (analytical) electron microscopy or X-ray
photoelectron spectroscopy, which require sample drying, and
sometimes even chemical fixation, heavy metal staining and/or
embedding into resin can bear considerable source for sample
preparation artifacts. In addition, also measurement induced
changes need to be carefully considered, including damage
induced by the electron beam of the electron microscope (e.g.
through knock-on displacement, radiolysis or electrostatic
charging and heating), potential re-crystallization of amor-
phous materials under the electron beam or changes induced
by sample heating when using lasers, e.g. in vibrational spec-
troscopy. However, many challenges, such as sampling arti-
facts, sample heating, and other beam-induced damages, can
be mitigated by using cryogenic conditions (typically character-
ized as temperatures below —150 °C (ref. 134)). By employing
these methods along with other meticulous sampling strat-
egies that prevent further reactions of the analytes, “snap-
shots” of the processes can be obtained.

Hence, all analytical investigations need to be carefully
designed to include appropriate controls that help to identify
potential errors. Also, the use of as many as possible comp-
lementary and/or orthogonal techniques'?” is highly advisable
in order to reduce uncertainty and increase consistency of the
data and hence their trustworthiness. This becomes even more
important, as in some cases observing no change in one para-
meter does not mean that there is no change also in another -
as shown for CuS particles that showed no phase change in
X-ray absorption spectroscopy but significant morphological
changes in electron microscopy.”®

In the following, analytical techniques suitable to give
insights into the respective previously discussed reaction
mechanisms (Fig. 3) will be systematically discussed.

Changes to the material that involve structural changes
together with release of components (e.g. hydrolysis, dis-
solution in general) require a combined approach including
electron microscopy and elemental analysis, eventually
together with chromatographic techniques (Fig. 3A and B). For
example, imaging techniques such as high-resolution (scan-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Analytical techniques to unravel underlying transformation processes. (A) Structural changes and accompanying ion release can be analyzed
using a combination of high-resolution (scanning) transmission electron microscopy (HR-TEM/STEM) and inductively coupled plasma mass spec-
troscopy or optical emission spectroscopy (ICP-MS/OES). (B) Organic components (e.g. MOF linkers, surface molecules) released from the solid
material can be analyzed with high performance liquid chromatography (HPLC). (C) Phase transformations including amorphization can be analyzed
with HR-TEM/STEM, bulk X-ray diffraction (XRD) or X-ray absorption fine structure/extended fine structure spectroscopy (XANES/EXAFS). (D)
Corrosion, complexation and changes in chemical binding can either be analyzed with high spatial resolution using HR-TEM/STEM combined with
energy-dispersive X-ray spectroscopy (EDX) or electron energy loss spectroscopy (EELS, EFTEM) as well as X-ray micro/bulk-analysis, e.g., (micro-)X-
ray absorption spectroscopy (XANES/EXAFS, pXAS), micro-X-ray fluorescence (uXRF), micro-particle induced X-ray emission (UPIXE). (E) For analysis
of changes in oxidation state EELS, X-ray absorption near edge spectroscopy (XANES) or X-ray photoelectron spectroscopy (XPS) are the techniques
of choice. (F) Magnetic materials as well as changes in magnetic potential is analyzed using magnetometry, ferromagnetic resonance (FMR) or

Lorentz microscopy.

ning) transmission electron microscopy (HR-(S)TEM) in combi-
nation with EDXS can be employed to study structural and
compositional changes to the solid phase (dry or cryogenically
preserved), while the fractionation between solid and dissolved
components can be studied using inductively coupled plasma
techniques (ICP-OES or -MS, liquid samples (aqueous or
organic)) together with suitable separation techniques (e.g. fil-
tration, centrifugation). In addition, single particle ICP-MS
gives access to particle size distribution (see e.g. Modrzynska
et al.*"). Here, transient signals of highly diluted particle dis-
persions are being recorded, where single particle events can
be distinguished from a dissolved background. The intensity
distribution of these events can then be converted to a particle
size distribution, where the specific geometry has to be known
or assumed. Detection limits in terms of particles size mostly
depend on the constituent element and have been evalu-
ated."® Size detection limits are lowest for the more heavy
elements, for example therapeutically relevant Hf or Ce-oxides
can be determined down to ~10 nm, whereas most of the
other relevant elements such as Zn or Fe are detectable
roughly down to 30-50 nm or even >100 nm (Si, Ca).

This journal is © The Royal Society of Chemistry 2023

Conventional quadrupole ICP-MS systems are only able to
measure one element at a time, so for materials where mul-
tiple elements have to be monitored, a more costly time-of-
flight (TOF) analyzer has to be used. Such an analyzer is
capable of simultaneous detection across almost the entire
mass range between 7 and 275 amu."®’ This additionally gives
access to monitoring compositional changes to the individual
NPs (e.g., making use of isotope labelling), which makes this
technique very powerful for biotransformation studies.*®

For organo-metallic materials, such as MOFs, it is necessary
to additionally monitor the release of organic building blocks
and/or metabolites. In the absence of interfering absorbers,
this can be achieved using rather straightforward techniques
such as UV-Vis spectroscopy'®® or, if more detail and higher
sensitivity is required, more advanced techniques such as high
performance liquid chromatography (HPLC) with coupling to
UV detection® and/or mass spectrometry (MS, Fig. 3B, transfer
of the analytes to compatible solvents might be necessary).
However, some biogenic organic molecules can also act as che-
lating agents, able to complex metals and act as promotors of
dissolution within the cell/body. To study chelation processes
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or generally binding of organic molecules to inorganic ions, a
combination of HPLC and ICP-MS is usually employed."*® For
inorganic complexes, ion chromatography in combination
with ICP-OES/MS is a potent technique combination.

Changes in bulk phase and crystallinity are commonly
assessed using X-ray diffraction (XRD, see e.g. ref. 78).
However, this often requires the availability of larger sample
amounts in the order of mg to g,'*° depending on the sample
(usually dry powders). While these amounts are mostly available
for the initial materials, this is not the case after experiments
conducted with relevant dosing. Also, XRD shows significant
peak broadening with decreasing particle size, making the
characterization of very small (<10 nm) particles challenging."*'
Here, complementary to bulk XRD, high resolution (HR) - (scan-
ning) transmission electron microscopy ((S)TEM) in combi-
nation with electron diffraction can be used on single particles
to determine their crystal structure, requiring only minor
sample amounts. Furthermore, due to the size-related peak
broadening in XRD, the comparison of (S)TEM-determined par-
ticle size to XRD-determined particle size can allow conclusions
regarding the dominating size fraction in the sample.'*" In
addition, most microscopes capable of analyzing electron diffr-
action are equipped with an energy dispersive X-ray spectro-
meter (EDXS), which allows to determine the elemental compo-
sition of the particle. This classic combination of XRD and elec-
tron microscopy has been used with success in many of the
reviewed studies. For example, Graham et al** used a combi-
nation of electron diffraction and EDX elemental mapping to
follow the transformation of nano-ceria in an iz vivo setting.

However, new developments in terms of automation in elec-
tron microscopy might revolutionize the way in which this set
of techniques can be applied to study particles even in
complex environments such as cells. For example, pieces of
software are already available that allow a fully automated
analysis workflow consisting of image acquisition, particle
identification, particle compositional analysis using EDX and
particle size and morphological characterization.'** Also, more
and more free software is available that aids image based par-
ticle analysis (see for example the Particle-Sizer plugin for
Image]'**). Such automated routines give access to much
better statistics, as thousands of particles can be analyzed in a
rather short time. As the development of artificial intelligence
is progressing rapidly, our capabilities of automatically recog-
nizing and analyzing particles in complex environments will
increase drastically in the future (see e.g. ref. 144), potentially
making electron microscopy a key technique for biotransform-
ation studies. Also in terms of changes to the oxidation state of
atoms, electron microscopy plays an important role, as this
parameter is accessible from electron energy loss spectroscopy
(EELS, Fig. 3E) in specialized TEMs. With EELS, the electronic
structure and chemical bonding can be analyzed at the nano-
scale as the energy distribution of the electrons is analyzed
after their interaction with the sample. The combination of
STEM and EELS allows for a very detailed characterization of
complex NMs, apart from element identification and oxidation
state also yielding valuable information such as element molar

18150 | Nanoscale, 2023, 15, 18139-18155

View Article Online

Nanoscale

ratios or identification of specific carbon bonds of organic coat-
ings.'*> Apart from analysis of single particles/pure materials,
EELS can also be applied to (embedded) cells/tissues."*® Here,
EELS can especially serve to collect complementary biological
information, such as mapping the distribution of proteins or
water in the cell by low-energy loss EELS. Also, studies are avail-
able that analyzed NM transformation in tissues using EELS,
e.g. CeO, in the liver of rats.®> Here, the high spatial resolution
of STEM-EELS allowed to discriminate between Ce™ on the
surface of single particles as opposed to Ce' in their center.
However, generally, for successful EELS measurements, sample
quality is absolutely critical. This includes the absence of
carbon contamination build-up, appropriate sample thickness
and analyte mass fraction. Measurement temperatures <LN, as
well as low-dose techniques are helpful in this regard.

Apart from EELS and X-ray spectroscopy in the EM, X-ray
based spectroscopy in general holds a multitude of possibili-
ties for elemental analysis as well as for determination of
chemical states and structure. One of the most powerful tech-
niques in this regard is synchrotron X-ray absorption spec-
troscopy (X-ray absorption near-edge (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopy), giving
access to element oxidation state and local coordination geo-
metry. It can be performed <LN, temperatures, which allows to
resolve material changes in frozen time series with minimal
sample alteration. Samples for investigation include cell free
systems but can be extended to cells, cell cultures and
tissues.?*'*71%® Some beamlines additionally offer the possi-
bility of a micro-focused or even nano-focused (=100 nm?)**%*°
X-ray beam, adding spatial resolution and resulting in hyper-
spectral data-cubes."”" However, either high intracellular analyte
element concentrations or high local concentrations of it within
the cell are necessary to record interpretable data.'*® In
addition, especially with micro/nano-focused beams, potential
influences of the X-ray beam on the sample during the measure-
ment have to be taken into account. For cells and/or tissues,
sample preparation methods have been mostly adapted from
electron microscopy, including classical embedding and sec-
tioning or fully cryogenic preparation.'>

As a more available, lab-scale technique, X-ray photo-
electron spectroscopy (XPS) also allows to access oxidation and
binding states as well as general elemental composition (all
elements except H and He'"?). Here, mono-energetic soft
X-rays are being used to extract electrons from the surface in
ultrahigh-vacuum via the photo-electric effect, whose energies
are subsequently analyzed. This then gives access to the elec-
tron binding energies, which inform about the elements
chemical state. However, as photoelectrons generally can only
escape from a depth roughly below 10 nm, XPS is only sensi-
tive to the sample surface.'® This makes the technique ideal
to study changes to surface terminations and/or coatings. For
example, after incubation with glutathione - an important
peptide in the body - a reduction of disulfide bonds to thiol
groups in the outer layer of organo-silica NPs was observed
using XPS."”® When determining oxidation states however,
care has to be taken to account for potential reduction by the

This journal is © The Royal Society of Chemistry 2023
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X-ray beam. If reduction is observed, determination of the
reduction rate law can still allow to determine the true sample
composition by extrapolation to zero X-ray exposure time.'>*
To address questions regarding the relevance of XPS to
hydrated biological environments, freeze hydration or cryo-XPS
was developed almost 30 years ago."”*'** Here, the sample is
fast-frozen in the XPS entry chamber, where the subsequent
exposure to ultrahigh-vacuum sublimates the ice. However, it
is estimated that during the following XPS analysis conducted
below —120 °C about 2-3 layers of water molecules still remain
at the surface together with structural water inside the cells.*>®
Conducting the analysis at or below cryogenic temperatures
then also has been shown to reduce thermal induced beam
damage, similar to electron microscopy or other X-ray based
techniques.'>®

Finally, changes to magnetic properties can be accessed
using magnetometry approaches, including electron paramag-
netic spectroscopy (EPR), ferromagnetic resonance spec-
troscopy (FMR), vibrating sample magnetometry (VSM),
Alternating Gradient Field Magnetometer (AGFM)"™’ and
Superconducting Quantum Interference Device (SQUID)'>®
measurements. Also magnetic resonance imaging (MRI), and
especially quantitative parameters R,, R,* and QSM have been
shown to be sensitive to changes in iron oxidation state.'>®

Conclusions and outlook

A solid understanding of NM (bio-)transformations and their
mechanisms opens up entirely new avenues of research.
Especially, it increases our ability to predict and explore
crucial safety aspects of these materials, which will in turn
pave the way for the safe-by-design development of new nano-
medicines. Furthermore, (bio-) transformation may be har-
nessed for diagnostic and therapeutic purposes, giving access
to multistage diagnostics or therapeutics. Such materials
would undergo chemical changes over time and exert multiple
functions. For example, they could provide feedback after
initiation of the transformation reaction that could be read out
externally, e.g., through changes in medical image contrast.
Such feedback could include information either on the tissue
environment faced by the nanotherapeutic, or on the status of
the treatment (e.g., change in contrast indicating the release of
a therapeutic agent). To fully harness these potentials, the
community needs to adapt a rigorous testing process that
involves in vivo experiments complemented by experiments at
carefully reduced complexity to unravel underlying mecha-
nisms, all accompanied by multi-scale and multi-modal comp-
lementary analytics to fully describe the fate of the materials
in the body.
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