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Abstract

Salivary elimination is an important pathway for the body to excrete small molecules, digestive
enzymes. However, very few engineered nanoparticles can be excreted through salivary glands,
which often host bacteria or viruses during infection and involve in disease transmission. Herein,
we reported a new finding that renal clearable glutathione coated AgNPs (GS-AgNPs) can
selectively accumulate in the submandibular salivary gland, followed by being excreted in its
excretory duct. By conducting head-to-head comparison on in vivo transport and interactions of
both GS-AgNPs and glutathione coated gold nanoparticles (GS-AuNPs) with the same sizes, we
found that low-density GS-AgNPs showed much higher vascular permeability than GS-AuNPs
and can rapidly penetrate into submandibular salivary glands, be efficiently taken up by striated
and excretory duct cells and eventually secreted into saliva. Since many nanoparticles exhibit
potent broad-spectrum antimicrobe and antiviral activities, this finding indicates a new potential of
nanomedicines in the infectious disease treatment.
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Nearly 1-2 liters of saliva is produced by human salivary glands every dayl!]. As one

of three major salivary glands(t], the submandibular salivary gland (SSG) is responsible
for generating 65-70% saliva in the oral cavity via acinus cells.[?] SSG is composed

of acinar cells, different types of duct cells and myoepithelial cells enveloped by blood
capillaries (Scheme 1).[31 The SSGs actively interact with the plasma components due to
the exchange of blood-derived molecules into the saliva-producing acinus cells. As a result,
saliva contains digestive enzymes that can break down starch into simpler sugars[4l as well
as secretory IgA, and lysozymes with antimicrobial and antiviral functions.[®! On the other
hand, salivary glands are also known to host and excrete bacteria and viruses(®] as well as
involve in infectious disease transmissionl’]. However, very few studies have been dedicated
to investigating nanoparticle transport and interactions in the salivary glands even though
many of them are known to exhibit potent antibacterial and antiviral functions.[€!
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Renal clearable engineered nanoparticles are known to rapidly distribute in the entire body
after intravenous injection.[®] In the meantime, they can behave like small molecules to be
rapidly eliminated out of the body through the kidneys and have minimized accumulation
in the background tissues if no interactions occur.l] As a result, they not only can reach
different organs in a short period of time but also be very sensitive to local nano-bio
interactions.[11]

For example, by specifically designing the structures of renal-clearable organic dyes,

Choi et.al. achieved selective targeting of the NIR-emitting organic dyes to bone and
thyroid gland through phosphonation and halogenation, respectively, which demonstrated
great applications for bioimaging and disease prognosis.[*2! In addition, by investigating

the size-dependency of the glomerular filtration using a series of well-defined gold
nanoclusters (AuNCs), we revealed that ultrasmall AuUNCs with size in the sub-nanometre
regime specifically interacted with the glomerular endothelial glycocalyx in the kidneys.[13]
Moreover, we found that the density of renal-clearable metal nanoparticles can significantly
impact their in vivo transport kinetics as well.[14] Although extensive studies have been done
to understand their transport and interactions in the kidneys, very little attention has been
focused on other excretion pathways such as salivary elimination even though they also play
many important physiological functions.

Herein, we reported our latest finding that renal clearable NIR-emitting glutathione coated
silver nanoparticles (GS-AgNPs) can selectively accumulate in the submandibular salivary
glands and light up the glands within the first three hours after intravenous injection,
followed by excretion into saliva. On the other hand, no similar transport and clearance

in the submandibular salivary glands were observed from GS-AuNPs with the same size
and surface chemistry. Further studies on the pharmacokinetics and biodistributions at

the different injection time points indicated that the origin of selective accumulation of
GS-AgNPs in SSG is because GS-AgNPs have much higher vascular permeability than
GS-AuNPs due to their lower density. In the meantime, efficient uptake of the striated and
excretory duct cells further enhanced the retention of GS-AgNPs, resulting in their longer
retention in the SSG than GS-AuNPs. Moreover, excretion of GS-AgNPs from the duct cells
into saliva was also observed. Taken together, these findings first report the high permeable
engineered nanoparticles that can be efficiently transported to SSG and be taken up by and
excreted through striated and excretory duct cells. Since both saliva and silver nanoparticles
are well known for their antibacterial function, introducing silver nanoparticles that can be
secreted through the salivary glands might enhance antibacterial and antiviral function of
saliva through this unique bio-nano hybridization method and treat infectious diseases.

GS-AuNPs and GS-AgNPs were synthesized according to our previously described thermal
reduction method.[14-15] Briefly, a fresh aqueous solution of reduced glutathione was added
into aqueous solutions of HAuUCI, or AgNOs under stirring. Then the mixtures were heated
at 95°C and stirred for 0.5h and 37h, respectively. Transmission electron microscopy
(TEM) and dynamic light scattering (DLS) were used to determine their core size and
hydrodynamic diameters (HD). As illustrated in Figure 1, these two NPs have almost
identical morphology, core sizes (~2.6 nm, Figure 1c and Figure S1) and HD (~3.1 nm,
Figure 1c and Figure S1). To compare the surface chemistry of these two NPs, FT-IR
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spectrums were obtained with the purified dry samples of GS-AuNPs and GS-AgNPs
(Figure 1d). The presence of the C=0 stretch at around 1700 cm~1 and the disappearance

of the S-H stretch at 2525 cm™1 indicated the successful coating of GSH on the particle
surface via the formation of Au-S and Ag-S band. Due to the ligand-to-metal charge
transfer in ultrasmall metal nanoparticles, both GS-AuNPs and GS-AgNPs exhibited strong
near-infrared (NIR) emissions with a maximum at 810 and 710 nm, respectively (Figure
1e).[20] Since protein corona can dramatically increase the size of ultrasmall NPs, which can
essentially affects NPs’ in vivo fate, we tested the serum protein binding of GS-AuNPs and
GS-AgNPs by incubating them with bovine serum albumin (BSA) at pH 7.4 for 30 min and
determined their binding affinities towards BSA using agarose gel electrophoresis. As shown
in Figure 1f, the BSA protein bands stained by Coomassie Brilliant Blue 250 (CBB250)
were well- separated from the yellow bands of Au and Ag NPs, indicating no obvious
protein binding for both nanoparticles. Both nanoparticles showed higher mobility than
BSA due to the presence of highly negative glutathione molecules on nanoparticle surface
while GS-AuNPs exhibited almost identical electrophoretic mobility compared with that of
GS-AgNPs, further suggesting that these two NPs possess the same surface chemistry, size
but just different densities.

By taking advantages of the strong intrinsic NIR fluorescence of the GS-AuNPs and GS-
AgNPs, we firstly performed noninvasively fluorescence imaging of the mice with injected
nanoparticle to monitor their accumulations in submandibular salivary glands. GS-AuNPs
and GS-AgNPs were intravenously injected to two groups of BALB/c mice (n=3) and then
whole-body fluorescence images were obtained using in vivo imaging system (Woodbridge,
CT) at 1, 3, 12- and 24-hours post injection (p.i.). As shown in Figure 2a, fluorescence
signal in submandibular salivary glands (as indicated by the white circle) from the mice
injected with GS-AgNPs can be observed after 1 h p.i. and reached the maximum value

~ 3 hp.i., followed by a decrease in intensity over time but a weak signal was retained

in the region for more than 24 h. In contrast, the fluorescence signal of GS-AuNPs was
significantly lower in intensity and was comparable to background signal across the imaging
window (Figure 2b). It should be noted that the fluorescence signal observed from the
abdominal area originated from the fluorescence of food in the intestine and stomach
(Figure S2). The time fluorescence intensity curves of the submandibular salivary glands
were obtained through quantitative analysis of whole-body images (Figure 2c¢), suggesting
that GS-AgNPs exhibited a much more efficient accumulation in SSG than GS-AuNPs
especially at the early transport stage. To further prove the location of the targeting site

and the accumulation of NPs, the mice injected with GS-AgNPs were sacrificed and the
SSG was collected and invasively imaged at 3h p.i.. The SSG exhibited strong fluorescence,
confirming significantly high accumulation of GS-AgNPs in this organ (Figure 2d). The
collected tissue was further verified to be SSG through histological study as discussed in the
following section.

To gain more insight into the differences in accumulation of these two NPs to SSG, we
intravenously injected both NPs into two groups of BLAB/c mice (n=3) and then sacrificed
at 5 min, 3 and 24 h p.i., respectively. The organs of interest (SSG, blood, heart, lung, liver,
spleen, kidney, stomach, muscle, skin, bone, membrane, intestine, and brain) were harvested
and the amounts of NPs in these organs were accurately quantified using inductively coupled
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plasma mass spectrometry (ICP-MS) (Figure S3-5). Accumulations of Au and Ag NPs in
SSG at various time points p.i. have been shown in Figure 3a. Amount of GS-AuNPs in SSG
was decreasing over time, whereas GS-AgNPs exhibited a significantly high accumulation at
3h p.i., ~ 6 times higher than that of GS-AuNPs, followed by 1.64%1D/g GS- AgNPs being
cleared out of SSG from 3h p.i. to 24h p.i.. The results were consistent with the imaging
studies described in Figure 2. To further unravel the nano-bio interactions of the NPs in main
organs, especially in SSG, organ permeability for NPs (defined as organs-to- blood ratio at

5 min p.i.) and retention (defined as the ratio of 24 h / 5 min accumulation in each organs)
were calculated, respectively. As shown in Figure 3b, GS-AgNPs exhibited ~ 8.6 times
higher permeability (34.39% + 7.13%) in SSG than that of GS-AuNPs (3.98% + 1.12%)

and such higher permeability can also be observed in other organs, suggesting an overall
higher vascular permeability of GS-AgNPs in the whole body. The higher permeability of
GS-AgNPs over GS-AuNPs was further confirmed by comparing their pharmacokinetics
profiles, where GS-AgNPs showed significantly higher volume of distribution (V) than

that of GS-AuUNPs (8.97 £ 0.07ml, AgNPs vs 2.98 + 0.08ml, AuNPs) (Figure 3C),
suggesting that GS-AgNPs can more easily distribute to organs and background tissues

than GS-AuNPs.[18] We also conducted blood vessel imaging of GS-AgNPs and GS-AuNPs
in the mouse ear after iv injection of these two types of NPs to further evaluate their vascular
permeability. As shown in the Figure S6, the fluorescence intensity of background tissue in
GS-AgNPs group increased faster than that of the GS-AuNPs group. At 8min post injection,
the blood vessel can still be clearly observed in GS-AuNPs group, but the blood vessels in
the GS-AgNPs group were barely observed due to their rapid distribution in the background
tissue, further indicating the higher permeability of GS-AgNPs than that of GS-AuNPs.

However, despite the fact that GS-AgNPs is more permeable than GS-AuNPs, its
permeability to SSG is still lower than to other organs. Among all collected organs, apart
from brain (which is hard to target due to the presence of blood-brain-barrier), SSG still
exhibited least permeable to the both NPs among any other organs, consistent with previous
finding that the low permeability of SSG is due to tight junctions between salivary gland
epithelium.[*7] Interestingly, despite of the low permeability, SSG is the organ that possessed
the longest NPs retention regardless of the type of NPs (Figure 3d). Meanwhile, GS-AgNPs
also exhibited longer retention in SSG compared to that of GS-AuUNPs.

To gain more insight into the high accumulation and retention of GS-AgNPs in SSG,

we conducted histological studies on the distribution of both NPs in SSG 3 h p.i.. The
intra-salivary gland distribution of both NPs was investigated through histological studies.
Tissue slides of SSG injected with GS-AgNPs and GS-AuNPs were prepared, respectively.
Hematoxylin and eosin (H&E) stain was performed to visualize the physiological structures
of SSG and silver stain was carried out to visualize the NPs. As shown in Figure 4a,
GS-AgNPs were massively taken up by the striated duct (SD) cells (Figure 4c) and excretory
duct (ED) cells (Figure 4e), whereas much fewer GS-AuNPs were found in these two duct
cells (Figure 4b, 4d and 4f), suggesting that cellular uptake of GS-AgNPs by striated and
excretory duct cells is much more efficient than that of GS-AuNPs. Meanwhile, neither GS-
AgNPs nor GS-AuNPs could be found in acinar cell and intercalated duct cells (Figure 4c
and 4d), which is due to the fact that both acinar cells and intercalated duct cells are covered
by myoepithelial cells with tight junctions.[!8] The tight junctions between myoepithelial
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cells blocked the access of both GS- AuNPs and GS-AgNPs to acinar cells and intercalated
duct cells (Scheme 1). More importantly, as shown in Figure 4e, GS-AgNPs can be released
into the duct lumen (as indicated by the yellow circle) and finally drained into oral cavity
with saliva, which could explain the decrease of GS-AgNPs in SSG from 3 h p.i. to 24h p.i.
(Figure 3a).

In summary, we discovered a very interesting transport and clearance pathway of renal
clearable AgNPs, which can selectively accumulate in SSG and be efficiently taken up by
and excreted through the SSG. This is fundamentally due to the high vascular permeability
of GS-AgNPs arising from its low material density. Moreover, GS-AgNPs can be efficiently
excreted out of SSG into saliva. These findings suggest that it is possible to develop highly
vascular-permeable engineered nanoparticles to target and clear out of salivary glands.

In addition, since engineered nanoparticles, in particular, silver nanoparticles including GS-
AgNPs[2® or GS-Ag,S nanoclusters[29], have demonstrated broad-spectrum antibacterial
and antiviral activities[?1] and they are stable in salival22], it would be highly desired

to further investigate these therapeutic functions in salivary glands in vivo and explore

the feasibility of deactivating infectious bacteria and viruses in the saliva droplets in oral
cavities to prevent disease transmission. This new transport route and nano-bio interaction of
engineered nanoparticles potentially further broaden the application of nanomedicines in the
fight against the infectious diseases such as COVID-19 pandemics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Characterization of glutathione-coated Au and Ag nanoparticles. Typical transmission
electron microscopy (TEM) image of GS-AuNPs (a) and GS-AgNPs (b). Scale bar=5 nm.
(c) The GS-AgNPs have a core size of ~2.6 nm. Dynamic light scattering analysis gave
HD= ~3.1nm in aqueous solution. (d) FTIR spectra of L- glutathione (GSH) reduced ligand,
the Au and Ag NPs protected by the same ligand. The spectra show that the band around
2525 cm™1 disappears in the NPs spectra with respect to that of the ligand, indicating that
the ligand is bound to the NPs via the sulfur atom. (e) Fluorescence emission spectra of
GS-AgNPs and GS-AuNPs. (F) Agarose gel electrophoresis of the two kinds of NPs with or
without incubation with fetal bovine serum (FBS). GS-AuNPs (well 2 and 2°), GS-AgNPs
(well 3 and 3”) were incubated in the absence (well 2, 3) or presence (well 2°, 3’) of 10%
(v/v) CBB250-stained FBS at 37 °C for 30 min, indicating no obvious protein binding for
both nanoparticles. Blue band in wells 1= CBB250-stained FBS proteins.
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Figure 2.
Whole-body fluorescence images of mice i.v. injected with NPs. (a) GS-AgNPs showed

more effective targeting to SSG (marked by a white circle) than GS-AuNPs (b). (c) The
time fluorescence intensity curves of the submandibular salivary glands were obtained
through quantitative analysis of whole-body fluorescence images. (d) High accumulation of
GS-AgNPs in SSG was further confirmed by invasive and bright field imaging.
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Figure 3.

Submandibular salivary glands (SSG) possessed the lowest permeability (except for brain)
and highest NPs retention for the both NPs. (a) Accumulation of GS-AuNPs and GS-AgNPs

in SSG at 5 mins 3 and 24 h p.i.. (b) NPs’ permeabilities in various organs (defined as

organs-to-blood ratio at 5 min p.i.). (¢) Pharmacokinetics profiles and V (insert) of the both
NPs. (D) Retentions of the two NPs (defined as the ratio of 24 h / 5 min accumulation in

each organs).
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Figure 4.
Histological analysis of GS-AgNPs and GS-AuNPs distribution in different SSG

compartments at 3h p.i. with H&E and silver enhancement staining. Arrows in red indicate
striated duct (SD) and arrows in black indicate excretory duct (ED). (a) GS-AgNPs was
massively uptaken by the SD cells and ED cells, and then released into duct lumen. Scale
bar, 100 pm. (c) Represented a high magnification of SD (the red squared area in “a”). Scale
bar, 20 um. (e) Represented a high magnification of ED (the black squared area in “a”)

and released AgNPs can be found in lumen (marked by a yellow circle). Scale bar, 20 pm.
(b) Much fewer GS-AuNPs was found inside these two duct cells. Scale bar, 100 um. (d)
Represented a high magnification of SD (the red squared area in “b”). Scale bar, 20 um. (e)
Represented a high magnification of ED (the black squared area in “b”). Scale bar, 20 pm.
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Scheme 1.
Mechanism scheme showing the permeability, retention and clearance of GS-AuNPs

(brown) and GS-AgNPs (blue) in SSG. Compare with GS-AuNPs, due to the higher vascular
permeability, GS-AgNPs can more easily extravasate from blood vessels into the SSG, be
uptaken by striated and excretory duct cells and finally eliminated into saliva. Moreover, the
uptake of NPs by acinar cells and intercalated duct cells is blocked due to the presence of
myoepithelial cells with tight junctions.
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