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Photo-mediated systems present a highly attractive route for controlling the intracellular delivery of their

cargo. Of particular interest, oligonucleotides are a promising class of molecule that are highly versatile

for intracellular applications, but lack the necessary in vivo stability on their own. A novel, greener
synthetic route to a photocleavable phosphoramidite was developed. The amidite was incorporated into
an oligonucleotide by solid-phase synthesis, which was covalently linked to UV-emissive lanthanide-
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doped upconverting nanoparticles (UCNPs) through click chemistry. The nanosystem was fully
characterized for energy transfer dynamics between the photocleavable oligonucleotide and UCNP
using 976 nm excitation. The practical and green synthesis of the photocleavable phosphoramidite,

combined with the fundamental understanding of the interactions between the oligonucleotide and

rsc.li/frontiers-materials

Introduction

Synthetic oligonucleotides have shown great utility in the fields
of diagnostics (biosensing’ ) and therapeutics (gene silencing
by antisense* or RNA interference® mechanisms). Some of the
challenges in employing oligonucleotides for these applications,
however, include their susceptibility to nuclease degradation in
serum, poor cellular uptake, as well as unfavorable bio-
distribution and targeting. The current strategies employed to
improve the properties of oligonucleotides for intracellular
delivery are the chemical modification of the sugar-phosphate
backbone®® and/or conjugation to smaller ligands (e.g.;: N-
acetylgalactosamine-GalNAc,’ peptides'®) or nanoparticles (e.g::
polymers,"* gold,"” lipids'®). Nanoparticle-oligonucleotide
conjugates represent one of the most well-studied platforms
and have shown to improve cellular uptake, circulation time
and endosomal escape of oligonucleotides, while also further
protecting them from nucleolytic degradation.'*

A highly attractive route for the delivery of oligonucleotides
employs lanthanide-doped upconverting nanoparticles
(UNCPs) with in situ photo-mediated release of the nucleic acid
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nanoparticle during excitation paves the way for future in vitro applications for this type of system.

payload. Upconversion is an anti-Stokes luminescence
phenomenon in which the successive absorption of low-energy
photons results in the promotion of electrons to the long-lived
excited 4f states of lanthanide ions and subsequent radiative
relaxation results in the production of higher-energy emissions
in the UV, visible and near infrared (NIR). Importantly, the
emitted UV light from UCNPs has been shown to not be
damaging to living organisms."’ It is well-established that energy
transfer upconversion, which utilizes a NIR-absorbing sensitizer
ion (commonly Yb*" or Nd**) and an emissive activator ion, is
the most efficient mechanism. Fluoride-based UCNPs exhibit
excellent chemical stability, do not photobleach or photoblink,
have low-phonon energies and thus far, exhibit minimal
cytotoxicity.'® For these reasons, fluoride-based UCNPs have
found wide use for biomedical applications such as imaging
and drug delivery. With regard to host compositions, LiYF,
is a commonly overlooked material that facilitates strong
upconversion in the UV when doped with 25 mol% Yb*" and
0.2 mol% Tm*"."” The upconverted emissions at 345 and 360 nm
from the 'I; — °F, and 'D, — ®Hj transitions of Tm>" have been
used for a wide variety of photochemistry applications that
require in situ UV activation."®'® Of particular interest, the UV
emissions from Tm>" exhibit excellent spectral overlap with the
photocleavable o-nitrobenzyl linker, which is well-known for its
photocaging  applications.>®  Oligonucleotide-functionalized
UCNPs have been recognized for their potential for intracellular
sensing and imaging applications,**" as UCNP emissions can be
achieved through NIR excitation, avoiding deleterious signals
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from autofluorescence in tissues.>” Photomediated release of
therapeutic oligonucleotides, however, has only been demon-
strated on a few occasions.?*** Complex formation between the
surface-modified UCNPs and oligonucleotides is typically the
result of electrostatic interactions. One such example, reported
in 2013, was a UCNP-oligonucleotide conjugate for intracellular
delivery of short interfering RNA (siRNA) that showed in vitro
knockdown of an enhanced green fluorescent protein (eGFP)
gene.?® In this system, NaYF, doped with Tm>" and Yb** UCNPs
were silica-coated and functionalized with a cationic and photo-
cleavable o-nitrobenzyl linker through a thiosuccinimide linkage
(Fig. 1A). With the siRNA electrostatically bound to the UCNPs,
the particles were shown to efficiently enter HeLa cells and cause
the loss of eGFP fluorescence only upon irradiation with NIR
light. This level of spatial and temporal control is quite attractive
for in vivo drug delivery. Since not all genes are ubiquitously
expressed in every tissue, selective oligonucleotide release can
potentially minimize off-target effects. Furthermore, NIR
radiation is well suited for biological applications, as it displays
high tissue penetration and low cytotoxicity.>*>®

Thus, although the previous system successfully demon-
strated in vitro gene knockdown as well as the effectiveness of
such a platform, it suffers from some clear limitations. Multiple
reports have demonstrated the instability of thiosuccinimide
linkages under physiological conditions or in the presence of
free thiols (e.g.: albumin, cysteine or glutathione in plasma),
which are susceptible to a retro-Michael reaction or thiol
exchange.””° The use of such a linkage is expected to undergo
some degree of pre-mature drug release before reaching its
target.’® Furthermore, while the utilization of cationic,
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photoresponsive moieties on the UCNP surface does facilitate a
strong electrostatic interaction with the anionic phosphodiester
backbone of the oligonucleotides, it is well-known that electro-
static interactions can be easily disrupted by the formation of a
protein corona and interactions with other intracellular species.*?
Lastly, there is also a lack of compatibility for loading neutral
species onto the UCNPs, of which there exists many non-ionic
classes of modified oligonucleotides, such as methylphosphonate
oligonucleotides,™ amide backbone oligonucleotides® and
phosphorodiamidate morpholinos (PMOs).*® In fact, there are
currently two PMO antisense drugs, Eteplirsen and Golodirsen,
which are FDA approved for the treatment of Duchenne muscular
dystrophy, and others currently being extensively developed.*®
PMO drugs are known to suffer from efficient renal clearance®”
owing to their minimal interaction with plasma proteins, and
therefore, are expected to greatly benefit from nanoparticle
formulations to increase circulation time and cellular uptake.
Consequently, the use of covalent conjugation between UCNPs
and oligonucleotides using copper-catalyzed azide-alkyne
cycloaddition (CuAAC) click chemistry represents an attractive
path towards highly controlled release of a variety of ionic or
non-ionic oligonucleotides. While this strategy was previously
used to form DNA-UCNP covalent conjugates for nanosensing
and imaging applications,” it has not been explored as an
approach for controlling the release of oligonucleotides.

Herein, we have developed a robust, versatile and expandable
UCNP-based intracellular delivery platform for oligonucleotides
(Fig. 1B) and quantified the loading of oligonucleotide and
photocleavage efficiency utilizing a trityl assay. The greener
synthesis of an alkyne and photocleavable phosphoramidite
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Fig.1 Comparison of UCNP-oligonucleotide photorelease platforms (only 1 linker shown for clarity; X = o-nitrobenzyl group in bold; DMTr =

dimethoxytrityl; P = phosphate).
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(PCP) was achieved, which were subsequently incorporated at
the 5’-end of an 18-mer homothymidine (dT,g) oligonucleotide
by solid-phase synthesis (SPS). CuAAC click chemistry®*®*° was
successfully utilized to generate a more robust triazole covalent
linkage between the azide-functionalized silica-coated UCNPs
(AzSiUCNPs) and alkyne photocleavable oligonucleotide (PCO).
The system’s efficient photorelease upon NIR irradiation was
demonstrated and its luminescence dynamics was evaluated.

Results and discussion
Synthesis of alkyne and photocleavable phosphoramidites

A novel methodology for the synthesis of PCP 4 (which introduces
the o-nitrobenzyl group into the oligonucleotide) was developed
(Scheme 1). While this study does not solely focus on green
chemistry, the importance of shifting synthetic strategies towards
more sustainable practices'® cannot be understated. By empha-
sizing the development of sustainable synthetic routes in
academia, this could facilitate their translation to applicable
industrial processes. To this end, the synthesis of the PCP was
conceived with green aspects in mind, specifically atom economy,
waste reduction and the inherent safety of the process. Commercially
available 2-nitrobenzaldehyde was treated with vinylmagnesium
bromide to afford allylic alcohol 1 with a yield of 70%
(estimated by NMR) after acidic workup. The reaction could
not be performed at 0 °C, as this resulted in the formation of
unidentified side products and a drastic decrease in yield.
Moreover, a 3 hour reaction time at —78 °C was necessary for full
conversion of the 2-nitrobenzaldehyde, although any remaining
starting material did not interfere with the subsequent reaction.
Without purification, the hydroxyl group of allylic alcohol 1 was
blocked by treatment with trimethylsilyl (TMS) chloride. Once
complete, excess TMS-chloride was quenched with methanol and
the solution concentrated in vacuo. The blocked intermediate was
washed with tetrahydrofuran (THF) and filtered to remove the
triethylamine (TEA) salt (observed to cause quenching of borane
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Scheme 1 Synthesis of photocleavable phosphoramidite 4. Reagents and
conditions: (a) vinylmagnesium bromide (2.0 equiv.), THF, =78 °C, 3 h; (b)
TMS-CL (3.0 equiv.), TEA (3.0 equiv.), DCM, 0 °C to RT, 1 h; (c) (i) BH3-THF
(4.0 equiv.), THF, 0 °C to RT, 19 h; (ii) 30% H,0O,, 3 M NaOH, 0 °Cto RT, 1 h;
(d) DMTr-Cl (1.3 equiv.), TEA (2.6 equiv.), DMAP (10 mol%), DCM, 0 °C to
RT, 1 h; (e) CI-POCEN(iPr), (2.0 equiv.), DIPEA (3.0 equiv.), DCM, RT,
25 min. (DCM = dichloromethane; DMAP = 4-dimethylaminopyridine;
DIPEA = N,N-diisopropylethylamine.)
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in the next step) and immediately treated with borane-THF. After
oxidation, diol 2 was isolated with a yield of 74%. Selective
tritylation of the primary alcohol, giving pre-amidite 3 with an
isolated yield of 85% (no workup needed), followed by phosphi-
tylation of the secondary alcohol afforded PCP 4 with an isolated
yield of 83%. It should be noted, that TMS is not a protecting
group in this synthesis, but rather a transient blocking group that
affects the regioselectivity of hydroboration and is subsequently
removed in the regular workflow by sodium hydroxide treatment
during oxidation of the alkyl borane intermediate. Without TMS,
hydroboration-oxidation gave 67% primary alcohol and 33%
secondary alcohol, whereas when it was utilized, the proportion
of the desired primary alcohol increased to 84%, as determined by
NMR (see Fig. S14 and S15, ESIt) and thus, increased the isolated
yield. The inductive effect of the allylic hydroxyl group is likely the
main contributor for the poor regioselectivity observed,*! which is
minimized when sterically blocking the position. A bulkier group,
such as t-butyldimethylsilyl, was not utilized in order to further
improve regioselectivity as this silyl functionality is reported to be
much more stable towards removal under basic conditions,**
which would significantly increase the reaction time beyond the
regular workflow. Additionally, while 9-borabicyclo[3.3.1]Jnonane
is known to have enhanced anti-Markovnikov regioselectivity
compared to borane,* the atom economy of the transformation
is inferior and, for this hydroboration in particular, the 1,5-
cyclooctanediol byproduct generated during oxidation made
purification of the product diol cumbersome, lowering the
isolated yield significantly.

When compared to the previous route towards the PCP,**
this synthesis provides some advantages. For example, ozonolysis,
a hazardous reaction that generates potentially explosive
ozonides, was avoided. Furthermore, the amount of solvent
waste was significantly reduced, as it was not necessary to
purify allylic alcohol 1 by flash column chromatography
(FCC). Lastly, using stoichiometric amounts of vinylmagnesium
bromide was more atom efficient than the previously employed
Hosomi-Sakurai reaction that used stoichiometric allyltri-
methylsilane and titanium tetrachloride (atom economy: 43%
vs. 19%, respectively). While the second step uses TMS-Cl and
TEA, where none of these atoms get incorporated into diol 2,
this is still superior to ozonolysis in the previous synthesis,
which bubbled a large excess of ozone through the solution
over 45 minutes. Not only was the synthesis of PCP 4 achieved
in a greener fashion, it was also done more cost effectively
(in terms of reagents), without the need for specialized
equipment (ozone generator) and with a comparable overall
yield of 37% over 4 steps (vs. 36% over 4 steps reported
previously). Thus, the synthesis is not just environmentally more
sustainable, but also more practical than the previous route.

Next, the synthesis of alkyne phosphoramidite 7 was under-
taken (Scheme 2). This species, once incorporated into the
oligonucleotide, would serve as the anchoring point between
it and the UCNP, as well as provide the DMTr group for accurate
loading quantification. The carboxylic acid starting material
was first treated with isobutyl chloroformate (iBuOCOCI) and
N-methylmorpholine (NMM) to generate the mixed anhydride
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Scheme 2 Synthesis of alkyne phosphoramidite 7. Reagents and
conditions: (a) (i) iBUOCOCI (1.2 equiv.), NMM (2.4 equiv.), EtOAc, 0 °C,
40 min; (i) serinol (1.0 equiv.), 0 °C to RT, 21 h; (b) DMTr-Cl (1.0 equiv.), TEA
(2.0 equiv.), DMAP (10 mol%), THF, 0 °C to RT, 2.5 h; (c) Cl-POCEN(iPr),
(2.6 equiv.), DIPEA (2.9 equiv.), THF, RT, 30 min. (EtOAc = ethyl acetate;
DMAP = 4-dimethylaminopyridine; DIPEA = N,N-diisopropylethylamine.)

intermediate. To this mixture was added serinol, affording
amide 5 with an isolated yield of 89%. Treatment of amide 5
with dimethoxytrityl (DMTr) chloride afforded monotritylated
pre-amidite 6 with 67% isolated yield. Even with slow, portion
wise addition on ice of DMTr-chloride, generation of the
ditritylated product was unavoidable. Finally, alkyne phosphor-
amidite 7 was isolated in 70% yield, generated by phosphitylating
the remaining hydroxyl group.

Keeping greener synthetic approaches in mind, the use of
heavy amide coupling reagents such as benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP)
or 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU), was avoided, in favor of chloroformate. Thus,
the atom economy of the amidation was maximized.

Synthesis and purification of 5’-O-DMTr alkyne photocleavable
oligonucleotide (PCO) and control

The length of therapeutically relevant oligonucleotide drugs
range from 18-30 nucleotides,*® so, an 18-mer alkyne photo-
cleavable oligonucleotide was conceived for this study. PCP 4
and alkyne phosphoramidites 7 were coupled, in that order, to
the 5’-end of a dT,5 oligonucleotide by SPS (2 pmol scale) and
the 5’-O-DMTr group was retained (shown in Fig. 1B). While it
is agreed that protecting groups are generally not in line with
atom economy, the SPS of oligonucleotides necessitates them
due to the directionality of chain growth and the many reactive
groups in the backbone and nucleobases, thus, they cannot be
avoided altogether. Fortunately, some functionalities, such as
DMTt, serve more than just their protective purpose in SPS. The
DMTr group is used to quantify phosphoramidite coupling
efficiency and loading of oligonucleotide (pmol of oligo-
nucleotide per gram of solid-support), as well as aiding in the
purification from inevitable failure sequences by either
reversed-phase or ion-exchange (IEX) HPLC. Consequently,
the DMTr group was an ideal candidate, previously unexplored,
for quantifying the amount of oligonucleotide present on the
surface of the AzSiUCNPs and subsequently, the photorelease
efficiency upon NIR irradiation could be determined.

Before the PCO was cleaved from the solid-support, it was
treated with 10% diethylamine in acetonitrile for 5 minutes in
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order to prevent the formation of acrylonitrile adducts at N3 of the
thymine bases in the oligonucleotide during the deprotection
step. Treatment with a solution of ammonium hydroxide/ethanol
(3:1, v/v) at elevated temperatures subsequently released the
oligonucleotide from the solid-support and deprotected the
phosphodiester backbone. It was then determined that before
lyophilization to dryness, it was imperative to add excess Tris
(a non-volatile base) to the oligonucleotide solution in order to
retain the DMTr group. As observed in the IEX HPLC traces,
significant detritylation was observed if the PCO was lyophilized
without Tris (Fig. S1, ESIt). These traces also demonstrate the
usefulness of DMTr-on HPLC purification, as the desired tritylated
oligonucleotides elute approximately 2-3 minutes after the
detritylated or failure sequences, facilitating their isolation. The
addition of Tris to retain the 5-O-DMTr group throughout
the entire oligonucleotide purification process could be instructive
for the preparation of modified oligonucleotides. Furthermore,
if detritylation is desired at a later stage of oligonucleotide
purification, then this also represents ultra-mild, reagent-less
conditions for detritylation (which can be achieved fully after just
2 successive lyophilizations). For example, this may be especially
suitable for oligonucleotides containing 5’-end trityl-protected
amines as it is preferential to remove the trityl group after cleavage
from the solid-support and initial deprotection in order to avoid
transamidation and cyanoethyl adduct formation at the free amine
(although the latter case can be avoided by pre-treating the solid-
support with diethylamine, as previously discussed).

The PCO was then purified by IEX HPLC to give approximately
6.6 mg (156 OD,g) of product with a purity of 97% (Fig. S2, ESIt)
and confirmed to be the desired species by mass spectrometry
(Fig. S3, ESIt). The 3% impurity was determined to be the
DMTr-on alkyne photocleavable dT;, sequence (Fig. S3, ESIt),
and as such, was not deemed detrimental to the following studies.
Importantly, keeping the DMTr-on PCO sample in 18 MQ water at
—20 °C for 3 months and re-analyzing by IEX HPLC demonstrated
these conditions were adequate for long-term storage, as no
additional detritylated oligonucleotide was observed in the trace
(data not shown).

In order to illustrate the necessity of the o-nitrobenzyl
functionality in the oligonucleotide to achieve proper photo-
release, a non-photocleavable alkyne oligonucleotide was also
synthesized. A control alkyne phosphoramidite (synthesized by
phosphitylating 5-hexyn-1-ol; see ESIt for details) was coupled
to the 5’-end of a dT;z oligonucleotide by SPS (2 pmol scale).
This sequence was isolated and purified as described for the
PCO, but without the need for adding Tris prior to lyophilization
as there was no 5-O-DMTr (recovered approximately 6.5 mg;
170 OD,¢). By IEX HPLC, the purity of the control sequence was
determined to be 97% (Fig. S4, ESIT) and its identity confirmed
by mass spectrometry (Fig. S5, ESIt).

Upconversion emission and physical characterization of UCNPs

LiYF,:Yb**/Tm>®" UCNPs were synthesized via a one-pot thermal
decomposition method to yield oleate-capped nanoparticles.'”
The nanoparticles exhibit a square bipyramidal morphology
with an average size of 94 £ 6.2 nm along the long axis, and a
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tetragonal crystal phase (Fig. 2A-C). The activator concen-
tration of 0.2 mol% Tm*" was chosen because it has been
demonstrated to yield strong UV emissions in the LiYF, host,"”
which is necessary for obtaining efficient energy transfer with
the o-nitrobenzyl group in the oligonucleotide backbone. An
azide-functionalized silica shell was grafted onto the surface of
the UCNPs via a reverse-microemulsion method to impart
stability in aqueous environments as well as provide a platform
for click chemistry to the alkyne-functionalized oligonucleo-
tides. The average shell thickness was 11 nm along the edges,
and 2 nm on the apices of each nanoparticle (Fig. 2B). The
presence of the azide functional group was confirmed by FTIR
(Fig. S6, ESIf) and a triphenylphosphine-ninhydrin assay,
which exhibits a yellow colour in the presence of azides
(Fig. S7, ESIt). Upconversion emission spectroscopy of the
AzSiUCNPs dispersed in water (1 mg mL™ ") upon excitation at
976 nm exhibited the expected UV and blue emissions from
Tm?" at 288, 345, 360, 450 and 475 nm corresponding to the
1, - *Hg, Iy —» °F,, 'D, - *Hg, 'D, — °F, and 'G, — °Hg

transitions, respectively (Fig. 3A).

Quantification of azides and PCO on the surface of the UCNPs

Quantification of the number of azide sites generated on the
nanoparticle surface was first carried out to determine the
potential loading capacity of the nanoparticles using a DMTr
assay. First, a 3'-O-propargyl thymidine (dT) nucleoside with a
5’-0-DMTt group (synthesized in one step from 5’-O-DMTr-dT;
see ESIt for details) was grafted to the nanoparticle surface
using CuAAC click chemistry. Because the nucleoside is small
relative to the oligonucleotides, it was assumed that steric
hindrance would not be a significant concern and that the
click reaction would go to completion. This was confirmed
qualitatively using the same triphenylphosphine-ninhydrin
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Fig. 2 (A) TEM image of AzSiIUCNPs (B) TEM image of the AzSiIUCNPs with
corresponding silica shell thickness at sides and apex of nanoparticle. (C)
Size distribution of AzSIUCNPs. (D) Powder X-ray diffractogram of UCNPs.
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assay, which no longer showed a colour change (Fig. S7, ESIT).
The dried nanoparticle samples were then dispersed in a
solution of 3% trichloroacetic acid in dichloromethane
(DCM), which resulted in the formation and release of the
orange DMTr cation into solution. This DMTr cation has a
strong absorption coefficient (76 L em™ " mol™" in DCM*) at
504 nm, which can be utilized to quantify the amount of DMTr
in solution. Since each nucleoside contained one DMTr group,
it can be concluded that the number of DMTr cations released
into solution corresponded to the number of nucleosides
clicked to the nanoparticle surface, and thus the number of
azide groups. Using this method, it was determined that there
was an average of 1.3 x 10" azide groups per nanoparticle
(approximately 65 umol g~ ). This is similar to the loadings
exhibited on traditional controlled pore glass solid-supports
for the SPS of oligonucleotides, which typically range from
30-100 pmol g~ ".*® It is also comparable to the number of
cationic photocleavable linkers on the NaYF, UCNPs of the
previous system.>® Since the DMTr group is already present
during the SPS of oligonucleotides, its use to quantify loading
capacity is highly advantageous compared to other methods,
such as utilizing additional fluorescent markers like AlexaFluor
546.%

The same assay was performed to quantify the number of
PCOs grafted to the nanoparticle surface by click chemistry,
using N,N,N’,N" ,N"-pentamethyldiethylenetriamine (PMDETA)
as a ligand to protect the DNA. In this case, however, there was
concern that the presence of Tris in the oligonucleotide sample
would inhibit the copper catalyst, as has been previously
reported.””*® To overcome this potential issue, a larger excess
of CuSO, was utilized. This route was deemed successful, as an
average of 5.3 x 10° PCOs per nanoparticle (29 pmol g~') was
measured from the trityl assay, corresponding to a 41% loading
onto the AzZSiIUCNP surface. Due to the larger size of the PCOs
compared to the propargyl nucleoside, it was expected that
the loading capacity would be lower in this case. Compared
to other reported oligonucleotide/NP values, this value is
quite high, with reports of loadings as low as 6 oligonucleo-
tides/nanoparticle (50 nm NaYF.:Yb*"/Tm®" UCNPs)*’ to
75 oligonucleotides/nanoparticle (50 nm silica-coated gold
nanoparticles).’® Unfortunately, many systems ambiguously
report the loading values in terms of molar ratios or weight
percentages, making a direct comparison difficult.>****" This
demonstrates both the advantage of using highly-efficient click
chemistry and covalent conjugation, as electrostatic loading
presumably suffers from repulsion between neighbouring
oligonucleotide molecules as their numbers increase. A larger
number of PCOs per nanoparticle is especially attractive for
therapeutic use, as this translates to a smaller number of
nanoparticles required to achieve a therapeutic oligonucleotide
dose. Furthermore, this fundamental quantitative data is
imperative in a therapeutic context, allowing one to accurately
determine dosage of oligonucleotide administered to a
biological system. To our knowledge, this is the first example
of using the DMTT assay to quantify oligonucleotide loading onto
a nanoparticle surface.
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Fig. 3 (A) Upconversion emission spectrum of AzSIUCNPs under 976 nm excitation (1 mg mL™%, black trace), absorbance of control oligonucleotide
(blue trace) and photocleavable oligonucleotide (red trace). (B) Lifetimes of CT-UCNP (black) and PCO-UCNP (red) as powders under 976 nm excitation.
(C) Lifetimes of CT-UCNP (black) and PCO-UCNP (red) in solution under 976 nm excitation.

Energy transfer studies and luminescence dynamics of Tm?*"
and the photocleavable oligonucleotide

As shown in Fig. 3A, the control oligonucleotide sequence
exhibits overlap with the 'I; — *Hg transition but not the
s — ’F4, 'D, — °Hg transitions due to the absorption of the
oligonucleotide nucleobases. The modified PCO containing an
o-nitrobenzyl moiety exhibits good spectral overlap with all of
the UV emissions of the AzSiUCNPs, which facilitates energy
transfer via radiative or non-radiative mechanisms. Emission
spectroscopy was performed on the control-UCNP (CT-UCNP)
and PCO-UCNP samples, with respect to bare AzSiUCNPs, in
order to evaluate the energy transfer efficiency in terms of
change in the emission intensity in the absence and presence
of the photocleavable moiety, respectively (Fig. S9, ESIt).
As expected, a decrease in emission intensity is observed for
the UV emission bands, but not the blue-emitting bands, due to
a lack of spectral overlap in that region. The change in emission
intensity in the presence of the PCO corresponds to an energy
transfer efficiency of 35%, which could be due to radiative or
non-radiative energy transfer processes. The control-UCNPs
exhibited a slight decrease in UV intensity, amounting to
3.3% energy transfer, likely due to the overlap with the 'Is —
3Hj transition.

To evaluate the overall dynamics of the upconversion emissions
and the mechanism of energy transfer between the oligonucleotide
and UCNP, the luminescence lifetimes of the 'D, — *Hj transition
were recorded between the control-UCNP and PCO-UCNP systems,
as solid powders (Fig. 3B) and aqueous colloidal suspensions
(Fig. 3C). When comparing the control oligonucleotide system as
a powder (350 & 5 ps) or dispersed in water (330 + 7 ps), the slight
shortening of the lifetime can be attributed to the phonon energies
of water minimally quenching the luminescence closer to the
surface of the nanoparticle. While the average silica thickness
exceeds 10 nm, which should properly protect the nanoparticle
from environmental influences, there are thinner regions near the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

apices of the nanoparticle (Fig. 2B).>>* These regions are
somewhat vulnerable to solvent quenching, which can propagate
via energy migration to Yb®" ions throughout the lattice.>* The
photocleavable oligonucleotide system follows a similar difference
in powder (359 + 8 ps) and in solution (352 + 6 ps), though the
change in lifetime is much smaller. It is hypothesized that the
PCO, with its bulky and hydrophobic 5-O-DMTr group, may be
more effective at excluding any residual water from reaching the
surface of the nanoparticle, thus minimizing surface quenching
even further.

In order to observe any Forster resonance energy transfer
(FRET) between the activators in the nanoparticle and the
photocleavable oligonucleotide, the lifetime should be shorter
with respect to the control system. However, this is not
observed, and in fact the lifetime of the photocleavable system
is longer than the control in both solution and solid powder, by
6.3% and 2.5%, respectively. This could be caused by small
loading differences of the oligonucleotides in the control and
photocleavable systems onto the AzSiUCNP surface, presumably
from the Tris present in the PCO samples, which could interfere
with the CuAAC reaction, as previously discussed. Because the
difference in lifetime is of the same magnitude as that of
the powder and solution comparisons, it is postulated that
vibrational frequencies from the oligonucleotides themselves
are the influential factor on the observed lifetimes.

Since these systems are intended for use in aqueous or
biological environments, the use of a thick silica shell avoids
overwhelming solvent quenching, a phenomenon otherwise
known to be a major problem for upconverting nanoparticle
luminescence.”® A consequence of this protection is the lack of
FRET between the nanoparticle activators and the oligonucleotide.
Thus, the activators in the UCNP emit UV, and the light is
subsequently absorbed by the PCO. Essentially, the utilization of
a thick silica shell facilitates the promotion of electrons to the
UV-emitting excited states of Tm®", vital for both FRET and
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the CT-UCNP (blue) under 976 nm excitation in solution at different time
points.

radiative energy transfer, but allows only for radiative energy
transfer to occur. The two most similar systems do not report
luminescence dynamics, but are also expected not to undergo
FRET, as they utilize bulky polyelectrolytes or silica shells with
thiosuccinimide linkers, both of which result in increased distance
between the activators and the photocleavable group.”***

Upconversion-induced photorelease of oligonucleotides

After establishing the mechanism of energy transfer, the photo-
cleavage efficiency of the PCO-UCNP system was evaluated.
First, as previously discussed, it is possible to initiate electro-
static interactions between oligonucleotides and cationic
surfaces. Thus, zeta potential studies were used to determine
the surface charge of the AzSiUCNPs were negative, such that
upon photorelease the oligonucleotides would not immediately
bind to the surface via electrostatic interactions. Indeed, the
AzSiUCNPs exhibited a negative surface zeta potential (—20.3 mV,
PH = 7), confirming that the oligonucleotides would be repelled
from the UCNP surface upon cleavage (Fig. S11A, ESIt). After the
PCO was linked to the UCNPs, the zeta potential of the conjugate
was —33.3 mV (Fig. S11B, ESIY), confirming the presence of the
oligonucleotide’s negatively charged phosphodiester backbone.
To evaluate the extent of the photorelease, a colloidal dispersion
of the PCO-UCNP system (0.1 mg mL™' in water, pH 7)
was irradiated with continuous-wave 976 nm excitation
(0.622 W cm ™ with a beam area of 0.060 cm? at 1/e maximum
beam intensity'®) and the solution was evaluated at different
time points (Fig. 4). To separate the released oligonucleotides
from the PCO-UCNPs, the dispersion was centrifuged to pellet
the PCO-UCNPs and the supernatant was evaluated by
UV-visible absorption spectroscopy by the absorption of DNA
at 260 nm. Based on the calculated loading amounts and the
extinction coefficient at 260 nm of the PCO (146 400 L cm ™' mol ™),
complete release of the PCO in solution would equate to
an absorbance of 0.4 at 260 nm. Therefore, the percentage
release was determined with respect to the observed
absorbance at each time point and the theoretical absorbance
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maximum. 32% photorelease was realized after just 10 minutes
of irradiation, with the release reaching a plateau after one
hour of irradiation, at 62% (Fig. 4). As expected, the CT-UCNP
system exhibited no photorelease under identical experimental
conditions (Fig. 4).

Unfortunately, it is difficult to compare these results to other
systems as generally, no percent release is reported. However,
this amount of release is similar to one system that utilizes
electrostatic interactions to conjugate oligonucleotides to the
UCNP surface via a polyelectrolyte comb, reporting 60% release
at pH 7 after 1 hour of irradiation.>* It should be noted that the
power density used for their study (2.6 W cm™~?) was more than
double what was used here. Thus, our approach represents a
significant improvement in potential applicability, as the maximum
permissible skin exposure of 976 nm excitation to humans is
0.713 W cm™ for a beam width of 3.5 mm, for an exposure of up
to 8.3 hours.>

Since it is well-known that Cu(i) species can cause cleavage
of the oligonucleotide strand,”” the photoreleased products in
the supernatant were evaluated. Importantly, no significant
strand cleavage was observed in the gel (Fig. S12, ESIT) and the
major species was confirmed to be the released 5’-phosphate
dT;g oligonucleotide by mass spectrometry (Fig. S13, ESIT).
Clearly, the Cu(1) stabilizing ligand (PMDETA) utilized in the
click reaction was sufficient at protecting the DNA. Additionally,
the supernatant of the irradiated CT-UCNP sample was also
loaded into the gel, but no oligonucleotide was observed in the
lane, demonstrating the necessity of the o-nitrobenzyl moiety for
proper photorelease.

Conclusions

This platform was developed with versatility, expandability and
optimizing target interaction in mind. To this end, it would be
compatible with loading single-stranded antisense oligonucleotides
(with a uniformly ionic or neutral backbone, or a hybrid of the two),
PMOs and siRNA duplexes. The latter type being possible due to the
5’-phosphate group that is present after photorelease, a necessary
functionality in the guide strand for proper recognition by the
cellular machinery.”® Moreover, the position of the photocleavable
group in the oligonucleotide can be easily altered depending on the
nucleotide site chosen for the coupling of the PCP according to
the SPS protocol. This system can also be expanded by extending
the PCO at the 5’-end (after the alkyne functionality) by SPS,
imparting further desirable properties. In fact, there exists a wide
variety of commercially available 5’-modifiers, such as the GalNAc
phosphoramidite (enabling tissue targeting for therapeutic
applications) and dye phosphoramidites (to confer fluorescence
for diagnostic applications). Lastly, unlike some conjugates that
take advantage of stimuli-responsive oligonucleotide release,* the
current system releases the oligonucleotide without bulky covalent
attachments leftover, even with further 5'-extension, which could
lead to sub-optimal binding affinity with target RNA or protein.
In summary, we have generated and characterized a silica-
coated LiYF,:Yb*/Tm*" UCNP-oligonucleotide conjugate,
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connected through a stable triazole linkage. The alkyne and
photocleavable phosphoramidites at the core of this conjugate
were synthesized with an emphasis on both the greenness and
practicality of the process. By retaining the 5’-O-DMTr group on
the PCO after purification, a trityl assay could be performed,
determining the loading to be an average of 5.3 x 10> PCOs per
nanoparticle. Efficient photorelease upon NIR excitation was
demonstrated, where 62% of the oligonucleotides were released
after irradiation for 1 hour. The control sequence lacking the
photocleavable group showed no photorelease after being
exposed to the same conditions. Analysis of the photoproducts
by gel electrophoresis and mass spectrometry demonstrated
that the undamaged 5’-phosphate dT;g oligonucleotide was
released. Evaluation of the luminescence lifetimes was used
to determine that a radiative energy transfer process was the
main mechanism through which energy transfer between the
Tm?®" emitters in the UCNPs and the photocleavable group
occurred. While this is not as favorable as FRET, which is
inherently more efficient, the thick silica shell was justified to
prevent water quenching that would otherwise have adverse
effects on the photorelease efficiency.

By placing the majority of the crucial functional moieties
(DMTr, alkyne, o-nitrobenzyl) on the oligonucleotide, rather
than the linkers growing off the UCNPs, we have simplified
and streamlined the generation of this covalent conjugate
system, as the oligonucleotides can be generated in an
already optimized (phosphoramidite chemistry) and automated
fashion (SPS), on a scale that generates appreciable amounts.
The simplicity of the trityl assay is evident, as the DMTr
group utilized for quantification is already present during
oligonucleotide synthesis, whereby no additional group is
necessary.

With the foundation of the UCNP-oligonucleotide conjugate
system and simplified quantification method in place,
efforts will now shift towards studying the in vitro photorelease
and gene knockdown efficacy of a modified antisense
oligonucleotide.
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