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RESEARCH ARTICLE

Impact of the functional coating of silver nanoparticles on their in vivo
performance and biosafety

Hesham M. Tawfeeka , Mahmoud A. Younisa , Basmah Nasser Aldosarib, Alanood Sunhat Almurshedib,
Ahmed Abdelfattaha# and Jelan A. Abdel-Aleema

aDepartment of Industrial Pharmacy, Faculty of Pharmacy, Assiut University, Assiut, Egypt; bDepartment of Pharmaceutics, College of Pharmacy,
King Saud University, Riyadh, Saudi Arabia

ABSTRACT
Objective and significance: Silver nanoparticles (AgNPs) have become an interesting therapeutic modal-
ity and drug delivery platform. Herein, we aimed to investigate the impact of functional coating on the
in vivo performance of AgNPs as an economic and scalable method to modulate their behavior.
Methods: AgNPs were coated with chitosan (CHI) as a model biopolymer using a one-pot reduction-based
method, where CHI of two molecular weight ranges were investigated. The resultant CHI-coated AgNPs
(AgNPs-CHI) were characterized using UV-VIS spectroscopy, DLS, and TEM. AgNPs were administered intra-
venously to rats and their biodistribution and serum levels of hepato-renal function markers were moni-
tored 24h later compared to plain AgNO3 as a positive control.
Results: UV-VIS spectroscopy confirmed the successful coating of AgNPs with CHI. DLS revealed the super-
iority of medium molecular weight CHI over its low molecular weight counterpart. AgNPs-CHI demon-
strated a semi-complete clearance from the systemic circulation, a liver-dominated tissue tropism, and
limited renal exposure. On the other hand, AgNO3 was poorly cleared from the circulation, with relatively
high renal exposure and a non-specific tissue tropism. AgNPs-CHI were well-tolerated by the liver and kid-
ney without signs of toxicity or inflammation, in contrary with AgNO3 which resulted in a significant eleva-
tion of Creatinine (CRE), Urea, and Total Protein (TP), suggesting a significant nephrotoxicity and
inflammation.
Conclusions: Functional coating of AgNPs with CHI substantially modulated their in vivo behavior, pro-
moting their hepatic selectivity and biotolerability, which can be invested in the development of drug
delivery systems for the treatment of liver diseases.
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Introduction

Nanomedicines have witnessed a breakthrough recently with an
increasing focus on their clinical translation, aiming at the devel-
opment of clinically-relevant products for the treatment of various
human disorders [1,2]. While an extensive focus has been directed
to lipid nanoparticles (LNPs), inspired by the massive advance-
ments in the development of gene therapies and vaccines [3–5],
limited interest has been given to inorganic nanoparticles in spite
of their attractive features including ease of fabrication, scalability,
and high stability [6]. Silver nanoparticles (AgNPs) are an interest-
ing subclass of inorganic nanoparticles, with versatile applicability
and several attractive features such as their antimicrobial and
wound-healing properties [7,8]. In addition, AgNPs can be used as
drug delivery nanocarriers and/or theranostic agents owing to
their excellent optical properties, ex vivo and in vivo stability, and
high drug loading capacity [9]. Nevertheless, the concerns about
the biosafety of AgNPs in addition to their lack of selectivity and
poor body clearability have limited their widespread in vivo appli-
cation and clinical trials [10], which left the pharmaceutical market
deprived of the outstanding benefits of such a platform.
Therefore, innovative solutions are essential to bring this technol-
ogy to the market in a more efficient and reliable way.

Functional coating of inorganic nanoparticles is a promising
strategy to modulate their in vivo performance, biodistribution,
clearance, and biosafety. A wide variety of biopolymers were
investigated as functional coatings such as poly(ethylene glycol)
(PEG), cellulose, sodium alginate, and poly(vinyl pyrrolidone) (PVP)
[9,11–13]. Furthermore, the functional coating can be a more clin-
ically-translatable approach in terms of scalability in comparison
with the classic ligand-based targeting. Chitosan (CHI) is a carbo-
hydrate-based polymer of N-acetyl-D-glucosamine, synthesized via
the deacetylation of the naturally-occurring polymer, chitin.
Thanks to its attractive features including ease of synthesis, ease
of chemical modification, flexibility, and high tolerability, CHI has
been investigated in a wide diversity of drug delivery applications
[14]. Moreover, the biodegradability of chitosan has prompted its
use as a biosafe polymeric coating in several drug delivery plat-
forms [15]. Furthermore, numerous recent studies revealed some
interesting biological activities of CHI including hypocholesterole-
mic, antimicrobial, immunostimulant, antioxidant, anti-inflamma-
tory, and anticancer effects [16–18].

In the present study, we selected CHI as a model biopolymer
for the functional coating of AgNPs aiming at exploring the
impact of such a coating on the in vivo performance and biosafety

CONTACT Hesham M. Tawfeek heshamtawfeek@aun.edu.eg; Mahmoud A. Younis mahmoudyounis@aun.edu.eg Department of Industrial Pharmacy,
Faculty of Pharmacy, Assiut University, Assiut, 71526, Egypt
#Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, AB T6G 2E1, Canada.
� 2023 Informa UK Limited, trading as Taylor & Francis Group

DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY
2023, VOL. 49, NO. 5, 349–356
https://doi.org/10.1080/03639045.2023.2214207

http://crossmark.crossref.org/dialog/?doi=10.1080/03639045.2023.2214207&domain=pdf&date_stamp=2023-06-16
http://orcid.org/0000-0001-9789-9953
http://orcid.org/0000-0001-9722-3267
http://www.tandfonline.com


of AgNPs. First, CHI of two molecular weight ranges were investi-
gated to select the optimum biopolymer for an efficient and sta-
ble coating. Then, the in vivo biodistribution to the various tissues
was investigated in rats post intravenous administration using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
Moreover, the impact of such a coating on the in vivo biosafety of
AgNPs was explored via the post-administration serum analysis of
hepato-renal function markers; Aspartate transaminase (AST),
Alanine aminotransferase (ALT), Creatinine (CRE), Urea, and Total
Protein (TP).

Material and methods

Materials

Chitosan polymers with a low molecular weight (50–190 KDa) and
a medium molecular weight (190–310 KDa), as well as commercial
kits for the assay of AST, ALT, CRE, and Urea, were obtained from
Sigma Aldrich, USA. Sodium borohydride (NaBH4) was purchased
from S D Fine-Chem Limited (India). Silver nitrate (AgNO3) was
purchased from Alpha Chemicals (Cairo, Egypt). Glacial acetic acid
was obtained from Sigma Aldrich, Egypt. PierceTM Bicinchoninic
Acid (BCA) Protein Assay Kit and sterile Phosphate Buffer Saline
Solution, PBS (�), were purchased from Thermofisher Scientific,
USA. All other used chemicals and reagents were of analytical
grade and were used without further processing.

Animals

Seven-week-old Male Sprague–Dawley rats (average body weight
¼ 200–250 g) were obtained from Assiut University Animal House
(Assiut, Egypt) and were handled according to the ethical guide-
lines for handling laboratory animals. The animals were fed a
standard pelleted diet containing 5% fibers, 20% protein, and
5–10% fat, and had free access to food and water during the
experiments. All the experimental protocols were approved by the
Assiut University Ethics Committee (Faculty of Pharmacy, Assiut
University, local approval number 17300885, date of original
approval: 25/10/2022).

Preparation of and characterization of AgNPs-CHI

AgNPs-CHI were fabricated using a simultaneous one-pot coating/
redox reaction as described previously [19]. Two ranges of molecu-
lar weights for the coating polymer were screened; namely a low
molecular weight range (50–190 KDa) and a medium molecular
weight range (190–310 KDa). Figure 1 outlines the scheme that was
adopted in the preparation. Briefly, fifty milligrams of the investi-
gated polymer were dissolved in 10ml of an aqueous solution of
glacial acetic acid (10% v/v), followed by mixing with 5ml of an
aqueous solution of AgNO3 (1mM). The reaction mixture was then
diluted to 100ml with double-distilled water under continuous stir-
ring in an ice bath for 10min. Sixty microliters of NaBH4 (0.1 M)
were added in a dropwise manner to reduce the AgNO3 precursor
into the corresponding AgNPs, under continuous stirring for 45–
60min to facilitate the completion of the reaction. The final mixture
was maintained in room temperature under stirring for an extra
15–30min prior to centrifugation to retrieve the resultant AgNPs-
CHI, which were further dispersed in an isotonic solution of PBS (�)
that is suitable for the in vivo experiments.

UV-VIS spectroscopy was performed to prove the formation of
coated AgNPs. AgNPs prepared via reduction using sodium boro-
hydride and the formulated AgNPs-CHI solutions were scanned
from 300 to 600 nm using a double-beam spectrophotometer
(PerkinElmer, lambda25 UV–Vis Spectrophotometer) [20]. In add-
ition, AgNPs-CHI were characterized using Dynamic Light
Scattering (DLS) in a Zetasizer Nano ZS analyzer (Malvern
Instruments, UK) as reported previously [21,22]. Furthermore, the
morphology and structure of AgNPs-CHI were examined by
Transmission Electron Microscopy (TEM). A sample of 10mL of
AgNPs-CHI solution was applied to a double-sided copper grid
(Nisshin EM Co., Japan) and air-dried overnight. Images were cap-
tured using a transmission electron microscope (JEM-1230, JEOL,
Japan) using a magnification power of 5000–10,000� and under
an accelerating voltage of 100 KV.

In vivo biodistribution study

The rats were randomly divided into two groups (n¼ 5) and
injected intravenously with AgNPs-CHI (10mg/Kg) or AgNO3

Figure 1. A scheme outlining the preparation steps of AgNPs-CHI. The figure was created with BioRender.com software, with a publication license.
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solution (17mg/Kg). The dose of AgNO3 was adjusted to result in
an equivalent silver content to that for AgNPs-CHI and was used
as a positive control to reflect the behavior of the plain silver. The
animals were euthanized by cervical dislocation 24 h post-adminis-
tration, according to the guidelines of the American Veterinary
Medical Association (AVMA) [23], and the major organs as well as
blood were collected for analysis. The amount of silver per one
gram of the homogenized tissues or 1ml of blood was deter-
mined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
as reported previously [24,25].

Evaluation of the biosafety

Blood samples from rats that were injected with AgNPs-CHI or
AgNO3 were collected from the Vena Cava 24 h post administra-
tion at the doses specified above. Blood was allowed to clot for
4 h at 4 �C prior to centrifugation at 1200 g, 4 �C, for 30min to
separate the serum that was kept at �80 �C until analysis [26,27].
The serum levels of the hepato-renal function markers; AST, ALT,
CRE, and Urea were determined using commercially-available kits
according to the manufacturer’s guidelines. Total Protein (TP) in
serum was determined by BCA assay as described previously [28].
The results were compared to the values for negative control rats
that were treated with PBS (�) under the same experimental
conditions.

Statistical analysis

Statistical analyses and data plotting were performed using
Graphpad Prism 8 software. Two-way Analysis of Variance
(ANOVA) followed by the Bonferroni test were used for multiple
comparisons in two-factor experiments. p-value ˂.05 was consid-
ered to be significant.

Results

The formation of AgNPs was monitored thanks to the characteris-
tic yellow color that started to appear 15min post addition of
NaBH4 to the reaction medium. UV VIS spectroscopy showed the
characteristic surface plasmon effect with a maximum absorption
band at kmax of 405 and 394 nm for AgNPs-CHI and uncoated
AgNPs, respectively, as shown in Figure 2.

CHI of two different molecular weight ranges was used as a
functional coating for AgNPs and the physicochemical characteris-
tics of the resultant nanosystems were studied by DLS. AgNPs
that were coated with a low molecular weight CHI demonstrated
large hydrodynamic diameters (>600 nm) and low zeta potential
(˂10mV). In contrast, AgNPs that were coated with a medium
molecular weight CHI showed acceptable hydrodynamic diameters
(�280 nm) and a highly-positive zeta potential (�50mV).
Therefore, the latter candidate was selected and the resultant
AgNPs were referred to as AgNPs-CHI in the subsequent sections
of this study. AgNPs-CHI were further examined by TEM, where
the micrographs revealed spherical monodisperse particles with a
solid metallic core of approximately 20 nm (Figure 3).

The in vivo biodistribution of AgNPs-CHI was investigated fol-
lowing intravenous administration to rats, where systemic intra-
venous administration was adopted for better clinical relevance. A
solution of plain AgNO3 was used as a positive control to repre-
sent the in vivo behavior of the plain silver. Figure 4 shows the
biodistribution in the major organs and blood 24 h post-adminis-
tration. Interestingly, a substantial proportion of the recovered

silver (more than 40%) was retrieved from the blood of the rats in
the case of the plain AgNO3, where the liver cleared only about
20% of the silver amount. In addition, plain silver demonstrated
nonspecific accumulations in the liver, spleen, kidneys, and lungs.
On the contrary, functional coating of the silver with CHI dramat-
ically changed its in vivo behavior, where approximately 70% of
the silver amount were recovered from the liver indicating an
obvious hepatic selectivity. Meanwhile, the blood level of the sil-
ver in the case of AgNPs-CHI was approximately 5%, which indi-
cated a good capability of the body to clear the CHI-coated
nanosilver from the systemic circulation following its intravenous
administration. It is also noteworthy that the amount of the recov-
ered silver in the kidneys of AgNPs-CHI-treated rats was half of its
value in the case of AgNO3-treated rats.

Figure 2. UV-VIS spectroscopy of CHI-coated AgNPs (AgNPs-CHI) and non-coated
AgNPs. Abbreviations: LMwt, Low molecular weight; MMwt, Medium molecular
weight.

Figure 3. Transmission electron microscope image of AgNPs-CHI MMwt. Scale
bar represents 100 nm and magnification of 58,000�.Image shows the size of the
produced AgNPs-CHI, with a mean diameter of 20.22±3.3 nm.
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To assess the impact of functional coating by CHI on the
in vivo biosafety of the nanosilver, the blood chemistry of rats was
investigated 24 h post intravenous administration of AgNPs-CHI in
comparison with the plain AgNO3. Although both treatments in
question did not result in a significant elevation of the hepatic
function markers, AST and ALT, there was a significant impact on
the renal function as evidenced by an approximately 2-fold eleva-
tion in CRE level, and 1.5-fold elevation in the serum levels of TP
and Urea upon administration of AgNO3. On the other hand, there
was no significant impact on renal function by the administration
of AgNPs-CHI (Figure 5).

Discussion

The technology of AgNPs has increasingly become important in
the pharmaceutical field, either as a therapeutic modality or a
drug delivery platform [8,9]. However, the concerns associated
with their biosafety and lack of selectivity limit their in vivo

applications [1,6]. Modifying the nanoparticles with targeting
ligands has been extensively investigated in literature during the
past two decades [24]. Nevertheless, the rapid change in the para-
digm of drug delivery from basic to translational research has
necessitated the simplification of the sophisticated drug delivery
systems to promote their scalability and subsequently, clinical
translatability [1,26]. Functional coating of nanoparticles is one of
the simple and scalable approaches to tackle these challenges.
Our research group has been in the process of developing and
extending the applications of such an emerging technology to
modulate the performance of AgNPs. In one study, we demon-
strated that ethyl cellulose-coated AgNPs possess a promising per-
formance as cytotoxic agents against breast cancer cells [29]. In
another study, the PEG-coated AgNPs improved the delivery of
doxorubicin to cancer cells [9]. CHI is a semi-synthetic biopolymer
with diverse pharmaceutical applications [14]. Thanks to its attract-
ive features including ease of fabrication, economic price, biotoler-
ability, flexibility, and versatile applicability [30], we selected CHI
as a model biopolymer for the functional coating of AgNPs and
investigated its impact on their in vivo biodistribution and biosaf-
ety post intravenous administration to rats. A fast one-pot reaction
based on the NaBH4-mediated reduction of AgNO3 precursor in
the presence of CHI was used for the simultaneous preparation
and coating of AgNPs (Figure 1). Previous reports revealed that
the process of AgNPs-CHI formation is mediated through two
major steps: adsorption of silver ions onto amino groups in CHI,
and the subsequent reduction of silver ions into CHI-coated metal-
lic silver [31]. The proposed mechanism is schemed in Figure 6.
First, the silver ions from the precursor solution (AgNO3) are com-
plexed with amino groups in CHI with a high binding affinity,
either through sharing the lone electron pair on the nitrogen
atoms with the silver ions or through the competitive exchange
of protons from the protonated amino groups in the acidic
medium with silver ions in the solution. Subsequently, the silver
ion-CHI complexes (R–NH2Ag

þ) are subjected to a second com-
petitive exchange with water molecules in the solution, arising
from the greater binding affinity of silver ions with hydroxyl
groups in water owing to the superior electronegativity of oxygen
atoms compared to nitrogen atoms. The latter reaction leads to
the formation of silver hydroxide (Figure 6(A)). In the second step,
silver hydroxide hydrolyzes rapidly in the aqueous solution, with
the final formation of silver oxide. The silver oxide molecules are
then reduced by the multiple alcohol moieties in the CHI, in add-
ition to the reducing power of NaBH4, with the deposition of the
reduced metallic silver and the oxidation of the alcohol groups
into the corresponding aldehydes (for primary alcohol groups),
ketones (for secondary alcohol groups), and finally carboxylic acids
(Figure 6(B)) [32,33]. The CHI-bound metallic silver is subsequently
deposited in the form of nanoparticles that can be retrieved by
centrifugation [34].

The formation of AgNPs-CHI was confirmed by UV-VIS spectros-
copy. The presence of one absorption band also delineates the
formation of spherical nanoparticles [35]. In addition, the success-
ful formation of AgNPs-CHI was demonstrated from the observed
lower peak intensity of coated AgNPs (AgNPs-CHI) compared with
the uncoated nanosilver, as reported previously [9]. Moreover, DLS
studies revealed the superiority of medium molecular weight CHI-
coated AgNPs compared to those coated with low molecular
weight CHI. The large hydrodynamic diameters (>600 nm) and
low zeta potential (˂10mV) of low molecular weight CHI-coated
AgNPs suggested poor stability of the developed nanosystems,
inefficient coating, and a low possibility for in vivo applications.
This comes in agreement with some previous studies which

Figure 5. The in vivo biosafety of AgNPs-CHI in comparison with plain AgNO3

(positive control) or PBS solutions (negative control) 24 h post intravenous admin-
istration to rats in doses equivalent to 10mg/Kg and 17mg/Kg for AgNPs-CHI
and AgNO3, respectively. The serum levels of the investigated biomarkers were
expressed relative to the normal values for the negative control groups. N¼ 5,
average ± standard deviation. #p ˂ .0001 versus the control and AgNPs-CHI
groups, �� p ˂ .01, ��� p ˂ .001 for TP in case of AgNO3 versus the control
group and for Urea in AgNO3-treated rats versus the control and AgNPs-CHI
groups.

Figure 4. The in vivo biodistribution of plain AgNO3 solution (A) in comparison
with the prepared AgNPs-CHI (B) 24 h post intravenous administration to rats.
The amount of silver in each organ was quantified by ICP-MS and presented as
(%) of the total recovered silver (Ag) per 1 g of tissues. To facilitate easier com-
parisons, the blood density was rounded to 1 g/mL and the (%) of the total
recovered Ag per 1ml blood was presented similarly. The average of N¼ 5 was
considered in the calculations.
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pointed to the low spreadability of the low molecular weight CHI,
thus limiting its coating performance [36,37]. On the other hand,
the moderate particle size and high zeta potential of medium
molecular weight CHI-coated AgNPs suggested an efficient coat-
ing. It has been reported that the particle size of AgNPs exerts a
substantial impact on their in vivo performance. Ultra-fine AgNPs
possess a massive surface area that increases the risks of toxicity,
immunogenicity, and interactions with plasma proteins [38,39].
Meanwhile, aggregated AgNPs have been associated with poor tis-
sue penetration, excessive phagocytosis, and low biological activ-
ity [40]. Accordingly, AgNPs with a particle diameter in the range
of 150–300 nm may be optimum for in vivo applications.
Therefore, medium molecular weight CHI-coated AgNPs were
selected for the subsequent experiments, where the resultant
nanoparticles were referred to as AgNPs-CHI. Previous studies
pointed to the pivotal dual role of polymers as potent reducing
agents and stabilizers of AgNPs. Abdellatif and coworkers
recruited PVP as a stabilizing agent for AgNPs [41]. In another
study, our group reported similar findings upon using various cel-
lulosic polymers including methyl cellulose (MC), ethyl cellulose
(EC), and hydroxypropyl methyl cellulose (HPMC) as stabilizers for
AgNPs [11]. Herein, we propose that the medium molecular
weight CHI acted both as a reducing agent and a stabilizer that
improved the colloidal stability of AgNPs-CHI. In addition, the
highly-positive zeta potential of the resultant particles exerted
high repulsive forces that minimized their aggregation tendency,
unlike AgNPs that were coated with a low molecular weight CHI
that resulted in a low zeta potential with a higher aggregation
tendency. In a recent study, we confirmed that AgNPs-CHI
retained their stability and physico-chemical properties up to
2months upon storage either at room temperature or 4 �C [34]. It
is noteworthy that TEM examination of AgNPs-CHI revealed a
spherical morphology with an average diameter of �20 nm. The
discrepancy between the particle size values obtained from DLS
and TEM can be understood in lights of the difference between
the adopted techniques, where DLS measurements usually reveal
the hydrodynamic diameter of the whole colloidal particles. On
the other hand, TEM likely visualizes the metallic core of the
metallic nanoparticles, as reported previously [42]. Furthermore,
the dehydration that is usually associated with the preparation of
TEM samples usually results in smaller particle size values in

comparison with the fully-hydrated environment in the case of
DLS [43,44].

Sprague–Dawley rats were recruited as a representative animal
model for our in vivo study. This model has been chosen as the
most preferred model for studies on AgNPs according to a huge
number of studies, thanks to its close resemblance to the human
anatomy, ease of breeding and handling, moderate organ size for
analytical applications, and the sufficient blood volume that ena-
bles adequate serum analysis [45–48]. The in vivo biodistribution
studies revealed a limited capability of clearing the plain silver
from the systemic circulation by the major organs, including the
liver which cleared only about 20% of the silver amount. This
comes in agreement with the findings of previous studies [49–51].
On the other hand, functional coating with CHI resulted in a
nearly-complete clearance of silver from the systemic circulation,
with a dramatic increase in its hepatic accumulation by more than
3 folds. This may be attributed to the highly-positive surface
charge of CHI which can promote its interaction with the anionic
heparan sulfate proteoglycans (HSPGs) that are overexpressed
onto the surfaces of hepatocytes [22,52]. In addition, the carbohy-
drate nature of CHI might have promoted its affinity to the liver
and the subsequent uptake by hepatocytes thanks to the high
physiological capability of the liver for carbohydrate metabolism
[53,54]. Moreover, a recent report revealed the increased cellular
uptake of CHI-coated nanoparticles via both clathrin-mediated
endocytosis and macropinocytosis in contrary to most nanomedi-
cines that are mainly taken up via the clathrin-mediated pathway
[55]. It has also been reported that the non-classical pathway of
macropinocytosis is less-destructive for nanomedicines compared
to the classical clathrin-mediated pathway that mostly ends up
with a substantial lysosomal degradation [6,56]. Furthermore, sev-
eral studies reported on the increased permeation and transcellu-
lar transport of CHI-coated nanomedicines owing to the ability of
CHI to increase the fluidity of cellular membrane lipids and induce
a redistribution of membrane proteins [57–59]. Meanwhile, the
functional coating of AgNPs with CHI reduced its renal biodistribu-
tion by 2 folds, suggesting that CHI-coated nanosilver is mainly
cleared through the liver with limited accessibility to the kidneys.

The serum analysis of rats suggested a significant impairment
of renal function by the administration of plain silver in compari-
son with AgNPs-CHI. This can be understood in terms of the lim-
ited renal exposure to the administered AgNPs-CHI, while the

Figure 6. A proposed mechanism for the formation of AgNPs-CHI. (A) Adsorption of silver ions onto the amino groups in chitosan. (B) Reduction of silver ions into
metallic nanosilver by the alcohol groups in chitosan, which are subsequently oxidized into the corresponding carbonyl groups and carboxylic acids. The symbol (R) in
equations refers to the remaining structure of chitosan other than the functional groups that participate into the reactions.
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animals that received AgNO3 had a 2-fold higher renal levels of
Ag, as shown by the biodistribution findings alluded to above.
Several toxicological reports have pointed to the toxic effects of
silver on the kidneys, which are manifested by an increased rate
of cellular apoptosis, Tumor Necrosis Factor-alpha (TNF-a) and
Transforming Growth Factor Beta (TGFb)-mediated inflammation,
and dehydration [10,60]. Our findings presented in this study sug-
gest that coating the nanosilver with CHI can minimize renal
exposure to the silver and the subsequent nephrotoxicity. In add-
ition, the elevation of TP in serum post administration of AgNO3 is
a marked sign of systemic inflammation [61], which could not be
observed in the case of AgNPs-CHI that seemed to be well-toler-
ated by the body with a semi-complete clearance from the sys-
temic circulation as shown above.

The findings of the present study revealed that coating AgNPs
with CHI can modulate their biodistribution, selectivity, clearance,
and biosafety following systemic administration. Therefore, such a
simple and scalable approach can expand the in vivo applications
of AgNPs as liver-targeting drug delivery carriers that will be
beneficial in the treatment of various liver disorders or cancers. In
addition, the novel platform presented here can be invested for
the delivery of diagnostic elements to the liver. The functional
coating of AgNPs with biopolymers seems to be a promising strat-
egy to substitute the classic ligand-based active targeting that is
limited in terms of stability, scalability, and clinical translatability.
However, our strategy has some important limitations that should
be carefully considered. First, the selection of the polymer to be
used, which requires well-established studies on its physico-chem-
ical properties, stability, compatibility with AgNPs, and biosafety.
Second, the selection of a proper coating technique that should
be simple, fast, compatible with the reaction medium, feasible,
and applicable on a large scale. Third, the behavior of the coating
material (e.g. spreadability) is a critical factor in determining the
efficiency of the coating and the physico-chemical properties of
the resultant AgNPs, as can be concluded from our comparative
results between the low molecular weight CHI versus its medium
molecular weight counterpart. We believe that further research in
this direction will promote the clinical translation of AgNPs and
expand their applicability beyond the current well-established top-
ical applications.

Conclusions

We investigated the impact of coating AgNPs with CHI on their
in vivo performance and biosafety following intravenous adminis-
tration. Medium molecular weight CHI resulted in an efficient and
stable coating compared to its low molecular weight counterpart.
AgNPs-CHI demonstrated a high in vivo tolerability with a
semi-complete clearance from the systemic circulation and a liver-
dominant tissue tropism. On the other hand, plain AgNO3

demonstrated poor clearance from systemic circulation, high renal
exposure, and nonspecific tissue accumulation. Serological exami-
nations revealed the normal level of hepato-renal function
markers post administration of AgNPs-CHI, in contrary with AgNO3

that resulted in a significant elevation of CRE, Urea, and TP, which
reflects nephrotoxicity and inflammation. It can be concluded that
the functional coating of AgNPs with CHI promotes their bio toler-
ability and hepatic selectivity which can be invested in the devel-
opment of highly-biosafe nanocarriers for the treatment of liver
diseases.
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