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Abstract: Nanoparticles are popular tools utilized to selectively deliver drugs and contrast agents
for identification and treatment of disease. To determine the usefulness and translational potential
of mesoporous silica nanoparticles (MSNs), further evaluations of toxicity are required. MSNs
are among the most utilized nano-delivery systems due to ease of synthesis, pore structure, and
functionalization. This study aims to elucidate toxicity as a result of intravenous injection of 25 nm
MSNs coated with chitosan (C) or polyethylene glycol (PEG) in mice. Following acute and chronic
injections, blood was evaluated for standard blood chemistry and complete blood count analyses.
Blood chemistry results primarily indicated that no abnormalities were present following acute or
chronic injections of MSNs, or C/PEG-coated MSNs. After four weekly administered treatments,
vital organs showed minor exacerbation of pre-existing lesions in the 35KPEG-MSN and moderate
exacerbation of pre-existing lesions in uncoated MSN and 2KPEG-MSN treatment groups. In contrast,
C-MSN treatment groups had minimal changes compared to controls. This study suggests 25 nm
MSNis coated with chitosan should elicit minimal toxicity when administered as either single or
multiple intravenous injections, but MSNss coated with PEG, especially 2KPEG may exacerbate pre-
existing vascular conditions. Further studies should evaluate varying sizes and types of nanoparticles
to provide a better overall understanding on the relation between nanoparticles and in vivo toxicity.

Keywords: mesoporous silica nanoparticles; nanotoxicity; chitosan; poly (ethylene glycol)

1. Introduction

In disease treatment, nanomedicine is a potential solution that provides theranostic
capabilities for a variety of applications. Of the wide diversity of nanomaterial formulations,
mesoporous silica nanoparticles (MSNs) have emerged as a popular option due to the ability
to facilitate specific cargo delivery for imaging, and/or therapeutics [1]. The increase in
popularity of MSNs as nano-delivery vehicles owes to uniformity in synthesis, tunability,
and facile functionalization [2,3]. MSNs can be synthesized in a uniform size range and
the mesoporous structure can encapsulate a due for treatment or medical imaging using
clinically relevant modalities including MRI or fluorescence [4,5]. Surface modifications
of MSNs permit targeting to disease-specific features within the body, such as unique
extracellular receptors [6-8]. With such advantages, MSNs are intriguing for potential
translation to a clinical setting.

Pharmaceutics 2022, 14, 969. https:/ /doi.org/10.3390/ pharmaceutics14050969

https:/ /www.mdpi.com/journal /pharmaceutics


https://doi.org/10.3390/pharmaceutics14050969
https://doi.org/10.3390/pharmaceutics14050969
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0002-6585-0247
https://orcid.org/0000-0003-3551-045X
https://doi.org/10.3390/pharmaceutics14050969
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics14050969?type=check_update&version=1

Pharmaceutics 2022, 14, 969

20f16

Despite the potential for theranostic application of MSNs, concerns of toxicity have
been partially responsible for impeded clinical translation. Historically, toxicity as a result of
silica was associated with utilization of micro-scale particles, resulting in the development
of autoimmune diseases [9]. Studies using silica nanoparticles have resulted in fibrosis and
liver /kidney injury due to rapid renal clearance or sequestration to the liver [10,11]. In
contrast, several in vivo studies indicate that silica nanoparticles are not toxic [12,13]. Incon-
sistent results in the evaluation of MSNs, and many types of nanoparticles, often occur due
to multiple confounding factors in the nanoparticle system. That is, the nanoparticle type,
cargo, functionalization, conjugation linkers, etc., all contribute to the toxicity response,
or lack thereof. With the increasing popularity and opportunity for clinical translation,
head-to-head comparisons of MSNs with commonly used functionalization are required.

As mentioned, evaluation of the toxicity of functionalized MSNss is crucial for trans-
lational studies. MSNs are rarely used without being functionalized via external coating;
cargo would rapidly exit from the porous silica into the surrounding environment without
inclusion of an external coating for MSNs. In addition, such coatings are often utilized to
provide stealth in the body and/or specificity for application, thereof absence would greatly
diminish efficacy [14-16]. While studies have observed that the use of an external coating
on MSNss can mitigate toxicity and fibrosis [17], there are few head-to-head comparisons
that carry clinical implications.

Polyethylene glycol (PEG) is a popular biocompatible polymer. When functionalized to
nanoparticles such as MSNs, PEG adds stealth/targeting to permit nanoparticles to escape
phagocytosis, leading to longer circulation in the bloodstream [18]. PEG can degrade in vivo,
permitting cargo release, while maintaining minimal non-specific interactions [19]. However,
PEG has been found to decrease uptake and interactions with target cells through too much of
“stealth effect”, leading to decreased theranostic efficacy [20,21]. PEGylated nanomaterials
have also been associated with renal toxicity and anaphylactic shock in vivo [22,23]. Chitosan
is another commonly used biomaterial and nanoparticle coating in vivo. Chitosan is a deacy-
lated form of naturally occurring polysaccharide chitin, and often is used as a nanomaterial
due to pH-responsivity in biological relevant levels [24-27]. Protonation of an amine results in
charge-based molecular swelling, allowing cargo release specifically in acidic environments,
including malignancies [28]. Chitosan also provides a “stealth effect” like PEG, since chi-
tosan is naturally occurring, although positive surface potential often leads to non-specific
interactions in the body [27]. While studies have successfully used chitosan as a non-toxic
nanomaterial [27,29], some studies report toxicity as a result of agglomeration [30,31], war-
ranting further investigation. PEG and chitosan are proper examples of nanomaterials that
should be evaluated in head-to-head toxicity studies as MSN external coatings.

This study sought to isolate, assess, and compare the relative toxicity elicited as a result
of MSNs coating. Such a study to isolate the base silica nanoparticle and external coating,
without cargo and further functionalization, has thus far been absent from the literature,
particularly when evaluating toxicity with both single and multiple injections. Most often,
nanoparticle formulations are complex with numerous components preventing specific
assessment of an individual component, i.e., coating, and overall leading to inconsistent
toxicity results. Determination of the toxicity elicited by various aspects of a single nanopar-
ticle system, e.g., nanoparticle base material, shape, size, conjugation, coating, drug, etc.,
is near impossible. To maintain clinical similarity to treatments such as chemotherapy,
MSNs of each type would be intravenously injected once for acute assessment, and once a
week for a month for chronic assessment. Following treatment with MSNs or coated MSNs,
blood can be measured for complete blood count and blood chemistry, both in the short
term, and longer term following multiple injections. Utilization of an immunocompetent
mouse model provides key information relating to the toxicity as a result of MSN treatment.
CD-1 female mice were the subject of this study due to extensive history of utilization for
toxicology and pharmacology experimentation [32-34]. Large size, tail vein access, and
low aggressiveness contribute to popularity of CD-1 mouse utilization in such studies. Fol-
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lowing blood tests, mouse organs were harvested to evaluate if treatments caused toxicity
through histopathology.

2. Materials and Methods
2.1. Materials

Reagents from Sigma Aldrich (St. Louis, MO, USA): CTAB (hexadecyltrimethylammo-
nium bromide) (molecular biology, >99%, H6269), low molecular weight chitosan (448,869),
2K PEG (poly (ethylene glycol)) (MW: 2000, 84,797), 35K PEG (poly (ethylene glycol))
(MW: 35,000, 81,310), GPTMS (3-glycidyloxypropyl) trimethoxysilane (>98%, 440,167),
TMOS tetramethyl orthosilicate (>99%, 341,436), benzoylated dialysis tubing (D7884), TEA
triethanolamine (gas chromatography, >99.0%, 90,279). Other materials and reagents:
Milli-Q water dispensed through Milli-Pore Sigma (Sigma-Aldrich, St. Louis, MO, USA);
glacial acetic acid (certified ACS, >99.7%, A38C-212) (Waltham, MA, USA); ethyl alcohol
(anhydrous, 200 proof) (Warner Graham Company, Cockeysville, MD, USA); Dulbecco’s
modified Eagle medium (DMEM) (ThermoFisher Scientific, Waltham, MA, USA); fetal
bovine serum (FBS) (R&D Systems, Minneapolis, MN, USA).

2.2. Nanoparticle Synthesis

Mesoporous silica nanoparticles (MSNs) were prepared by modified Stober synthesis
(Figure 1). A total of 2.00 g of CTAB was added to 240 mL of purified MQ water at
80 °C. After allowing the solution to reach 80 °C again, 0.42 g of TEA was added to the
solution with moderate (400 rpm) stirring. Once heated to 80 °C, 11.0 mmol of TMOS was
added and stirred on heat for 16 h. At completion, the reaction bottle was removed from
heating/stirring and allowed to cool to room temperature. To remove the CTAB surfactant
scaffold from the MSNs, a 1:1 (v/v) solution of 2 M glacial acetic acid and ethanol was used
to clean the MSNs. About 50 mL of MSNs were added to 2000 MWCO dialysis tubing and
placed into a 1 L solution of aforementioned acid—ethanol mix with a stir bar (100 rpm).
External solution was replaced every 2 h for the first three cycles, and then every 12 h for
the next five cycles. MSNs were then dialyzed similarly in MQ water for four cycles, each
cycle lasting 12 h. MSNs were removed from dialysis bags and stored in a glass bottle.

Chitosan

Wormbhole pore
mesoporous
silica core

Figure 1. Schematic illustration of preparation of coated MSN preparation. Following synthesis of
base MSNs, GPTMS linker is attached for subsequent chitosan, 2KPEG, or 35KPEG conjugation.

2.3. Nanoparticle Characterization

A Malvern Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) was used to analyze
MSN diameter, PDI, concentration, and zeta potential following synthesis, and throughout
dialysis. Size parameter measurements were collected in triplicate using multi-angle
dynamic light scattering (MADLS) at three angles (173°, 90°, 7°). Particle concentration
was determined using MADLS with an input of 145 kcps for dispersant mean count rate.



Pharmaceutics 2022, 14, 969

40f16

An Eppendorf Vacufuge 5301 was used to lyophilize MSNs at a rate of 0.2 mL/h. A TriStar
analyzer was utilized to vacuum dry the powders at 120 °C overnight. A seven-point
Brauner, Emmett, Teller (BET) isotherm and a 50-point adsorption/desorption isotherm
were collected. Specific surface area and pore volume calculations were acquired through
BET and Barrett-Joyner—-Halenda (BJH) methodology [35].

2.4. Nanoparticle Functionalization

Dialyzed MSNs were diluted in ethanol (4:1) and ultrasonicated for 1 min at room
temperature to ensure dispersion. MSNs were functionalized for subsequent attachment
of polymer gatekeeper. Before coating, GPTMS (0.45 mmol, 0.1 mL) was added to 5 mL
of 100% ethanol, and 20 mL of dialyzed MSN. The solution was gently stirred at room
temperature for 3 h for grafting to MSNs. MSNs with silane linker were acidified to pH
3.5 via dropwise addition of 100 mM HCI for conjugation of chitosan. MSNs with silane
linker were basified to pH 10 by addition of 100 mM NaOH for conjugation of PEG. 1%
w/v chitosan, 2KPEG, or 35KPEG was added at a ratio of 6:5. Conjugation of chitosan/PEG
occurred through epoxy ring opening of GPTMS. Solutions were shaken at 1000 rpms
for 12 h at room temperature. Coated MSNs were isolated by centrifuging solutions at
15,000 rpm for 30 min at room temperature.

2.5. Functionalized Nanoparticle Characterization

Following synthesis of C-MSNs, 2KPEG-MSNs, and 35 KPEG-MSN:s, size, zeta po-
tential, and PDI were reacquired to survey for differences from uncoated MSNs. MSNss,
0.5 mL of C-MSNs, 2KPEG-MSNSs, and 35KPEG-MSNs (1010 particles/mL) were exposed
to 10% FBS in standard DMEM cell growth media (1.5 mL) to simulate protein corona
formation. After 24 h, each MSN group was revaluated using DLS for differences in size
and zeta potential as a result of protein corona formation. Prior to coating conjugation,
fluorescence contrast agent IR780 was encapsulated within C-MSNs, 2KPEG-MSNs, and
35KPEG-MSN s to observe mechanism of agent release in hypoxia and biological conditions
(Supplementary Figure S1). IR780-loaded samples were pH adjusted to 6.6 or 7.4 diluted
to an optical density of 1 OD/mL (V-730 UV-Vis Spectrophotometer, JASCO, Easton, PA,
USA). Samples were shaken moderately until repeated measures at distinct time points.
Absorbance of the supernatant was measured to determine release contrast agent.

2.6. In Vivo Nanoparticle Toxicity

Female CD1 immunocompetent mice aged 4 weeks were used in strict adherence
to the University of Oklahoma Institutional Animal Care and Use Committee approved
protocol. One week following receipt from Charles River Laboratories (Wilmington, NC,
USA), mice were randomly divided into the following five groups:

1. Controls (C)n = 3.

2. Mesoporous silica nanoparticles with no coating (MSNs) n = 6.

3. Mesoporous silica nanoparticles coated with chitosan (C-MSNs) n = 6.

4. Mesoporous silica nanoparticles coated with 2 kDa polypropylene glycol 2KPEG-

MSNs) n = 6.
5. Mesoporous silica nanoparticles coated with 35 kDa polypropylene glycol (35KPEG-
MSNs) n = 6.

Except for controls, which received no injections, each animal received an intravenous
tail injection of 10'° particles in 100 uL of treatments as noted in groups 2-5. Two points
in time were studied; acute (24 h post-injection) and chronic (1 injection per week for
4 weeks) (Figure 2). The control animal samples were collected at the same time point
as the chronic samples. About 24 h following treatment, blood samples were taken via
retroorbital withdrawal from acute mice and analyzed by complete blood count (CBC) and
blood chemistry (BC) tests. Chronic timepoint blood collection occurred after treatments 2
and 4, to minimize animal stress through overly frequent blood collection. Blood samples
were analyzed using CBC and BC as well. Following completion of treatment, mice were
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euthanized via carbon dioxide overdose and cervical dislocation. Organs of interest (liver,
spleen, kidney, pancreas, heart, and lung) were rapidly extracted from the euthanized mice
and placed in neutral buffered formalin. After 16 h of fixation, tissues were processed to
paraffin and embedded in paraffin blocks. Four micrometer tissue sections were cut from
each tissue and stained with hematoxylin and eosin (H&E). Slides were analyzed blindly by
both a board-certified veterinary pathologist (Foote) and a board certified diagnostic human
pathologist with extensive experience in murine pathology (Grizzle, Luo, and Filatenkov).

Acute group

treatments Chronic Chronic Chronic
Chronic groups groups groups groups
treatment 1 treatment 2 treatment 3 treatment 4
) 1 Week - 1 Week 1 Week
> > >
1 day 1 day 1 day
Acute group Chronic Chronic group
blood and_tlssue group blood blood & tissue
collection collection collection

Figure 2. Timing schematic of in vivo toxicity studies. Acute and chronic group treatments began
concurrently. Blood collections were held 24 h following select treatments. Tissue collections were
held 24 h following the final treatment for respective treatment groups.

2.7. Complete Blood Count and Chemistry Panels

Following retroorbital blood extraction from mice, complete blood counts were run
using a Idexx Procyte DX Hematology Analyze (Idexx Laboratories, Westbrook, ME, USA)
using edthylenediaminetetraacetic acid (EDTA) whole blood with 50 puL. Samples take 2
min to run. The Abaxis VetScan VS 2 (Zoetis, Parsippany, NJ, USA) was used for the blood
chemistry panel with the Comprehensive Plus rotor. About 100 uL of lithium heparin (LH)
whole blood was used to run samples in approximately 13 min.

2.8. Statistics

Statistical evaluation of the BC/CBC blood tests was performed using analysis of variance
(ANOVA) and Tukey multiple comparison test with significance defined at p < 0.05.

3. Results and Discussion

MSNs were prepared through modified Stober synthesis. An emulsion of surfactant
scaffold was formed under high temperature. Silica precursor coats the scaffold to create
uniform MSNs of approximately 25 nm, measured with dynamic light scattering (DLS).
While many sized MSNs are utilized, 25 nm has been identified as an intriguing size; large
enough to avoid rapid glomerular filtration, but small enough to avoid sequestration by
Kupffer cells in the liver [36]. Following preparation, MSNs are dialyzed to remove surfactant,
preventing the possibility for surfactant-based toxicity. Prior to conjugation of coatings,
nitrogen adsorption/desorption isotherms were analyzed with BET/BJH methodology to
estimate MSN pore volume of 0.23 cm®/g, and MSN specific surface area of 750 m. Chitosan
solution (1% weight by volume) was prepared in acetic acid and water. Due to controversy
in toxicity as a result of PEG, PEG solutions with different molecular weights were utilized.
PEG2000 and PEG35000 were selected due to a tradeoff between rapid clearance and extended
circulation time that is relevant to drug delivery [37]. About 2% weight by volume solutions
were prepared in water for molecular weights of 2000 (PEG2000) and 35,000 (PEG35000).
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Following surfactant removal, MSNs were diluted in ethanol and functionalized using an
organosilane-epoxy linker for external coating attachment. PEG2000, PEG35000, and chitosan
solutions were added to the MSN solution for attachment of coating. Average diameters
were as follows: MSNs-25.8 (+2.1) nm; C-MSNs-31.8 (+3.1) nm; 2KPEG-MSNs-29.7 (1+3.6)
nm; and 35KPEG-MSNs-30.1 (£2.3) nm (Figure 3A,B). Full size distributions are included
(Figure 3E-H). All polydispersity indexes were around or below 0.15, indicating monodisperse
samples (Figure 3D). After synthesis, surfactant surrounding MSNs result in zeta potential
measurements of 46 mV, which is reduced to —5.6 mV after surfactant removal, and increased
to 11.3 mV following GPTMS addition (Figure 3C). Conjugation of chitosan was confirmed
through increased zeta potential (44.1 mV) due to amine functional groups in physiological
pH (7.4) [27,29]. Similarly, zeta potential for 2KPEG-MSNs (—0.6 mV) and 35KPEG-MSNs
(—0.9 mV) increased slightly due to coating of silanol groups and decreasing external hydroxyl
groups on MSNs, but not as dramatically as C-MSNs due to lack of amine functionality [38].
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Figure 3. (A) Transmission electron microscopy image of synthesized MSNs. (B) Diameters of
nanoparticles utilized in this study. Hydrodynamic diameters measured as 25.8 nm, 31.8 nm, 29.7 nm,
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and 30.1 nm for MSNs, C-MSNs, 2KPEG-MSNs, and 35KPEG-MSNSs, respectively. (C) Zeta potential
measurements of surfactant-MSNs, MSNs, C-MSNs, 2KPEG-MSNSs, and 35KPEG-MSNs to ensure
proper conjugation. (D) Polydispersity index of samples throughout synthesis. (E) Full MSN size
distribution as determined by DLS measurements. (F) Full C-MSN size distribution as determined by
DLS measurements. (G) Full 2KPEG-MSN size distribution as determined by DLS measurements.
(H) Full 35KPEG-MSN size distribution as determined by DLS measurements.

Addition of 10° MSNis into a 1.5 mL solution of 10% FBS in cell growth media resulted
in minor increases in coated MSN size and shifts in surface charge (Table 1). Small increases
in size and slight alterations surface charge were observed in MSNs, 2KPEG-MSNs, and
35KPEG-MSNs. C-MSNs were observed to significantly increase in size by 17.1 nm to
48.9 nm following exposure to FBS. Chitosan has a relatively strong positive surface charge,
which interacts with proteins in the FBS solution to form a protein corona. Formation of
negatively charged proteins around C-MSNs results in a large drop in zeta potential, from
+44.1 mV to 12.6 mV. These results suggest that C-MSNs will likely form a protein corona
upon introduction into the body.

Table 1. Size and charge characteristics of MSNs, C-MSNs, 2KPEG-MSNs, and 35KPEG-MSNs
following 24-h exposure to 10% FBS in cell growth media compared to as-synthesized MSNs.

Cigfa;ir:;tzﬁeigrtls Diameter by DLS (nm) Zeta Potential (mV)
MSN Coating As-Prepared  FBS-Treated Change As-Prepared  FBS-Treated Change
MSN 25.8 28 +2.2 —5.59 —2.84 +2.75
C-MSN 31.8 48.9 +17.1 44.07 12.62 —31.45
2KPEG-MSN 29.7 29.9 +0.2 —0.58 —1.35 —0.77
35KPEG-MSN 30.1 30.3 +0.2 —0.91 -1.72 —0.81

CD-1 immunocompetent mice were utilized for testing in vivo toxicity. Mice were
split into acute and chronic experiments, characterized by number of repeat treatments,
toxicity evaluations, and time between treatments and measurements. Acute mice were in-
travenously injected with 10'° MSNis in 100 pL; chitosan-coated MSNs (C-MSNs), PEG2000-
coated MSNs (2KPEG-MSNs), and PEG35000-coated MSNs (35KPEG-MSNSs). About 24 h
following treatment, blood samples were taken via retro-orbital withdrawal and analyzed
by complete blood count (CBC) and blood chemistry (BC) tests (Table 2). In addition to
short-term evaluations, toxicity concerns over time are of great importance and clinical
relevance when considering multiple injections. To elucidate chronic toxicity, CD-1 im-
munocompetent mice were intravenously injected with treatments consistent with the
short-term studies (MSNs, C-MSNs, 2KPEG-MSNs, 35KPEG-MSNs), once a week for a total
of four treatments. Blood samples were taken via retro-orbital withdrawal 24 h following
treatment 2 and 24 h following the final treatment. Blood was not collected after treatment
3 to avoid stress on mice due to frequent collection. Subsequent to final blood collection
for both acute and chronic treatment groups, mice were euthanized via CO2 overdose and
cervical dislocation. Organs were collected (liver, kidney, spleen, lung, pancreas, heart) for
histopathologic evaluation (Figures 4 and 5).
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Table 2. Blood chemistry values as reported from acute (A) and chronic (B) treatment groups. Complete blood count values as reported from acute (C) and chronic

(D) treatment groups.

A Blood Chemistry-Acute B Blood Chemistry-Chronic

Untreated MSN C-MSN 2KPEG-MSN 35KPEG-MSN Untreated MSN C-MSN 2KPEG-MSN  35KPEG-MSN
ALB 4.5 4.37 4.57 4.57 44 ALB 4.53 4.53 4.67 4.63 4.57
ALP 110.3 88.7 104.3 118 1103  ALP 82.3 95.7 91.7 92.7 80
ALT 38 34 49 51.3 283 ALT 38 30.7 36.7 23.7 35
AMY 1189 1163 1067 986 1083  AMY 1095 1066 1085 1174 1067
TBIL 0.33 0.4 0.4 0.4 0.3 TBIL 0.47 0.23 0.3 0.27 0.3
BUN 20 21.7 21.3 18.7 19.3 BUN 20.3 23.7 22.3 18.7 20.7
CA 11.8 11.3 11 11.8 111 CA 11.3 11 11.1 11.3 11.2
PHOS 8.17 7.7 7.97 9.6 7.7 PHOS 7.63 7.43 7.1 7.3 6.2
CRE 0.27 0.33 0.27 0.3 033 CRE 0.27 0.27 0.2 0.23 0.37
GLU 128.7 103.7 108.3 117.7 119.7 GLU 117.3 116.3 96.3 98.7 99
NA+ 154.7 154.3 153.7 159 154 NA+ 155.7 156 154.7 155.3 155.7
K+ 6.9 6.43 6.87 6.67 597 K+ 6.93 7 7.05 7.13 6.1
TP 6.03 5.8 6 6.07 59 TP 6.07 59 6.17 6.13 6.27
GLOB 1.53 1.43 1.43 1.5 1.53 GLOB 1.57 1.37 1.5 1.5 1.67
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Table 2. Cont.

C Complete Blood Count-Acute D Complete Blood Count-Chronic

Untreated MSN C-MSN 2KPEG-MSN 35KPEG-MSN Untreated MSN C-MSN 2KPEG-MSN  35KPEG-MSN
RBC 10.2 10.5 10.3 10.3 105 RBC 10.4 10.2 11.4 10.7 10.8
HGB 16.6 17.2 16.4 16.2 16.7 HGB 16.7 15.8 17.1 16.4 16.3
HCT 56.9 58.4 55.4 55.1 583 HCT 56.8 54.5 57.6 56.2 56.1
MCV 56 55.5 54 53.6 554 MCV 54.6 53.4 50.6 52.6 51.9
MCH 16.3 16.3 16 15.7 158 MCH 16 15.5 15 15.3 15.1
MCHC 29.1 29.4 295 29.3 28.6 MCHC 29.3 29 29.7 29.2 29
RDW-SD 28.9 29.7 28.8 29 29.5 RDW-SD 30.1 30.1 29.1 29.3 29.7
RDW-CV 20.7 21.7 21.6 21.8 21.6  RDW-CV 221 22.6 24.1 229 23.4
RET 409 396 440 367 541 RET 282 380 562 477 564
RET% 4.05 3.78 4.32 3.57 518 RET% 2.69 3.77 4.96 44 5.22
PLT 904 776 979 878 1086  PLT 1173 1113 1548 1338 1360
PDW 9.1 9.37 8.5 10.1 913 PDW 9.53 7.67 9.83 8.13 7.73
MPV 8.1 7.97 8.23 8.47 83 MPV 8.43 8 9.3 8.23 8.17
P-LCR 12 10.9 9.4 12.9 101 P-LCR 12.5 6.5 10.7 7.1 6.7
PCT 0.73 0.62 0.8 0.74 092 PCT 0.99 0.9 1.41 1.1 1.1
WBC 4.44 5.67 6.7 6.7 6.02 WBC 441 532 7.74 3.81 6.09
NEUT 0.52 0.78 1.46 0.8 0.67 NEUT 0.46 0.79 0.85 0.45 0.79
LYMPH 3.79 4.72 5.03 5.74 519 LYMPH 3.81 4.37 3.77 3.23 5.1
MONO 0.02 0.03 0.01 0.03 0.04 MONO 0.01 0.03 0.02 0.03 0.05
EO 0.09 0.14 0.19 0.13 011 EO 0.12 0.13 0.1 0.09 0.15
BASO 0.01 0 0.01 0.01 0.01 BASO 0.01 0.01 0.01 0.01 0.01

Abbreviations: ALB—albumin, ALP—alkaline phosphatase, ALT—alanine transaminase, AMY—amylase, TBIL—total bilirubin, BUN—blood urea nitrogen, CA—calcium, PHOS—
Phosphorus, CRE—creatinine, GLU—glucose, NA+—Sodium, K+—Potassium, TP—total protein, GLOB—globulins, RBC—red blood cells, HGB—hemoglobin, HCT—hematocrit,
MCV—mean corpuscular volume, MCH—mean corpuscular hemoglobin, MCHC—mean corpuscular hemoglobin concentration, RDW—red cell distribution width, RET—reticulocyte,
PLT—platelets, PDW—platelet distribution width, MPV—mean platelet volume, P-LCR—platelet/large cell ratio, PCT—procalcitonin, WBC—white blood cells, NEUT—neutrophils,
LYMPH—Ilymphocytes, MONO—monocytes, EO—eosinophils, BASO—basophils.
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Figure 4. H&E-stained organs from acute treatment groups (MSNs, C-MSNs, 2KPEG-MSNs, 35KPEG-
MSNSs). Images were acquired at 10 x magnification.

In general, the histopathology of acute and chronic time points for the C-MSN group
was similar to controls and the mice had no areas of fibrosis in any organ or other signs
of organ damage. The histological and blood chemistry findings from mice acutely or
chronically injected with C-MSN were consistent with control mice. While it would be
unlikely to utilize uncoated MSNs as either a drug or contrast agent delivery system, we
found that uncoated MSN resulted in extensive right atrial right ventricle thrombus in
one mouse.

In contrast, our study indicates that PEG may be a risk factor for increases in interstitial
fibrin thrombi. Our findings show that 35KPEG-MSN had extensive interstitial fibrin
thrombi in the alveoli, sinusoidal immature thrombi/hemorrhages, and had immature
thrombi in the left atrium in one mouse. One mouse receiving 35KPEG-MSNs also had
some hepatic necrosis. The lower molecular weight PEG 2KPEG-MSN had greater and
more extensive immature thrombi in the pulmonary arteries and veins estimated to occupy
50%. There also was an extensive thrombus in the left ventricle. While the 35KPEG-MSN
treatment group contained one animal with interstitial fibrin thrombi, all animals in the
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2KPEG-MSN group were observed with extensive thrombi in 50% of vessels. This suggests
that PEG may be a culprit in increased interstitial fibrin leading to immature thrombi and
even mature thrombi as well as pulmonary aggregation. While lower molecular weight
PEG has increased propensity for aggregation [39], this is the first study to report PEG,
specifically 2KPEG, and also 35KPEG to a much lesser extent, as a risk factor of increased
interstitial fibrin, immature thrombi, fully mature thrombi (in the 2KPEG-MSN group), and
pulmonary aggregations following acute and chronic treatments of intravenously injected
nanoparticles without extensive complexity, i.e., targeting peptides, drugs, etc.

Chronic
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Figure 5. H&E-stained organs from chronic treatment groups (MSNs, C-MSNs, 2KPEG-MSNs,
35KPEG-MSN’s). Images were acquired at 10 x magnification.

Observed tissue changes varied among individual mice in each group and among
groups. Of note, tissue changes did not affect organ function per blood analysis, animal
weights, or animal behavior. There is concern for a interstitial fibrin and thrombi in the
vasculature, alveoli, and large thrombi as all mice receiving 2KPEG-MSNs had similar
vascular pathologies to a great extent and one animal out of six injected with or 35KPEG-
MSNs to a much lesser extent. Tissues of mice receiving C-MSNs did not indicate a danger
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to the mice secondary to receiving these injections. Due to existing lesions in control mice,
it is unlikely that these lesions would be induced de novo in cases receiving C- or 35KPEG-
MSN . At worst, the C-MSN or 35KPEG-MSN exacerbate existing conditions or because of
these existing lesions may confuse comparisons. Because of preexisting vascular injury in
arteries [40], our results may also suggest a more extensive healing process of injury for
mice treated with MSNs and 2KPEG-MSNs compared to C-MSNs and 35KPEG-MSN.

For the CD-1 mouse, the histopathology of mice is unusual. Specifically, hepatocytes
have cytoplasm which are clear in the morning due to increased glycogen storage [41,42].
However, this may change in a few hours due to the fed-fasting cycle during the sleep cycle of
the mouse, deeming it important to sacrifice the mice during the same temporal period [41,42].
This change has been described, but sometimes has led to incorrect interpretations that this
change is instead a result of therapies. Control mice demonstrated no areas of fibrosis or
acute inflammation. Two control mice had immature thrombi in heart, with one having
immature thrombi and hemorrhage in the lung. Two of the control mice had multifocal areas
of hepatic necrosis, and one was observed to have hepatic atrophy and areas of renal edema
and hemorrhage. The control mice demonstrate three major potential pathologies, (1) areas
of multifocal hepatocyte necrosis/atrophy; (2) multifocal areas of renal necrosis, edema, and
hemorrhage; and (3) multifocal immature thrombi in the vasculature of the lungs, cardiac
ventricles, atria, and pulmonary arteries. These lesions may be considered as secondary
to existing pathologies as each was observed in control mice that received no intravenous
injections throughout the experimentation period. Notably, thrombosis has been reported as
an occasional change consistent with the aging of CD-1 mice [43—45]. Thrombi often occur
secondary to spontaneous/induced vasculitis rather than a toxicologically induced legion,
possibly explaining thrombi presence in control mice [46]. In this study, while no organ
failure is observed, extensive areas of thrombi were present in the lungs of pre-disposed
CD-1 mice. Following treatments, PEG-coated MSNss appeared to exacerbate such injuries,
where 2KPEG-MSNSs treatment groups had larger areas of extensive thrombosis, suggesting
increased aggregation propensity of lower molecular weight PEG.

Blood tests revealed small, transient differences in 2KPEG-MSNs as compared to the
other groups tested acutely. Specifically, phosphorous levels in the blood were elevated in
the 2KPEG-MSN treatment group. High amounts of phosphorous in blood can be indicative
of kidney disease, as kidneys are responsible for filtering and removing excess phosphorous
from the blood [47]. Consistent with previous reports of kidney ailments, low molecular
weight PEG may have negative impact on kidney function [22,23,48]. Specifically, PEG
has shown to result in calcium phosphate crystal deposition in renal tubules [49]. The
crystal deposition can lead to subsequent nephrocalcinosis and acute renal failure [49]. In
addition, sodium levels in 2KPEG-MSN acute treatment groups were slightly elevated,
suggesting possible dehydration, which could arise from many variables, including kidney
dysfunction [50]. However, while transient differences were observed in the 2KPEG-MSNs
acute treatment group, no differences were observed in the chronic treatment groups.
No other biomarkers for kidney dysfunction (BUN, CRE) were significantly different in
the 2KPEG-MSN groups, suggesting minor calcium phosphate crystal deposition [49].
Apart from these deviations in 2KPEG-MSN acute treatment groups, there were no other
significant changes in acute or chronic levels as measured with blood chemistry and
complete blood counts. PEG has a propensity to undergo cellular vacuolation [51,52] and
these results suggest nanoparticles that utilize lower molecular weight PEG may be more
at-risk for vacuolation.

4. Conclusions

Increased potential of nanomedicine in a clinical setting has raised significant concern in
regards to toxicity. Nanoparticles can be difficult to evaluate for toxicity due to inconsistencies
with administration routes and a wide variety of nanoparticle base materials, modifications of
the surface of nanoparticles, gatekeepers, and even drugs. With typical multifactorial nanopar-
ticles, the toxicity is often assessed with only a single injection, without proper isolation of
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each factor of the nanoparticle system such as external coatings, conjugated ligands, or encap-
sulated drugs. MSNSs are a specialized set of nanomedicines that contain: (1) A wide range
of size from 3 nm to >100 nm in diameter [53-55]; (2) adaptable gatekeeper mechanisms to
allow for stimuli-responsive cargo release or stealthing [14,56,57]; and (3) may have additional
disease specific-targeting [36,58,59]. However, there is controversy in assessment of MSN
toxicity and accumulation due to the numerous and variable features within MSNs. For
example, simultaneous determination of elicited toxicity as a result of the nanoparticle core,
shape, size, conjugation, drug, etc., is nearly impossible.

This suggests that PEG can exacerbate pre-existing vascular conditions, but that
PEG causes greater toxic impact than 35KPEG. This study evaluated MSN toxicity using
uncoated MSNs, chitosan, low molecular weight PEG, and high molecular weight PEG
administered intravenously in mice. Treatment groups were split into acute (1 injection)
and chronic (1 injection per week over 4 weeks) for maintaining clinical relevance, i.e.,
single vs. multiple rounds of chemotherapy. The chitosan coating on MSNs (C-MSN) did
not result in changes in histopathology of acute and chronic time points for the C-MSN
group was similar to controls and the mice had no areas of fibrosis in any organ or other
signs of organ damage. The histological and blood chemistry findings from mice acutely or
chronically injected with C-MSN were consistent with control mice. In 100% mice receiving
2KPEG-MSNSs, the mice had increased interstitial fibrin, immature thrombi, and even
fully mature thrombi in up to 50% of the pulmonary arteries and veins. Additionally, one
mouse receiving multiple injections 35KPEG-MSN also had increased interstitial fibrin and
immature thrombi. Thus, a main finding of this study suggests chitosan coating was safe,
but that PEG coating can exacerbate pre-existing vascular conditions with 2KPEG causing
much greater toxic impact than 35KPEG.

Efficacious drug delivery has been observed in each of the chosen gatekeepers, chi-
tosan [36], 2KPEG [60], and 35KPEG [61]. While 2KPEG shows rapid clearance from the
body, 35KPEG benefits from a longer circulation time [37]. Histological evaluation of the tis-
sue suggests exacerbation of pre-existing thrombotic lesions of mice treated with uncoated
MSNs and PEG-coated MSNs. These results suggest that PEG may negatively impact and
worsen mice that have pre-existing vascular risk. In addition, low molecular weight PEG
results in increased exacerbation of vascular injury. Small differences were observed in the
blood chemistry (PHOS, NA+) of acute low molecular weight PEG treatment group that
indicated kidney dysfunction, but these results were not supported by other kidney-related
biomarkers (BUN, CRE). Such differences may be a result of increased calcium phosphate
depositions as a result of PEG coating [49], where lower molecular weight PEG may have
a higher propensity for cellular vacuolation [51,52]. Additional investigations of many
molecular weights of PEG and chitosan may provide more valuable information concerning
how external coatings affect MSN toxicity. Further studies to accurately define the limits of
toxicity depending on particle size, type, and application will improve translatability of
MSNs and general nanomedicine from high potential to clinical translation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pharmaceutics14050969/s1, Figure S1: Simulation of contrast
agent IR780 exfiltration from MSN pores while coated with (A) Chitosan, (B) 2KPEG, or (C) 35KPEG.
Treatments were added to 10% phosphate buffered saline at a biological pH level of 7.4 or a hypoxic
pH level of 6.6.

Author Contributions: Conceptualization, WM.M. and L.R.M.; methodology, WM.M. and A.S.,
pathological analysis, W.E.G., ].F, W.L. and A.F,; writing—original draft preparation, WM.M.;
writing—review and editing, WE.G., M.L., C.H., L.R.M; funding acquisition, L.R.M. and WM.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Cancer Institute Grants R0O1CA212350, F31CA261044,
and P30CA225520 and National Institute for Biomedical imaging and Bioengineering RO1EB020125.
The pathology samples were prepared with support from the SCC Tissue Pathology Core.


https://www.mdpi.com/article/10.3390/pharmaceutics14050969/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14050969/s1

Pharmaceutics 2022, 14, 969 14 of 16

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of University of Oklahoma Health Science Center (protocol code
301521 and 17 July 2020) for studies involving animals.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pelaz, B.; Alexiou, C.; Alvarez-Puebla, R.A.; Alves, F.; Andrews, A.M.; Ashraf, S.; Balogh, L.P; Ballerini, L.; Bestetti, A.; Brendel, C.
Diverse applications of nanomedicine. ACS Nano 2017, 11, 2313-2381. [CrossRef] [PubMed]

2. Manzano, M.; Vallet-Regi, M. Mesoporous silica nanoparticles for drug delivery. Adv. Funct. Mater. 2020, 30, 1902634. [CrossRef]

3. Jeelani, P.G.; Mulay, P; Venkat, R.; Ramalingam, C. Multifaceted application of silica nanoparticles. A review. Silicon 2020, 12,
1337-1354. [CrossRef]

4.  Carniato, F; Tei, L.; Botta, M. Gd-based mesoporous silica nanoparticles as MRI probes. Eur. |. Inorg. Chem. 2018, 2018, 4936-4954.
[CrossRef]

5. Nakamura, T.; Sugihara, F.; Matsushita, H.; Yoshioka, Y.; Mizukami, S.; Kikuchi, K. Mesoporous silica nanoparticles for 19 F
magnetic resonance imaging, fluorescence imaging, and drug delivery. Chem. Sci. 2015, 6, 1986-1990. [CrossRef]

6. Gurka, M.K,; Pender, D.; Chuong, P.,; Fouts, B.L.; Sobelov, A.; McNally, M.W.; Mezera, M.; Woo, S.Y.; McNally, L.R. Identification
of pancreatic tumors in vivo with ligand-targeted, pH responsive mesoporous silica nanoparticles by multispectral optoacoustic
tomography. J. Control. Release 2016, 231, 60-67. [CrossRef]

7. Khanal, A,; Ullum, C.; Kimbrough, C.W.; Garbett, N.C.; Burlison, J.A.; McNally, M.W.; Chuong, P.; El-Baz, A.S.; Jasinski,
J.B.; McNally, L.R. Tumor targeted mesoporous silica-coated gold nanorods facilitate detection of pancreatic tumors using
Multispectral optoacoustic tomography. Nano Res. 2015, 8, 3864-3877. [CrossRef]

8. Samykutty, A.; Grizzle, WE.; Fouts, B.L.; McNally, M.W.; Chuong, P; Thomas, A.; Chiba, A.; Otali, D.; Woloszynska, A.; Said, N.;
et al. Optoacoustic imaging identifies ovarian cancer using a microenvironment targeted theranostic wormhole mesoporous silica
nanoparticle. Biomaterials 2018, 182, 114-126. [CrossRef]

9.  Rimal, B.; Greenberg, A.K.; Rom, W.N. Basic pathogenetic mechanisms in silicosis: Current understanding. Curr. Opin. Pulm.
Med. 2005, 11, 169-173. [CrossRef]

10. Mahmoud, A.M.; Desouky, E.M.; Hozayen, W.G.; Bin-Jumah, M.; El-Nahass, E.-S.; Soliman, H.A.; Farghali, A.A. Mesoporous
silica nanoparticles trigger liver and kidney injury and fibrosis via altering TLR4/NF-«B, JAK2/STAT3 and Nrf2 /HO-1 signaling
in rats. Biomolecules 2019, 9, 528. [CrossRef]

11. Yu, Y,; Li, Y,; Wang, W,; Jin, M; Du, Z.; Li, Y.;; Duan, J.; Yu, Y.; Sun, Z. Acute toxicity of amorphous silica nanoparticles in
intravenously exposed ICR mice. PLoS ONE 2013, 8, e61346. [CrossRef] [PubMed]

12. Waegeneers, N.; Brasseur, A.; Van Doren, E.; Van der Heyden, S.; Serreyn, P.-].; Pussemier, L.; Mast, J.; Schneider, Y.-J.; Ruttens,
A.; Roels, S. Short-term biodistribution and clearance of intravenously administered silica nanoparticles. Toxicol. Rep. 2018, 5,
632-638. [CrossRef] [PubMed]

13. Tarn, D.; Ashley, C.E.; Xue, M.; Carnes, E.C.; Zink, ].I; Brinker, C.J. Mesoporous silica nanoparticle nanocarriers: Biofunctionality
and biocompatibility. Acc. Chem. Res. 2013, 46, 792-801. [CrossRef]

14. Li, X; Xie, C.; Xia, H.; Wang, Z. pH and ultrasound dual-responsive polydopamine-coated mesoporous silica nanoparticles for
controlled drug delivery. Langmuir 2018, 34, 9974-9981. [CrossRef] [PubMed]

15. Li, Z.; Zhang, Y.; Feng, N. Mesoporous silica nanoparticles: Synthesis, classification, drug loading, pharmacokinetics, biocompati-
bility, and application in drug delivery. Expert Opin. Drug Deliv. 2019, 16, 219-237. [CrossRef] [PubMed]

16. Tian, Z.; Yu, X,; Ruan, Z.; Zhu, M.; Zhu, Y.; Hanagata, N. Magnetic mesoporous silica nanoparticles coated with thermo-responsive
copolymer for potential chemo-and magnetic hyperthermia therapy. Microporous Mesoporous Mater. 2018, 256, 1-9. [CrossRef]

17.  Amoozgar, Z.; Yeo, Y. Recent advances in stealth coating of nanoparticle drug delivery systems. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 2012, 4, 219-233. [CrossRef]

18. He, X,; Nie, H.; Wang, K.; Tan, W.; Wu, X.; Zhang, P. In vivo study of biodistribution and urinary excretion of surface-modified
silica nanoparticles. Anal. Chem. 2008, 80, 9597-9603. [CrossRef]

19. Cui, J; Bjornmalm, M,; Ju, Y.; Caruso, F. Nanoengineering of poly (ethylene glycol) particles for stealth and targeting. Langmuir
2018, 34, 10817-10827. [CrossRef]

20. Dai, Q.; Bertleff-Zieschang, N.; Braunger, J.A.; Bjornmalm, M.; Cortez-Jugo, C.; Caruso, F. Particle targeting in complex biological
media. Adv. Healthc. Mater. 2018, 7, 1700575. [CrossRef]

21. Han, X, Li, Z,; Sun, J,; Luo, C; Li, L.; Liu, Y,; Du, Y;; Qiu, S.; Ai, X.; Wu, C. Stealth CD44-targeted hyaluronic acid supramolecular
nanoassemblies for doxorubicin delivery: Probing the effect of uncovalent pegylation degree on cellular uptake and blood long
circulation. J. Control. Release 2015, 197, 29-40. [CrossRef] [PubMed]

22. Zhang, X.-D.; Di Wu, X.S,; Liu, P-X; Yang, N.; Zhao, B.; Zhang, H.; Sun, Y.-M.; Zhang, L.-A_; Fan, E-Y. Size-dependent in vivo

toxicity of PEG-coated gold nanoparticles. Int. . Nanomed. 2011, 6, 2071. [CrossRef] [PubMed]


http://doi.org/10.1021/acsnano.6b06040
http://www.ncbi.nlm.nih.gov/pubmed/28290206
http://doi.org/10.1002/adfm.201902634
http://doi.org/10.1007/s12633-019-00229-y
http://doi.org/10.1002/ejic.201801039
http://doi.org/10.1039/C4SC03549F
http://doi.org/10.1016/j.jconrel.2015.12.055
http://doi.org/10.1007/s12274-015-0886-8
http://doi.org/10.1016/j.biomaterials.2018.08.001
http://doi.org/10.1097/01.mcp.0000152998.11335.24
http://doi.org/10.3390/biom9100528
http://doi.org/10.1371/journal.pone.0061346
http://www.ncbi.nlm.nih.gov/pubmed/23593469
http://doi.org/10.1016/j.toxrep.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/30622900
http://doi.org/10.1021/ar3000986
http://doi.org/10.1021/acs.langmuir.8b01091
http://www.ncbi.nlm.nih.gov/pubmed/30056720
http://doi.org/10.1080/17425247.2019.1575806
http://www.ncbi.nlm.nih.gov/pubmed/30686075
http://doi.org/10.1016/j.micromeso.2017.07.053
http://doi.org/10.1002/wnan.1157
http://doi.org/10.1021/ac801882g
http://doi.org/10.1021/acs.langmuir.8b02117
http://doi.org/10.1002/adhm.201700575
http://doi.org/10.1016/j.jconrel.2014.10.024
http://www.ncbi.nlm.nih.gov/pubmed/25449802
http://doi.org/10.2147/IJN.S21657
http://www.ncbi.nlm.nih.gov/pubmed/21976982

Pharmaceutics 2022, 14, 969 150f 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Cerda, V.J.; Pacheco, RR.; Witek, ].D.; de la Calle, EM.M.; de la Sen Fernandez, M.L. Immediate hypersensitivity to polyethylene
glycols in unrelated products: When standardization in the nomenclature of the components of drugs, cosmetics, and food
becomes necessary. Allergy Asthma Clin. Immunol. 2019, 15, 9. [CrossRef] [PubMed]

Zeiderman, M.R.; Morgan, D.E.; Christein, ].D.; Grizzle, W.E.; McMasters, K.M.; McNally, L.R. Acidic pH-targeted chitosan-capped
mesoporous silica coated gold nanorods facilitate detection of pancreatic tumors via multispectral optoacoustic tomography. ACS
Biomater. Sci. Eng. 2016, 2, 1108-1120. [CrossRef]

Laramie, M.D.; Fouts, B.L.; MacCuaig, W.M.; Buabeng, E.; Jones, M.A.; Mukherjee, P.; Behkam, B.; McNally, L.R.; Henary, M.
Improved pentamethine cyanine nanosensors for optoacoustic imaging of pancreatic cancer. Sci. Rep. 2021, 11, 4366. [CrossRef]
[PubMed]

Mohammed, M.A.; Syeda, ]J.; Wasan, KM.; Wasan, E.K. An overview of chitosan nanoparticles and its application in non-
parenteral drug delivery. Pharmaceutics 2017, 9, 53. [CrossRef]

Li, J; Cai, C.; Li, J.; Li, J.; Li, J.; Sun, T.; Wang, L.; Wu, H.; Yu, G. Chitosan-based nanomaterials for drug delivery. Molecules 2018,
23,2661. [CrossRef]

Gerweck, L.E.; Seetharaman, K. Cellular pH gradient in tumor versus normal tissue: Potential exploitation for the treatment of
cancer. Cancer Res. 1996, 56, 1194-1198.

Garg, U.; Chauhan, S.; Nagaich, U,; Jain, N. Current advances in chitosan nanoparticles based drug delivery and targeting. Adv.
Pharm. Bull. 2019, 9, 195. [CrossRef]

Rizeq, B.R.; Younes, N.N.; Rasool, K.; Nasrallah, G.K. Synthesis, bioapplications, and toxicity evaluation of chitosan-based
nanoparticles. Int. J. Mol. Sci. 2019, 20, 5776. [CrossRef]

Zubareva, A.; Shagdarova, B.; Varlamov, V.; Kashirina, E.; Svirshchevskaya, E. Penetration and toxicity of chitosan and its
derivatives. Eur. Polym. ]. 2017, 93, 743-749. [CrossRef]

Moghaddam, S.P.H.; Mohammadpour, R.; Ghandehari, H. In Vitro and in vivo evaluation of degradation, toxicity, biodistribution,
and clearance of silica nanoparticles as a function of size, porosity, density, and composition. J. Control. Release 2019, 311, 1-15.
[CrossRef] [PubMed]

Bhavsar, D.; Patel, V.; Sawant, K. Systematic investigation of in vitro and in vivo safety, toxicity and degradation of mesoporous
silica nanoparticles synthesized using commercial sodium silicate. Microporous Mesoporous Mater. 2019, 284, 343-352. [CrossRef]
Ullman-Culleré, M.H.; Foltz, C.J. Body condition scoring: A rapid and accurate method for assessing health status in mice. Comp.
Med. 1999, 49, 319-323.

Lehman, S.E.; Morris, A.S.; Mueller, P.S.; Salem, A K.; Grassian, V.H.; Larsen, S.C. Silica nanoparticle-generated ROS as a predictor
of cellular toxicity: Mechanistic insights and safety by design. Environ. Sci. Nano 2016, 3, 56-66. [CrossRef]

MacCuaig, WM.; Fouts, B.L.; McNally, M.W,; Grizzle, W.E.; Chuong, P.; Samykutty, A.; Mukherjee, P; Li, M.; Jasinski, ].B.; Behkam,
B. Active targeting significantly outperforms nanoparticle size in facilitating tumor-specific uptake in orthotopic pancreatic cancer.
ACS Appl. Mater. Interfaces 2021, 13, 49614-49630. [CrossRef]

Qian, Q.; Zhu, L.; Zhu, X.; Sun, M.; Yan, D. Drug-polymer hybrid macromolecular engineering: Degradable PEG integrated by
platinum (IV) for cancer therapy. Matter 2019, 1, 1618-1630. [CrossRef]

Andreani, T,; de Souza, A.L.R;; Kiill, C.P; Lorenzén, E.N.; Fangueiro, J.F,; Calpena, A.C.; Chaud, M.V,; Garcia, M.L.; Gremiao,
M.P.D; Silva, A.M. Preparation and characterization of PEG-coated silica nanoparticles for oral insulin delivery. Int. J. Pharm.
2014, 473, 627-635. [CrossRef]

Xu, H.; Yan, F.; Monson, E.E.; Kopelman, R. Room-temperature preparation and characterization of poly (ethylene glycol)-coated
silica nanoparticles for biomedical applications. J. Biomed. Mater. Res. Part A Off. ]. Soc. Biomater. Jpn. Soc. Biomater. Aust. Soc.
Biomater. Korean Soc. Biomater. 2003, 66, 870-879. [CrossRef]

Berridge, B.R.; Van Vleet, ].F,; Herman, E. Cardiac, vascular, and skeletal muscle systems. In Haschek and Rousseaux’s Handbook of
Toxicologic Pathology, 3rd ed.; Elsevier: Amsterdam, The Netherlands, 2013; pp. 1567-1665.

Babcock, M.B.; Cardell, R.R., Jr. Fine structure of hepatocytes from fasted and fed rats. Am. J. Anat. 1975, 143, 399-437. [CrossRef]
Babcock, M.B.; Cardell, R.R., Jr. Hepatic glycogen patterns in fasted and fed rats. Am. J. Anat. 1974, 140, 299-337. [CrossRef]
[PubMed]

Bradley, A.; Mukaratirwa, S.; Petersen-Jones, M. Incidences and range of spontaneous findings in the lymphoid and haemopoietic
system of control Charles River CD-1 mice (Crl: CD-1 (ICR) BR) used in chronic toxicity studies. Toxicol. Pathol. 2012, 40, 375-381.
[CrossRef] [PubMed]

Elangbam, C.S.; Colman, K.A.; Lightfoot, RM.; Tyler, R.D.; Wall, H.G. Endocardial myxomatous change in harlan sprague-dawley
rats (Hsd: S—D) and CD-1 mice: Its microscopic resemblance to drug-induced valvulopathy in humans. Toxicol. Pathol. 2002, 30,
483-491. [CrossRef]

Ruben, Z.; Arceo, R.; Bishop, S.; Elwell, M.; Kerns, W.; Mesfin, G.; Sandusky, G.; Van Vleet, ]. Non-proliferative lesions of the heart
and vasculature in rats. In Guides for Toxicologic Pathology; STP / ARP / AFIP: Washington, DC, USA, 2000; pp. 1-10.

Berridge, B.R.; Mowat, V.; Nagai, H.; Nyska, A.; Okazaki, Y.; Clements, PJ.; Rinke, M.; Snyder, PW.; Boyle, M.C.; Wells, M.Y.
Non-proliferative and proliferative lesions of the cardiovascular system of the rat and mouse. J. Toxicol. Pathol. 2016, 29, 15-47S.
[CrossRef]

Vervloet, M.G.; Sezer, S.; Massy, Z.A.; Johansson, L.; Cozzolino, M.; Fouque, D. The role of phosphate in kidney disease. Nat. Rev.
Nephrol. 2017, 13, 27-38. [CrossRef]


http://doi.org/10.1186/s13223-019-0327-4
http://www.ncbi.nlm.nih.gov/pubmed/30820197
http://doi.org/10.1021/acsbiomaterials.6b00111
http://doi.org/10.1038/s41598-021-83658-3
http://www.ncbi.nlm.nih.gov/pubmed/33623069
http://doi.org/10.3390/pharmaceutics9040053
http://doi.org/10.3390/molecules23102661
http://doi.org/10.15171/apb.2019.023
http://doi.org/10.3390/ijms20225776
http://doi.org/10.1016/j.eurpolymj.2017.04.021
http://doi.org/10.1016/j.jconrel.2019.08.028
http://www.ncbi.nlm.nih.gov/pubmed/31465825
http://doi.org/10.1016/j.micromeso.2019.04.050
http://doi.org/10.1039/C5EN00179J
http://doi.org/10.1021/acsami.1c09379
http://doi.org/10.1016/j.matt.2019.09.016
http://doi.org/10.1016/j.ijpharm.2014.07.049
http://doi.org/10.1002/jbm.a.10057
http://doi.org/10.1002/aja.1001430402
http://doi.org/10.1002/aja.1001400302
http://www.ncbi.nlm.nih.gov/pubmed/4843960
http://doi.org/10.1177/0192623311428479
http://www.ncbi.nlm.nih.gov/pubmed/22155928
http://doi.org/10.1080/01926230290105703
http://doi.org/10.1293/tox.29.3S-1
http://doi.org/10.1038/nrneph.2016.164

Pharmaceutics 2022, 14, 969 16 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Webster, R.; Elliott, V.; Park, B.K.; Walker, D.; Hankin, M.; Taupin, P. PEG and PEG conjugates toxicity: Towards an understanding
of the toxicity of PEG and its relevance to PEGylated biologicals. In PEGylated Protein Drugs: Basic Science and Clinical Applications;
Springer: Berlin/Heidelberg, Germany, 2009; pp. 127-146.

Choi, N.; Lee, J.; Chang, Y.; Jung, S.; Kim, Y.; Lee, S.; Lee, J.; Kim, J.; Song, H.; Park, B. Polyethylene glycol bowel preparation does
not eliminate the risk of acute renal failure: A population-based case-crossover study. Endoscopy 2013, 45, 208-213. [CrossRef]
Malta, D.; Petersen, K.S.; Johnson, C.; Trieu, K.; Rae, S.; Jefferson, K.; Santos, ].A.; Wong, M.M.; Raj, T.S.; Webster, J. High sodium
intake increases blood pressure and risk of kidney disease. From the Science of Salt: A regularly updated systematic review of
salt and health outcomes (August 2016 to March 2017). ]. Clin. Hypertens. 2018, 20, 1654-1665. [CrossRef]

Turecek, P.L.; Bossard, M.].; Schoetens, F; Ivens, . A. PEGylation of biopharmaceuticals: A review of chemistry and nonclinical
safety information of approved drugs. . Pharm. Sci. 2016, 105, 460-475. [CrossRef]

Ivens, .A.; Achanzar, W.; Baumann, A.; Brandli-Baiocco, A.; Cavagnaro, ].; Dempster, M.; Depelchin, B.O.; Irizarry Rovira, A.R,;
Dill-Morton, L.; Lane, J.H. PEGylated biopharmaceuticals: Current experience and considerations for nonclinical development.
Toxicol. Pathol. 2015, 43, 959-983. [CrossRef]

Chiu, H.-Y.; Go8l, D.e.; Haddick, L.; Engelke, H.; Bein, T. Clickable multifunctional large-pore mesoporous silica nanoparticles as
nanocarriers. Chem. Mater. 2018, 30, 644-654. [CrossRef]

Wu, S.-H.; Hung, Y.; Mou, C.-Y. Mesoporous silica nanoparticles as nanocarriers. Chem. Commun. 2011, 47, 9972-9985. [CrossRef]
[PubMed]

Huang, D.M.; Hung, Y,; Ko, B.S.; Hsu, S.C.; Chen, W.H.; Chien, C.L.; Tsai, C.P; Kuo, C.T.; Kang, ].C.; Yang, C.S.; et al. Highly
efficient cellular labeling of mesoporous nanoparticles in human mesenchymal stem cells: Implication for stem cell tracking.
FASEB ]. 2005, 19, 2014-2016. [CrossRef] [PubMed]

Song, Y.; Li, Y.; Xu, Q.; Liu, Z. Mesoporous silica nanoparticles for stimuli-responsive controlled drug delivery: Advances,
challenges, and outlook. Int. . Nanomed. 2017, 12, 87. [CrossRef] [PubMed]

How, K.N.; Yap, WH.; Lim, C.L.H.; Goh, B.H.; Lai, Z.W. Hyaluronic acid-mediated drug delivery system targeting for inflamma-
tory skin diseases: A mini review. Front. Pharmacol. 2020, 11, 1105. [CrossRef] [PubMed]

Castillo, R.R.; Lozano, D.; Gonzalez, B.; Manzano, M.; Izquierdo-Barba, I.; Vallet-Regi, M. Advances in mesoporous silica
nanoparticles for targeted stimuli-responsive drug delivery: An update. Expert Opin. Drug Deliv. 2019, 16, 415-439. [CrossRef]
[PubMed]

Frickenstein, A.N.; Hagood, ].M.; Britten, C.N.; Abbott, B.S.; McNally, M.W.; Vopat, C.A_; Patterson, E.G.; MacCuaig, W.M.; Jain,
A.; Walters, K.B. Mesoporous silica nanoparticles: Properties and strategies for enhancing clinical effect. Pharmaceutics 2021, 13,
570. [CrossRef]

Zhang, G.; Li, X.; Liao, Q.; Liu, Y.; Xi, K,; Huang, W.; Jia, X. Water-dispersible PEG-curcumin/amine-functionalized covalent
organic framework nanocomposites as smart carriers for in vivo drug delivery. Nat. Commun. 2018, 9, 2785. [CrossRef]
Reboredo, C.; Gonzalez-Navarro, C.J.; Martinez-Lopez, A.L.; Martinez-Oharriz, C.; Sarmento, B.; Irache, ].M. Zein-based
nanoparticles as oral carriers for insulin delivery. Pharmaceutics 2021, 14, 39. [CrossRef]


http://doi.org/10.1055/s-0032-1326031
http://doi.org/10.1111/jch.13408
http://doi.org/10.1016/j.xphs.2015.11.015
http://doi.org/10.1177/0192623315591171
http://doi.org/10.1021/acs.chemmater.7b03472
http://doi.org/10.1039/c1cc11760b
http://www.ncbi.nlm.nih.gov/pubmed/21716992
http://doi.org/10.1096/fj.05-4288fje
http://www.ncbi.nlm.nih.gov/pubmed/16230334
http://doi.org/10.2147/IJN.S117495
http://www.ncbi.nlm.nih.gov/pubmed/28053526
http://doi.org/10.3389/fphar.2020.01105
http://www.ncbi.nlm.nih.gov/pubmed/32848737
http://doi.org/10.1080/17425247.2019.1598375
http://www.ncbi.nlm.nih.gov/pubmed/30897978
http://doi.org/10.3390/pharmaceutics13040570
http://doi.org/10.1038/s41467-018-04910-5
http://doi.org/10.3390/pharmaceutics14010039

	Introduction 
	Materials and Methods 
	Materials 
	Nanoparticle Synthesis 
	Nanoparticle Characterization 
	Nanoparticle Functionalization 
	Functionalized Nanoparticle Characterization 
	In Vivo Nanoparticle Toxicity 
	Complete Blood Count and Chemistry Panels 
	Statistics 

	Results and Discussion 
	Conclusions 
	References

