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A B S T R A C T

The recent events of the worldwide Covid-19 pandemic showed the need for a general anti-viral therapeutic, independent of the specific characteristics of the virus, 
that targets intracellular mechanisms of viral production to prevent the rapid, overwhelming spread of infection and its devastating consequences. The development 
of the Cholestosome technology, a drug delivery system made exclusively of cholesteryl esters, is a solution for intracellular targeting of viral replication. It is well 
known that Zn2+ is capable of inhibiting viral replication but the control of intracellular Zn2+ concentration is tightly regulated. Cholestosome technology can 
encapsulate Zn2+ and deliver it to cells to inhibit viral replication. The human betacoronavirus OC43 (OC43) model system was used to infect cells and infected cells 
were treated with Zn2+ encapsulated in Cholestosomes as well as appropriate controls. Viral production was measured using CPE as well as PCR methods to 
determine inhibition of infection. Experimental results indicated a 55 % reduction in viral load for those cells treated with Zn2+ encapsulated in cholestosomes versus 
Zn2+ alone.

1. Introduction

Viral load is a key driver in the progression of many viral diseases, 
from HIV to influenza to coronavirus (CoV), increasing the likelihood of 
latent/persistent infections and severe complications leading to death 
[1–3]. Nowhere was this more evident than in the recent global 
COVID-19 Pandemic that still has the world feeling its effects today. The 
SARS-CoV-2 virus has symptoms that are like the common cold, 
including fever, sore throat, cough, muscle and chest pain, etc. The 
manifestation of the disease can vary from being asymptomatic to severe 
life-threatening conditions warranting hospitalization and ventilation 
support [4,5]. Viral load is a key driver in the progression of this viral 
disease enabling the changes seen in the increasing number of identified 
SARS-CoV-2 variants [6–8]. Although vaccine development has been 
improved [9], the development of new or repurposing of existing anti-
viral therapeutics is still under development after the relative ineffec-
tiveness of their use against COVID-19 and other targets [10–13].

Most therapeutics target extracellular virus, using agents that target 
specific virus-host interactions such as host protease inhibition to 
restrict entry of virus, depleting intracellular nucleotide pools, inhibit-
ing glycosidases or kinases and immune system activation [14–16], or 
agents broadly acting against either host or viral targets important in 
infection or replication [10,15,17] Thus, the intracellular fraction of the 
virus escapes this treatment, increasing the likelihood of 

treatment-resistant long term and latent infections. Targeting the 
intracellular virus fraction would result in a more robust therapeutic 
response and reduce or eliminate long-term consequences of viral dis-
ease [14]. Mechanisms involved in many of the above processes depend 
on the presence of zinc [18–21].

Zinc (Zn2+) is a common nutritional supplement that is formulated as 
a stand-alone antiviral intervention or as a combination nutraceutical 
containing other vitamins, minerals, and nutrients [22]. Zn2+ has the 
potential to reduce the risk of viral respiratory tract infections, including 
SARS-CoV-2, and shorten the duration and severity of illness [22]. In 
vitro studies have demonstrated that Zn2+ can inhibit the enzymatic 
activity and replication of SARS-CoV RNA polymerase and may inhibit 
angiotensin-converting enzyme 2 (ACE2) activity [23,24]. Zn2+ could 
modify the host’s response as Zn2+ reduces the permeability of the cell 
membrane without penetration into or damage to the cell [25,26]. A 
deficiency in Zn2+ can decrease immunity in humans, increasing risk of 
infection and a delay in healing [25]. Zn2+ is therefore a known inhibitor 
of viral replication but intracellular movement of Zn2+ is tightly regu-
lated [22,25,26]. Enhancement of the intracellular concentration of 
Zn2+ is necessary to maximize its antiviral effects and pro-immune 
properties.

Intracellular delivery of antiviral therapeutics, including anti-COVID 
antibodies, repurposed molecules (e.g. remdesivir) and Zn2+ would offer 
new weapons in the battle against infection of SARS-CoV-2 and new 
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emerging coronavirus variants as well as other viral pathogens. The 
development of new modalities to deliver antiviral therapeutics intra-
cellularly is one of the critical unmet needs in the arsenal to combat 
acute respiratory virus infection [14,27].

The best known delivery system uses liposomes, the development of 
which as a drug delivery system has a long history [28–30]. Liposomes 
are easily made and manufactured, but they have not really seen the 
success that was promised, having functional limitations due to their 
instability in biological systems and low load ratios [31–37]. Thus, li-
posomes have seen limited utility as drug delivery vehicles, highlighting 
the need for novel systems.

Until recently, the use of cationic lipids has also been of limited 
utility for general delivery of molecular cargo, with their most successful 
cargo being immunogens against the targets on SARS-CoV-2. The 
development of this system also has a long history but still requires more 
study to develop widespread applicability [9,37].

Our laboratory has developed a patented platform-based drug de-
livery technology using only neutral lipids (cholesteryl esters), called a 
Cholestosome. A cholestosome is a novel vesicle that can be used to 
deliver a wide variety of molecules including antibiotics, immunoglob-
ulins (IgG) and small molecules into a diverse array of cell types [38,39]. 
It can confer a unique oral bioavailability to peptides and proteins 
enabling their intracellular delivery [39].

Cholestosomes have been used to make insulin orally bioavailable in 
mice and rats with AUCs higher than intravenous administration and 
delivery to all tissues examined, including the brain [40–45]. These 
studies highlight the systemic delivery afforded by cholestosome 
encapsulation and the potential use of cholestosomes for oral delivery of 
therapeutic molecules, especially those that have not normally been 
amenable to this route of delivery. The demonstrated cholestosome 
mediated intracellular delivery can also be advantageous for enhancing 
the delivery of highly regulated molecules such as Zn2+. For the reasons 
stated above, Cholestosome-Zn2+ is thus proposed as a generalized 
antivirus therapeutic.

This present study describes our efforts at treating virus infection 
with cholestosome encapsulated Zn2+ using OC43, a surrogate for SARS- 
CoV-2 and respiratory infections in general [46–50]. Cholestosomes 
were used to encapsulate and deliver Zn2+ into target cells infected with 
the OC43. In all cases, cholestosome encapsulated Zn2+ inhibited viral 
replication to a greater extent than unencapsulated Zn2+, with encap-
sulated Zn2+ treated OC43 infected cells showing up to a 55 % reduction 
in viral load.

2. Materials and methods

Preparation of Zinc-BSA Cholestosomes: Cholestosomes were 
formulated as described in Ref. [39]. Briefly, 5 mL of aqueous stock 
solution (100uM Zn2+, 5 mg/ml BSA) was added to a 15 ml conical tube 
and equilibrated in a water bath at 55 ◦C. 80 mg of Cholesteryl Myristate 
and 75 mg of Cholesteryl Laurate (NU Check Prep; Elysian, MN) were 
put into a 100 mL round bottom flask (RBF) and solubilized with 5 mL of 
diethyl ether. The flask with the solubilized esters was then put on a 
Rotovapor R-3 (Buchi, New Castle, DE) to spin at speed setting 4 for 10 
min at 55 ◦C without vacuum. Low vacuum was then applied for 10 min. 
The RBF was then removed, pre-equilibrated stock solution was added to 
the RBF followed by sonication at 55◦ C for 15 min (90 % power, 37 kHz) 
in an Elmasonic P Sonicator (Tovatech, Maplewood, NJ). RBF was 
rotated during sonication every 5 min. The resulting Cholestosomes™ 
were then filtered through a sterile 40 μm nylon mesh strainer (Ther-
moFisher Scientific, Waltham, MA) and stored at 4 ◦C until analysis.

Analysis of Cholestosomes: Microscopic analysis was conducted on 
the EVOS FL AUTO microscope (ThermoFisher Scientific, Waltham, 
MA). Dynamic light scattering (DLS) and Zeta Potential analysis of 
Cholestosomes™ was performed with the Lifesizer 500 (Anton Paar, 
Hanover, VA). Lipid concentrations were determined using a Shimadzu 
UFLC system (CTO-20A) paired with UV detection (SPD-20AV) 

including a data acquisition processing system (LCMS 2020, Shimadzu, 
Columbia, MD). 50uL of injected reconstituted ester mix were separated 
isocratically for 12.5-min (flow rate of 1.0 mL/min) on a Phenomenex 
Kinetex 5 μm XB-C18 100 Å column (150 × 4.6 mm) using mobile phase 
at a temperature of 35 ◦C. The formulation was diluted tenfold and 
gravity filtered through a 0.45 μm syringe filter. The amount of encap-
sulated Zn2+ was calculated using a model which is based on vesicle size, 
the amount of lipid and the starting concentration of the Zn2+ [41,42].

Cells and Treatments: Vero, MCF-7, Jurkat, ARPE-19, A549 and 
HCT8 cells were maintained under standard conditions [46,48,50–54]. 
For treatments, cells were seeded into 6-well or 24 -well dishes at 2e+4 
cells/cm2, grown until 90 % confluence after which media was replaced 
with infection media (complete media at 2%FBS). Virus (OC43) was 
added at the several multiplicities of infection (moi; either 0.01, 0.02 or 
0.1). Infection proceeded for 4 h, after which cells were washed with 
infection media and then incubated in fresh infection media plus or 
minus treatment. Treatments were left on for four to seven days and cells 
were scored for cytopathic effect daily. In experiments where virus was 
quantified, media was removed and stored at − 80 ◦C for later qPCR 
analysis. Cell monolayers were then washed with PBS and lysed by 
freeze-thaw in the presence of RNAse inhibitors. Cytosolic contents were 
collected in RNAse-free PBS and stored at − 80 ◦C until processing for 
qPCR.

Light Microscopy: Cultured cells (uninfected and Zinc treated virus- 
infected) were imaged using an EVOS FL Auto Imaging System (Thermo 
Fisher Scientific, Waltham, MA). Light images (transmitted or phase 
contrast) were acquired at 400X.

qPCR: Viral RNA was isolated from media and cell extracts using a 
Purelink viral RNA/DNA minikit (ThermoFisher Scientific, Waltham, 
MA). cDNA was obtained using reverse transcription with MoMuLVRT 
and random priming. qPCR was performed using the LUNA Universal 
qPCR Master Mix (NEB, Ipswich, MA). cDNA (5-fold diluted) input was 
at 10 % (v/v) into the qPCR reaction. Amplification and quantification 
were performed with an Applied Biosystems StepOnePlus real time PCR 
system (ThermoFisher, Waltham, MA).

3. Results and discussion

Initial experiments were carried out to test the limits for zinc con-
centrations on multiple cell types. These cell types included Jurkat, 
ARPE-19, MCF7, HCT-8, A549 and Vero cells. They were treated with 
zinc to determine LC50 concentrations. Cells were exposed to concen-
trations of Zn2+ ranging from 10uM to 600uM. The studies showed that 
zinc above a concentration of 200uM is toxic to most cell types except for 
Jurkat cells, where toxicity began just above 100uM. (Fig. 1).

Zn2+ was sometimes encapsulated with BSA to increase choles-
tosome yield, so Vero cells were separately exposed to zinc and zinc +
BSA (with zinc as zinc chloride). Although the Zn2+ and zinc/BSA curve 
looked slightly different, the calculated LC50s were the same for each 
(234uM). Data from a cholestosome formulation containing zinc chlo-
ride plus BSA is also shown in Fig. 1 (see Vero (Chol-zinc chloride/ 
BSA)). The data shows an increased LC50 afforded by encapsulating zinc 
(>400uM) relative to free zinc or zinc plus BSA. Similar observations 
were made when zinc was encapsulated as zinc sulfate (not shown).

These preliminary data indicated the maximum concentration to be 
tried in studies for inhibition of viral infection. Betacoronavirus OC43 
(OC43) is a reasonable surrogate for general endemic infections repre-
senting several infectious respiratory viral diseases, including the com-
mon cold and influenza as well as the recent pandemic agent COVID-19 
which seems to be following an evolutionary course like that which 
brought influenza to endemic status. OC43 and the lung carcinoma 
derived cell line A549, which has been considered to have an ‘alveolar’ 
phenotype [54], have been used as a model system to determine if 
cholestosome encapsulated Zn2+ could affect viral infection. In this 
system infection was determined by assessing the development of the 
virus-induced cytopathic effect (CPE) as well as assessment of the 

L. Mielnicki et al.                                                                                                                                                                                                                               Biochemistry and Biophysics Reports 41 (2025) 101922 

2 



Fig. 1. Cholestosome encapsulation of zinc increases the zinc LC50. Jurkat -Vero (zinc sulfate) are zinc viability curves for various cell line targets for OC43 infection 
(see Key in upper right quadrant). Cell lines exposed to increasing concentrations of zinc sulfate were assayed for viability by trypan blue exclusion. The Vero (Chol- 
zinc chloride/BSA) curve was derived from treatment with a cholestosome-zinc chloride/BSA formulation and is shown to illustrate the increased LC50 afforded by 
encapsulating zinc relative to treatment with free zinc or free zinc plus BSA.

Fig. 2. Time course comparison of extracellular (media) and intracellular (cell cytosol) viral load in OC43 infected A549 cells (MOI = 1) for 4 h at 33 ◦C, 5 % CO2. 
Zero-hour virus samples were collected and stored as described in the text for later qPCR analysis. Cells were then fed fresh infection media and incubated for the 
indicated times. At each time point virus media was collected, cells were washed with PBS (pooled w/virus media) and monolayers were lysed by freeze thaw (− 80/ 
37 ◦C) in PBS containing RNAse inhibitors. Cytosolic extracts were saved at − 80 ◦C until qPCR analysis. Top panel, Bar graphs showing the mean ( ± SD) of three 
replicate dishes for each condition. Bottom panel, table containing the results of scoring for CPE in each replicate of the cultures summarized in the graph. The 
percent of cells showing CPE is shown for each well. This experiment repeated with comparable results.
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relative amount of viral copy number using quantitative reverse 
transcription-polymerase chain reaction [55]. Preliminary experiments 
were conducted to determine the relative agreement between the two 
assessment methods as well as the best time point after infection in 
which to assess viral load. For qRT-PCR assays, virus number was 
assessed separately in the cell culture media and the cytosolic fraction of 
the cells. Typical results from these experiments are shown in Fig. 2.

The results show an approximately one order of magnitude differ-
ence in viral numbers in the media and cytosolic pools at two days post- 
infection. This narrows to 4.5-fold on day three and 3.3-fold on day four 
post infection. By day five post-infection there is no difference in virus 
content in media versus cytosol. CPE scored on these day tracks 
inversely with the decreasing differences, being undetectable at 24 h, 

increasing to high levels at later times. The results suggest that at 48 h 
post infection, intracellular virus could be used as a surrogate measure of 
viral replication, allowing a simpler approach to assessing global effects 
on the process, independent of measurements of nascently labeled 
nucleic acids or polyprotein processing within the cytosolic fraction.

Fig. 3 shows the results of experiments to determine the appropriate 
free Zn2+ dose needed to inhibit propagation of OC43 in A549 cells. In 
these cells, free Zn2+ at 20uM and 50uM shows a statistically significant 
maximal inhibition, relative to untreated, 2uM Zn2+-treated and 5uM 
Zn2+-treated infected cells. Maximum inhibition occurred 4 days after 
infection (4 h at an MOI of 0.1) during which treated cells were 
continuously exposed to Zn2+ following removal of the virus (Fig. 3, 
compare panels E and F to panels B–D). This is shown graphically in 

Fig. 3. Zinc treatment reduces CPE in OC43 infected A549 cells. Shown in panels A–F are phase contrast images of uninfected A549 cells (A) and A549 cells infected 
with OC43 and either untreated (B) or treated with zinc at 2uM, 5uM, 20uM and 50uM (C, D, E and F, respectively), size bars shown at the bottom of each panel. The 
graph in G shows a plot of the CPE, by day, in the cell cultures depicted in B–F. There was a reduction in CPE at this typically early time point after infection (4 days 
after infection at MOI = 0.09). *p = 0.05, **p < 0.05, versus untreated infected control cells; one-tailed Student’s T-Test.
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Fig. 3G. The overall viral load in untreated infected cells (as judged by 
CPE) is like that seen in untreated infected cells assayed at 3 days in 
Fig. 2 (MOI = 1) and is typical of the measured viral burden observed at 
4 days post-infection with this MOI.

Determination of optimal Zn2+ fr ee concentrations informed the 
testing for encapsulated Zn2+ concentration in cholestosome vesicles. 
Results shown in Fig. 4 indicate a statistically significant reduction in 
viral production using Cholestosome-encapsulated Zn2+ versus free 
Zn2+. Zinc serial dilution experiments performed in OC43 infected A549 
cells were consistent with these results, also showing statistically sig-
nificant reductions in viral production (2–18-fold), at multiple dilution 
levels, following six days of treatment relative to free zinc (not shown). 
Similar results were observed in repeated experiments.

4. Conclusion

To determine if use of cholestosome technology to deliver Zn2+

intracellularly can inhibit viral production, a series of studies with Zn2+

encapsulated in the cholestosome delivery system were carried out. 
Studies showed that a concentration of greater than 200uM extracellular 
free Zn2+ was toxic to most cells studied. Moreover, in these studies the 
LC50 concentration for cholestosome-encapsulated Zn2+ is two to four 
times higher than that of free Zn2+. The studies conducted to assess 
toxicity of zinc (Fig. 1) suggest that free zinc at a concentration of 
greater than 150uM was required to overcome zinc homeostasis and 
produce cell death in cultured cells of various lineages. In people, visible 
and measurable effects of zinc overdose (e.g. gastrointestinal distress, 
copper depletion, etc.) occur after oral zinc consumption of 300 mg per 
day (approximately 10 %–20 % of total body content of zinc; [25,26,59]. 
However, if full absorption and no efflux is assumed, 300 mg would be 
an approximate circulating and tissue concentration of 900uM, far 
exceeding the toxic concentrations seen in Fig. 1. The body’s exquisite 
regulation of zinc absorption and metabolism results in normal plasma 
zinc concentrations in the low micromolar range (10-20uM), free zinc at 
only about 0.0001 % of the total zinc pool and the bulk zinc tied up in 
the tissues and plasma by zinc binding proteins [25,26,60]. The tight 
regulation of zinc absorption and metabolism in vivo such that free zinc 
is a tiny fraction of total cellular zinc [25], suggests a reason that it 
requires such large amounts of zinc to produce sign of over consump-
tion. It should be said that Cholestosome mediated delivery of encap-
sulated cargo in vitro (e.g. FITC) or in vivo (e.g. insulin) occurs steadily 
over time after single dose administration, in cultured cells in vitro 
(peaking at 24 h) and cyclically in rodents in vivo, regardless of dosing 
method (oral, intravenous or intraperitoneal; 39–45 and not shown). 
The similarity in LD50 concentrations in diverse cultured cell types 
suggest normal zinc regulation is not recapitulated in culture, so it is not 
surprising that this regulation can be overwhelmed by free zinc in 
cultured cells. Importantly, the present study suggests that cholestosome 
encapsulation can apparently allow for a more regulated delivery such 
that it takes 2-fold–4-fold higher concentrations of zinc for this over-
whelming to occur. Further, it also suggests that cholestosome delivery 
of zinc can reduce zinc toxicity, not exacerbate it.

The studies show that both free and encapsulated Zn2+ have an 
impact on OC43 betacoronavirus infection but cholestosome- 
encapsulated Zn2+ decreases viral load to a greater extent than unen-
capsulated Zn2+. Importantly, this decrease was observed in cells rep-
resenting two known targets of betacoronavirus, as well as other 
pathogenic viruses (e.g. RSV, rotavirus; [5,48,56–58]). These results 
mark the first required steps towards using cholestosome encapsulated 
Zn2+ as a general antiviral treatment.
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