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ABSTRACT

Quantum dots were encapsulated in polymeric phospholipid micelles conjugated to multiple ligands of SARS-CoV-2 spike
protein to form fluorescent biomimetic nanoparticles for SARS-CoV-2 (COVID-QDs). Phosphatidylethanolamine-
polyethylene glycol (PE:PEG) was appended with bis(4-methylphenyl)sulfone to form PE:PEG:bis-sulfone and self-
assembled into micelles around CdSe/CdS core/shell quantum dots via thin-film rehydration. The introduction of the bis-
sulfone group the surface of the micelle-encapsulated quantum dots provides multiple sites for conjugation to his-tagged
SARS-CoV-2 spike protein via a bisalkylation mechanism. Based on the eluted unconjugated fraction, we estimate that an
average of seven spike proteins are conjugated per COVID-QD. We treated an in-vitro model system for the neurovascular
unit (NVU) with these COVID-QD constructs to investigate the COVID-QDs, and by proxy SARS-CoV-2, may modulate the
NVU leading to the COVID-19 associated neuropathophysiology.

Keywords: Biomimetic Nanoparticles, Quantum Dots, SARS-CoV-2, Neuro-COVID, Neuroimmunology, blood-brain
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1. INTRODUCTION
Compared to traditional fluorophores, colloidal semiconductor quantum dots (QDs) exhibit enhanced photophysical
properties that are of interest to biological applications, not limited to biosensing and bioimaging (1-7). For example, the
extended photostability and high brightness of QDs are beneficial to single-molecule tracking applications, while the
“blinking” nature of QDs improve the localization accuracy for super-resolution techniques such as stochastic optical
reconstruction microscopy (7-10). Yet, despite the potential for QDs to improve the current limits of biophysical
measurements, their adoption in biomedical investigations is limited. A key
limitation of the adoption of QDs arises from concerns regarding steric hinderances
due to the large size of QDs compared to traditional fluorophores, as shown in Figure 1.
This ultimately necessitates additional control experiments to assess that QD-
conjugated targets function similarly to their endogenous and small fluorophore-
labeled counterparts (11, 12).

However, rather than see the larger size of QDs as a detriment, our work is interested in
capitalizing on this feature to construct fluorescent biomimetic structures of
biological macromolecules, Specifically, in this study we construct of QD-based
biomimetic of SARS-CoV-2 for application in future investigations of COVID-19
associated neuropathophysiology. While QDs have previously been applied in
studies of viral activity, such as viral trafficking, the nanoparticles were only applied tetramethylrhodamine (TAMRA)
as a fluorescent marker with no direct biological function (13-16). In the work to a (B) core-shell quantum dot.
presented here, we aim to develop a SARS-CoV-2 mimicking QD construct
(COVID-QD) that is a high fidelity functional and structural proxy for native SARS-CoV-2 virions. We grow CdSe/CdS
core-shell quantum dots via a hot-injection protocol and prepare them for dispersion in biological media via encapsulation in
polyethylene glycol (PEG) based polymeric lipid micelle. The hydrophilic end of the phospholipid-PEG ligands are
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terminated with bis(4-methylphenyl)sulfone groups that conjugate individual spike proteins of SARS-CoV-2 via a
bisalkylation mechanism at consecutive histidine residues (17). We characterize successful construction of the COVID-
QDs via dynamic light scattering (DLS) and photoluminescence (PL) measurements to assess size mimicry and retention of
fluorescence properties, respectively. Preliminary data of in-vitro cell cultures treated with the COVID-QDs suggest that
our construct is a viable candidate to serve as a proxy to native SARS-CoV-2 to elucidate key viral interactions involved
in COVID-19 associated neurological dysfunction.

2. EXPERIMENTAL METHODS

2.1 Synthesis of CdSe/CdS core-shell QDs

The QDs were synthesized following a previously described protocol adapted from Kress et al. (7, 18, 19). Briefly, CdSe
cores were synthesized by first adding 820 mg CdO, 16.2 g trioctylphosphine oxide (TOPO), 37 g hexadecylamine (HDA),
and 3.2 g n-dodecylphosphonic acid (DDPA) to three-neck flask and was heated to 90oC under N2 and evacuated three
times to degas the system. Under N2 atmosphere, the flask was then heated to 320oC with rapid stirring, until the solution
turned clear, and then cooled to 260oC. 8.0 mL of TOP:Se was rapidly injected while stirring and the CdSe cores were
grown to the desired size. The reaction was quenched by rapidly cooling to 100oC, followed by injection of 40 mL butanol and
cooling to room temperature. The CdSe cores were washed multiple times and then purified via two rounds of size-selective
precipitation. The resultant cores were filtered through a 0.45μm syringe filter.

To shell the CdSe cores, 3 mL of oleylamine, 3 mL of octadecene, and 2.2 mL of the CdSe core stock solution were stirred in a
three-neck flask and degassed at room temperature to remove the hexanes. The flask was then heated to 115oC, degassed,
and then placed under N2 atmosphere. The Cd (2.26mL of Cd-oleate) and S (0.04mL of octanethiol) precursors were then
separately diluted to 3.5mL with octadecene and loaded into separate 5 mL syringe. The syringes were affixed to a syringe
pump and precursor injection at a ramp rate of 1.5mL/hr was intiated at 200oC and the flask was heated to 305oC at
16oC/min. The reaction was maintained for two hours at 305oC for shell growth. Then, the flask was cooled to 200oC, 1 mL
oleic acid was added dropwise, annealed for one hour, and then cooled to 75oC. The CdSe/CdS core-shell QDs were then
washed over three cycles and stored in a glovebox until further use.

2.2 Synthesis of DSPE-PEG2000-bis-sulfone

The phospholipid-PEG bisalkylation ligand (PE:PEG:bis-sulfone) was constructed by appending bis(4-
methylphenyl)sulfone to phosphatidyethanolamine-PEG (PE:PEG) via a modified NHS-ester crosslinker conjugation
adapted from Zhang et al. (20). Specifically, DSPE-PEG2k-NH2 (Nanocs Inc.) and bis(4-methylphenyl)sulfone-NHS-ester
were added to a two-neck flask at a 1:1 mole ratio and degassed under vacuum. The flask was then brought under N2

atmosphere and a solution of dried dichloromethane containing a 25x excess of triethylamine was injected dropwise to the
flask. The reaction volume was kept under N2 atmosphere and stirred for 48hrs. Aliquots were removed to monitor the
reaction progress via thin-layer chromatography with 7.5% methanol:chloroform as the eluting solvent and visualized
under short- and long-wave UV irradiation. The reaction mixture was then dried using a rotary evaporator and dissolved
with a small volume of dimethylsulfoxide (DMSO) and then diluted with H2O to a final concentration of <5% DMSO.
Unreacted starting material was eluted from the solution using a size-exclusion spin column with a molecular weight cutoff
(MWCO) chosen that best fit the approximate diameter of the linear chains. The retained product of PE:PEG:bis-sulfone
was collected, freeze dried, and stored a cool, dry environment until further use.

2.3 Construction of COVID-QDs

The CdSe/CdS core-shell quantum dots were then encapsulated into micelles formed by PE:PEG:bis-sulfone via a modified
thin-film rehydration protocol as previously reported (7, 21-23). Briefly, CdSe/CdS QDs and PE:PEG:bis-sulfone were
dissolved in chloroform at a 1:10,000 mole ratio, vortex mixed, and briefly sonicated before dried under a rotary
evaporator. The thin film of QD in polymer was then briefly heated in an 80oC bath before being resuspended in ddH2O,
vortex mixed, and gently stirred for 2 hours. Excess PE:PEG:bis-sulfone was eluted via size-selective spin filtration column
with an appropriate MWCO and the retained fraction was prepared for conjugation to His-tagged spike protein via a
protocol adapted from Cong et al. to produce the COVID-QDs in Figure 2 (17). The QD-PE:PEG:bis-sulfone micelles
were incubated at 37oC in sodium phosphate buffer with EDTA before adding 10 molar equivalents of His-tagged spike
protein dissolved in sodium acetate buffer with hydroquinone. The reaction mixture was stirred at room temp overnight and
then purified with a spin filtration column of an appropriate MWCO. The eluted fraction containing unconjugated
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Figure 3. Photoluminescence spectra of
CdSe/CdS QDs before and after construction
of COVID-QDs.

spike protein was concentrated and measured with a Nanodrop Spectrophotometer to approximate the average number of
spike proteins conjugated per COVID-QD. The retained fraction containing the COVID-QDs were characterized with DLS
and PL measurements and stored at 4oC until further use.

Figure 2. Overview of COVID-QD construction via (1) micelle-encapsulation of CdSe/CdS QDs with PE:PEG:bis-sulfone
ligands followed by (2) bisalkylation of His-tagged spike protein to reaction bis-sulfone groups.

2.4 Cell Culture

A model blood-brain barrier, a key component of the NVU, was developed in-vitro by culturing an immortalized murine
brain endothelial (bEnd.3) cell line on microporous transwell cell culture inserts. The bEnd.3 cells were seeded at a density of
100,000 cells/well in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS). The
DMEM+10%FBS medium was changed every 2-3 days until cells reached confluency on the inserts and then were treated
overnight with either 10nM spike protein or COVID-QDs in DMEM+1%FBS. The treatment was removed and the cultured
monolayers were fixed with 4% paraformaldehyde, permeabilized with a solution of 0.25% TritonX-100, blocked with
10% bovine serum albumin, and labeled with a standard indirect immunofluorescent protocol. The membranes were
removed from the inserts and mounted onto coverslips and imaged on an Olympus BX51 microscope with appropriate
pairs of excitation and emission filters for each channel.

3. RESULTS AND DISCUSSION
3.1 Characterization of COVID-QDs

From the eluted fractions of unconjugated spike protein, we measured
an estimated absorbance at 280nm using a NanoDrop
spectrophotometer and corrected the absorbance with an estimated
extinction coefficient for the spike protein based on the number of
tryptophan, phenylalanine, tyrosine, and cysteine residues. Based on
this, we estimate that approximately an average of seven spike
proteins are conjugated per COVID-QD. While previous structural
investigations of SARS-CoV and SARS-CoV-2 virions estimate up
to 40 spike proteins may be randomly expressed throughout the virion
surface, we believe that the current conjugation efficiency is sufficient
for future preliminary investigations in biological cultures (24).

PL spectra of the retained fraction of “pure” COVID-QDs was
measured and compared to the PL spectra of the CdSe/CdS QDs prior to
micellation and conjugation, as shown in Figure 3. From the
normalized PL spectra, it is observed that the peak emission
wavelength does not shift, though an inhomogeneous broadening is
observed likely resultant from small QD aggregates forming in some
of the larger COVID-QD micelles. The potential for the formation of such QD aggregates in some COVID-QD constructs
and not others is verified by a preliminary DLS distribution plot acquired on a Wyatt DLS instrument (Figure 4). While
the distribution exhibits the presence of COVID-QDs within the full estimated range of SARS-CoV-2 virion sizes (~60nm
to ~140nm), the average hydrodynamic radius (ᵄ� ̅ ) as computed by a %Number normalization reports a size of 77.9nm
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Figure 4. DLS distribution of COVID-QD

for the COVID-QD constructs (25-27). This is on the upper limit of
this range and may lead to potential artifacts in future biological
studies, where the larger COVID-QDs may not be high fidelity
proxies for the steric hinderances a native SARS-CoV-2 virion may
encounter. Potential mechanisms to address this may include
additional size-selection filtration as well as optimization studies of
QD loading into micelles to isolate more monodisperse size
distributions. Another potential option may be to alter the PEG chain
length of PE:PEG:bis-sulfone, and is of interest in our future studies.
Nevertheless, the data shown here are indicative that our protocol
can produce high fidelity structural mimics of SARS-CoV-2 that
retain the intrinsic enhanced photophysical properties of QDs.

3.2 COVID-QD treated cultures of bEnd.3 monolayers

To assess for the functional mimicry of our COVID-QD constructs,
we treated monolayers of bEnd.3 cells cultured on transwell cell constructs,     where     each     peak     represents
culture inserts with equimolar treatments of either 10nM spike the %Number diameter for a replicate sample.
protein of 10nM COVID-QDs. The concentration of the COVID-
QD treatment is based on an estimated concentration of QDs incorporated into COVID-QDs. The monolayers were than
stained with an indirect immunofluorescent labeling protocol to examine changes in the expression of platelet endothelial
adhesion molecule 1 (PECAM-1) and a tight juction protein claudin-5 (CLDN-5) and shown in Figure 5. From these
immunofluorescent images, it is clear that the observed fluorescence from the QD emission channel (633nm LPF) is unique to
the COVID-QD treatment group, indicating that the construct has a target on the cells. The binding of the COVID-QDs to the
cells is additionally confirmed by the localization of QD emission within the cellular borders traced by PECAM-1 and
centered around the nuclei. In terms of actual functional mimicry, we observe similar dysregulation of the localization of the
CLDN-5 in both the COVID-QD and spike protein treated groups. The tight junction protein CLDN-5 is observed to exhibit
less colocalization with PECAM-1, indicating disruption of paracellular gaps in the barrier. This observation is of interest for
consideration as to how pathogenic challenge by SARS-CoV-2 may induce immunomodulatory events in the central
nervous system. Disruption of the paracellular gaps of the blood-brain barrier may lead to increased leakage into the central
nervous system, leading to aberrant neuroinflammation that may be associated with the neurological deficits observed in
COVID-19 pathogenesis. In our future work, we hope to further explore modulation of the NVU in response to our COVID-
QDs and examine whether targets exist within the central nervous system for COVID-QDs, and by proxy SARS-CoV-2, to
mediate direct immunomodulation.

4. CONCLUSIONS
From the data presented here, we have constructed a functional and structural biomimetic of SARS-CoV-2 from CdSe/CdS
core-shell QDs. By encapsulating the QDs in micelles formed by PE:PEG:bis-sulfone, multiple his-tagged spike proteins
were conjugated per COVID-QD via a bisalyklation mechanism. The overall size distribution of the COVID-QDs fall
within the estimated range of SARS-CoV-2 virions, and preliminary investigations with a model blood-brain barrier culture
indicate similar functional effects between COVID-QDs and soluble spike protein. The ability to use a noninfectious and
fluorescent proxy of SARS-CoV-2 in cultured model systems for the NVU will be useful to better elucidate the mechanisms
leading to the neurological deficits observed in COVID-19 infection and post-acute sequelae. In our future work, we hope to
optimize the conjugation efficiency and size distribution of the COVID-QD constructs and apply them to more complex co-
culture systems of the NVU.
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Figure 5. Immunofluorescent images taken of bEnd.3 monolayers cultured on transwell inserts and treated with either 10nM
COVID-QDs or 10nM soluble spike protein. The excitation and emission pairs for the various channels are as follows: QD
(ᵰ�ᵅ�ᵆ� = 350ᵅ�ᵅ�, 633nm LPF), PECAM-1 (ᵰ�ᵅ�ᵆ� = 488ᵅ�ᵅ�, 510nm BPF), CLDN-5 (ᵰ�ᵅ�ᵆ� = 568ᵅ�ᵅ�, 610nm BPF), Nuclei (ᵰ�ᵅ�ᵆ� =
350ᵅ�ᵅ�, 420nm BPF).
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