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Entrapment and Rigidification of Adenine by a Photocrosslinked
Thymine Network Leads to Fluorescent Polymer Nanoparticles

Zan Hua, Thomas R. Wilks, Robert Keogh, Gordon Herwig, Vasilios G. Stavros and Rachel K.

O’Reilly*

Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry, CV4 7AL, UK.

ABSTRACT: Photocrosslinking of nucleobase-containing polymer micelles was observed to result in fluorescent polymer nanopar-
ticles. By varying the micelle assembly conditions, it was possible to probe the origins of this behavior. A number of factors were
investigated including the effect of omitting one of the nucleobases, blocking hydrogen-bonding interactions, detaching the nucleo-
base from the polymer backbone and changing the degree of core crosslinking. Spectroscopic investigations were also carried out to
further characterize the fluorescent nanoparticles. These data revealed that no new small molecule fluorophores were created during
crosslinking and that a dense, hydrogen-bonded network of photodimerized thymine with entrapped adenine was required for fluo-
rescence to arise. We conclude that rigidification and immobilization of adenine in this way leads to the enhancement of an already
extant fluorescence pathway, and suggests that synergistic covalent and supramolecular entrapment of profluorophores may provide
a general strategy for the production of novel fluorescent polymer nanoparticles.

Introduction

Highly specific hydrogen-bonding (H-bonding) interactions be-
tween complementary nucleobases form the basis of nature’s abil-
ity to encode genetic information in the DNA double helix and en-
able the essential biological functions of transcription, translation
and replication. Inspired by this selective recognition, synthetic
chemists have widely utilized complementary H-bonding interac-
tions to achieve templated polymerization/synthesis,' ¢ fabricate
DNA-like supramolecular aggregates,” and tune nanostructure
morphologies and functionalities.®?

Thymine, one of the natural nucleobases, can undergo photodi-
merization under UV irradiation to generate a cyclobutane pyrimi-
dine,'34 and this has been exploited by various groups, for exam-
ple in the fabrication of adhesive materials® and the formation of
core-crosslinked polymer nanoparticles.'® Photodimerization is an
attractive crosslinking method as it is non-toxic, tunable, controlla-
ble remotely and does not yield any byproducts.t” Our laboratory
has recently reported the synthesis of a new class of nucleobase-
containing nanoparticles based on diblock copolymers containing
adenine (A) or thymine (T).5%101819 polymers with relatively long
nucleobase blocks self-assemble in water to give micelles with an
A or T core. When a diblock copolymer with the complementary
nucleobase is added it is absorbed, driven by A:T base pairing in
the micelle core. This behavior can be exploited to various ends.
For example, varying the A:T ratio and polymer block lengths re-
sulted in highly tunable switching of the micelle size and shape.®
More recently, we have shown that by attaching different hydro-
philic blocks to the A- and T-containing polymers it is possible to
create micelles with a mixed polymer corona, and to straightfor-
wardly introduce different functional groups (such as protein lig-
ands) with a high degree of control over loading density.’® How-
ever, the above systems are not stable to dilution or to changes in
solvent since the micelles are held together solely by supramolecu-
lar interactions in the core.

Inspired by the work described above, we wanted to explore
whether photodimerization of T could be used as a straightforward

method for the core crosslinking of nucleobase-containing mi-
celles. Interestingly, our initial experiments revealed that at high
crosslinking densities the A:T-containing nanoparticles became
fluorescent (Scheme 1). This was not unprecedented — recent work
by Yang and coworkers has shown that the rigidification of poly-
mer nanoparticles can result in the generation of fluorescence from
non-fluorescent components, which they have termed the cross-
link-enhanced emission effect (CEE).?° In these systems, it is hy-
pothesized that fluorescence behavior results from the formation of
clusters of electron rich heteroatoms such as nitrogen,??2 oxygen?
or sulfur,®* however the exact mechanism of the CEE is not yet
fully understood.

Fluorescent polymer nanoparticles (sometimes termed polymer
dots, or Pdots) are of interest because they may have better toxicity
and biodistribution profiles than traditional quantum dots (Qdots),
making applications in medical diagnostics and drug delivery more
feasible.?’ Pdots based on non-conjugated polymers (NCPdots) are
a particular target because they are usually easier to synthesize than
conjugated Pdots. However, it has not proved straightforward to
synthesize NCPdots in a controllable and reproducible manner.
This is because the majority of systems use poorly-defined starting
materials (for example modified natural polymers, which have high
batch-to-batch variability). Many methods for the production of
NCPdots (such as hydrothermal synthesis) also do not lend them-
selves to systematic studies of the origins of fluorescence by the
CEE because the chemical structure of the final products is not
known and is difficult to determine.?’ We hypothesized that our
A:T based system could represent a solution to both of these prob-
lems as it is assembled from well-defined starting materials and the
composition can be carefully controlled by altering a number of
different parameters, including polymer side chain functionality,
AT ratios, crosslinking density and solvent. We therefore set out
to further investigate our NCPdot system, with the hope that an in-
creased understanding of the origins of the CEE will aid in the de-
velopment and application of this interesting new class of materi-
als.



Experimental Section
Materials and characterization methods

Materials. 2,2’-Azo-bis(isobutyronitrile) (AIBN) was obtained
from Molekula and recrystallized from methanol. 2,2’-Azobis[2-
(2-imidazolin-2-yl)propane]dihydrochloride (VA-044, Wako), 1-
Ethylpiperidine hypophosphite (EPHP, Sigma-Aldrich) were used
without further purification. 4-Acryloylmorpholine (NAM) was
bought from Aldrich and was purified by vacuum distillation. 2-
(((butylthio)carbonothiolyl)thio)propanoic acid, 3-bromopropyl
acrylate, 3-benzoylthymine, 9-hexyladenine, PNAMgs, PNAMgs-b-
PAAM19 (PA) and PNAM96-b-PTAM18 (PT) were synthesized as
described previously and stored at 4 °C.%?2 The p-silicon (100)
wafers were purchased from Sigma-Aldrich and were cut into
plates with a size of 10 mm x 10 mm for AFM imaging. Dialysis
membranes (MWCO = 3.5 kDa) were purchased from Spectra/Por.
DMF, DMSO and other chemicals were obtained from Fisher
Chemicals and used without further purification. Dry solvents were
obtained by passing over a column of activated alumina using an
Innovative Technologies solvent purification system.

IH NMR and *3C NMR spectra were recorded on a Bruker DPX-
400 or HD500 spectrometer with DMSO-ds or DMF-d7 as the sol-
vent. The chemical shifts of protons were relative to solvent resi-
dues (DMF 8.01 ppm and DMSO 2.50 ppm). For the UV irradia-
tion of the samples, a UPV-1000 crosslinker chamber, equipped
with 5 x 8 watt UV dual bipin discharge type tubes that emit within
the midrange of the UV spectrum with the maximum intensity at
302 nm was used. UV-vis spectra were recorded on a Perkin-Elmer
Lambda 35 UV-vis instrument. Fluorescence spectra were recorded
using an Agilent Cary Eclipse fluorescence spectrophotometer.
Time correlated single photon counting (TCSPC) was employed to
obtain all fluorescence lifetime spectra, using an Edinburgh Instru-
ments FLS920 spectrometer and 375 nm solid state ps diode laser
source (PicoQuant) in matched quartz 3.5 mL cells (Starna Cell).
Instrument response functions (IRF) were determined from scatter
signal solution of Ludox HS-40 colloidal silica (0.01% particles in
water wt/wt). Fourier transform infrared (FT-IR) spectra were ob-
tained using a Perkin Elmer Spectrum 100 FT-IR. Scans from 550
to 4000 cm™* were taken, and the spectra corrected for background
absorbance. The spectra were normalized to the absorbance at 2000
cm™* for comparison. High resolution mass spectrometry (HR-MS)
was conducted on a Bruker UHR-Q-TOF MaXis with electrospray
ionization (ESI). HPLC was carried out using XBridgeTM OST
C18 (2.5 um) 50 x 4.6 mm column. The HPLC system was an Ag-
ilent 1260 infinity series stack equipped with an Agilent 1260 bi-
nary pump, mixer and degasser. Samples were injected using an
Agilent 1260 autosampler and detection was achieved using an Ag-
ilent 1260 variable wavelength detector, connected in series. UV
detection was monitored at A = 260 nm and the mobile phase used
was 100% v/v water. Size exclusion chromatography (SEC) data
were obtained in HPLC grade DMF containing 5 mM NH4BF4 at
50 °C, with a flow rate of 1.0 mL min™%, on a set of two PLgel 5
pm Mixed-D columns, and a guard column. SEC data were ana-
lyzed with Cirrus SEC software calibrated using poly(methyl meth-
acrylate) (PMMA) standards. Preparative SEC was conducted us-
ing DMSO at 50 °C, with a flow rate of 0.5 mL min™*,

Hydrodynamic diameters (Dh) and size distributions of the
self-assemblies were determined by dynamic light scattering
(DLS). The DLS instrumentation consisted of a Malvern Zetasizer
NanoS instrument with a 4 mW He-Ne 633 nm laser module. Meas-
urements were made at a detection angle of 173°, and Malvern DTS
7.03 software was used to analyze the data. Dn was calculated by
fitting the apparent diffusion coefficient in the Stokes-Einstein
equation Dn = kT/(3nnDapp), where k, T and n are the Boltzmann
constant, the temperature and the viscosity of the solvent, respec-
tively. As the measured sample is a solution of monodispersed

spherical micelles, Dn coincides to the real hydrodynamic diameter
as Dapp is equal to the translational diffusion coefficient (Dy). Static
light scattering (SLS) measurements were conducted with an ALV
CGS3 (A =632 nm) at 25 °C. The data were collected from 50° to
130° with an interval of 5°. The self-assembled solutions were fil-
tered through 0.45 um nylon filters prior to analysis. Small-angle
X-ray scattering (SAXS) experiments were performed using Xeuss
2.0 facility. The samples in solutions were run using 1.5 mm diam-
eter quartz capillaries. All patterns were normalized to a fixed
transmitted flux using a quantitative beam stop detector. The two-
dimensional SAXS images were converted into one-dimensional
SAXS profile (I(q) versus q) by circular averaging, where 1(q) is
the scattering intensity.

TEM observations were performed on a JEOL 2000FX elec-
tron microscope at an acceleration voltage of 200 kV. All TEM
samples were prepared on graphene-oxide (GO)-coated lacey car-
bon grids (400 Mesh, Cu, Agar Scientific), to enable high contrast
TEM images without any staining.?” Generally, a drop of sample
(10 pL) was pipetted on a grid and left for several minutes, then
blotted away. TEM images were analyzed using the ImageJ soft-
ware, and over 100 particles were counted for each sample to obtain
number-average diameter Dn. AFM imaging and analysis were per-
formed on an Asylum Research MFP3D-SA atomic force micro-
scope in tapping mode. Samples for AFM analysis were prepared
by drop casting 5 pL of solution (0.1 mg mL 1) onto a freshly clean
silicon wafer. The silicon wafer was washed with water and etha-
nol, then activated using plasma treatment to generate a hydrophilic
surface.

Synthetic procedures

Synthesis of 3-(3-methylthymin-1-yl)propyl acrylamide
(MTAmM)

A mixture of 3-(thymin-1-yl)propyl acrylamide (TAm) (71 mg,
0.3 mmol), dry K2COs (66 mg, 0.48 mmol), iodomethane (75 uL)
in anhydrous DMF (0.4 mL) was stirred at room temperature for 24
h, and then diluted with 20 mL ethyl acetate, washed with water (2
x 20 mL) and dried with anhydrous NazSO4 (Scheme S1). The sol-
vent was removed under vacuum. The mixture was further purified
by column chromatography with a mixture of CH2Cl2/CH:OH
(95:5) to give a white solid (73 mg, 0.29 mmol, 97%). Overview in
Scheme S1. Assigned 'H, 3C NMR spectra are shown in Figure
S1. 'H NMR (500 MHz, DMSO-ds) & = 8.12 (t, J = 5.0 Hg,
CONH), 7.59 (s, 1H, pyrimidine-Hs), 6.18 (dd, J = 17.5, 10.5 Hz,
1H, CH.=CH-CO), 6.07 (dd, J = 17.5, 2.0 Hz, 1H, CH=CH.-CO),
5.58 (dd, J = 10.5, 2.0 Hz, 1H, CH=CH.-CO), 3.70 (t, 2H,J =75
Hz, CHz-pyrimidine), 3.17 (s, 3H, OC-NCHgs), 3.14 (m, 2H, OC-
HN-CH_), 1.80 (s, 3H, CHs-pyrimidine), 1.76 (m, 2H, OC-NH-
CH2-CH2-CH2-pyrimidine) ppm; *C NMR (125 MHz, DMSO-ds)
8=165.1,163.8,151.5,140.4,132.2,125.5,107.9,47.1,36.3, 29.0,
28.0, 13.1 ppm; HR-MS (m/z) found 274.1165, calc. 274.1162
[M+Na]*.

Synthesis of 3-(adenine-9-yl)propyl acrylate (AAc)

To a suspension of adenine (3.0 g, 24.2 mmol) in dry DMF (100
mL), NaH (0.85 g, 35.4 mmol) was slowly added (Scheme S2). The
mixture was stirred for 1 h until no gas was produced. The viscous
mixture was immersed into an ice bath and 3-bromopropyl acrylate
freshly synthesized (5.4 g, 28.2 mmol) was added dropwise. The
yellow viscous mixture was stirred overnight and the resulting sus-
pension was concentrated under vacuum. The solid was washed
with CH2Cl2 several times and then concentrated. The mixture was
further purified by column chromatography using a mixture of
CH2Cl2 and CH30OH as eluent and a gradient from 1:0 to 95:5 to
give a white solid, AAc (0.55 g, 9%). Assigned 'H, 3C NMR spec-
tra are shown in Figure S2. 'H NMR (500 MHz, DMSO-ds) & =
8.14 (s, 1H, purine H-2), 8.12 (s, 1H, purine H-8), 7.18 (s, 2H,
NHz), 6.25 (d, J = 17.0 Hz, 1H, CH.=CH-CO), 6.08 (dd, J = 17.0
Hz, 10.0 Hz, 1H, CH2=CH-CO), 591 (d, J = 10.0 Hz, 1H,



CH2=CH-CO), 4.25 (t, 2H, J =6.5 Hz, CH2-purine) 4.10 (t, 2H, J
=6.0 Hz, OC-0O-CHy), 2.19 (m, 2H, J =6.5 Hz, OC-O-CH2-CH>-
CH2-purine) ppm; 3C NMR (400 MHz, DMSO-ds) § = 165.8,
156.4, 152.8, 150.1, 141.3, 132.0, 128.6, 119.2, 62.1, 40.7, 28.9
ppm; HR-MS (m/z) found 270.0961, calc. 270.0962 [M+Na]*.

Synthesis of 3-(3-benzoylthymin-1-yl)propyl acrylate

To the solution of 3-benzoylthymine (4.6 g, 20.0 mmol) in dry
DMF (100 mL), NaH (0.50 g, 21.0 mmol) was slowly added
(Scheme S3). The mixture was stirred for 1 h until no gas was pro-
duced. The viscous mixture was immersed in an ice bath and 3-
bromopropyl acrylate freshly synthesized (4.6 g, 24.0 mmol) was
added dropwise. The yellow, viscous mixture was stirred overnight.
The resulting solution was concentrated under vacuum. The residue
was partitioned with EtOAc and water. The aqueous layer was ex-
tracted three times with EtOAc and the combined organic layers
were dried over anhydrous MgSOas. The solvent was removed un-
der vacuum. The mixture was further purified by column chroma-
tography using EtOAc as eluent to give a viscous liquid (4.2 g,
61%). 'H NMR (400 MHz, DMSO-ds) 6 = 7.93 (d,J = 7.2 Hz, 2H,
benzene-H1,H5), 7.80 (s, 1H, pyrimidine-H6), 7.78 (t, J = 7.6 Hz,
1H, benzene-H3), 7.59 (t, J = 7.6 Hz, 2H, benzene-H2, H4), 6.32
(dd, J =17.2 Hz, 1.6 Hz, 1H, CH2=CH-CO), 6.14 (dd, J = 17.2 Hz,
10.4 Hz, 1H, CH2=CH-CO), 5.94 (dd, J = 10.4 Hz, 1.6 Hz, 1H,
CH2=CH-CO), 4.18 (t, 2H, J = 7.0 Hz, OC-0O-CHy), 3.93 (t, 2H, J
= 7.0 Hz, CHz-pyrimidine), 2.02 (m, 2H, J = 6.4 Hz, OC-O-CH>-
CH2-CH2-pyrimidine), 1.83 (s, 3H, CHs-pyrimidine) ppm; 3C
NMR (400 MHz, DMSO-des) 8 = 170.2, 165.8, 163.4, 149.9, 143.0,
135.9, 132.1, 131.7, 130.9, 130.0, 128.6, 109.0, 62.3, 46.0, 27.8,
12.3 ppm.

Synthesis of 3-(thymin-1-yl)propyl acrylate (TAc)

(3-Benzoylthymin-1-yl)propyl acrylate (3.0 g, 8.8 mmol) was
dissolved in a mixture of TFA/DCM (3:1) (20 mL) (Scheme S3).
The reaction solution was stirred at room temperature overnight.
After completion of the reaction, solvent was removed under vac-
uum. The residue was purified by column chromatography with a
gradient of CHCI3/CHsOH from 1:0 to 95:5 to give a viscous liquid.
Ethanol (20 mL) was then added to give a white solid (1.70 g, 74%).
Assigned *H, 1*C NMR spectra are shown in Figure S3. *H NMR
(500 MHz, DMSO-ds) 8 = 11.21 (s, 1H, pyrimidine-H3), 7.52 (s,
1H, pyrimidine-H6), 6.30 (d, J = 16.5 Hz, 1H, CH2=CH-CO), 6.11
(dd, J =16.5 Hz, 10.0 Hz, 1H, CH=CH-CO0), 5.93 (d, J = 10.0 Hz,
1H, CH2=CH-CO), 4.12 (t, 2H, J = 6.0 Hz, OC-O-CHy), 3.73 (t,
2H, J = 6.5 Hz, CH2-pyrimidine), 1.95 (m, 2H, J = 6.5 Hz, OC-O-
CH2-CH2-CHz-pyrimidine), 1.73 (s, 3H, CHsz-pyrimidine) ppm; 3C
NMR (500 MHz, DMSO-ds) 5 = 165.8, 164.8, 151.4, 141.9, 132.0,
128.6, 109.0, 62.3, 45.3, 27.9, 12,4 ppm; HR-MS (m/z) found
261.0840, calc. 261.0846 [M+Na]*.

Synthesis of PNAMgs-b-PMTAmM1e (PTM®’), PNAMgs-b-
PAAc20 (PA*’) and PNAMgs-b-PTAc1e (PT**) diblock copoly-
mers

The typical procedure was as follows. For PNAMos-b-PMTAM19
(PTMe%), PNAMos (69 mg, 0.005 mmol), MTAm (25 mg, 0.1
mmol), and AIBN (0.08 mg, 0.0005 mmol) were dissolved in
DMSO (0.3 mL). The mixture was thoroughly degassed via 4
freeze-pump-thaw cycles, filled with nitrogen and then immersed
in an oil bath at 70 °C overnight. An aliquot of the crude product
was taken and analyzed by 'H NMR spectroscopy to calculate the
conversion. The residual solution was precipitated three times from
cold CH3OH. The light yellow polymer was dried in a vacuum oven
overnight at room temperature and analyzed by *H NMR spectros-
copy and DMF SEC.

End group removal of PNAMgs-b-PAAM19 (PA’), PNAMgs-
b-PTAMis (PT’), PNAMgs-b-PMTAM1e (PTM®), PNAMoegs-b-

PAAc20 (PA**) and PNAMgs-b-PTAcie (PT*”) diblock copoly-
mers

The typical procedure was as follows. PNAMos-b-PAAM19
(PA”) (100 mg, 0.0052 mmol), EPHP (9.4 mg, 0.052 mmol), and
AIBN (0.28 mg, 0.0017 mmol) were dissolved in DMF (2.0 mL)
(Scheme S4). The mixture was thoroughly degassed via 4 freeze-
pump-thaw cycles, filled with nitrogen and then immersed in an oil
bath at 100 °C for 2 h. The solution was precipitated three times
from cold CH3OH. The diblock copolymer was further purified by
dialysis against 18.2 MQ-cm water (MWCO = 3.5 kDa), incorpo-
rating at least 6 water changes and followed by lyophilization to
yield a white solid. The obtained white polymer PA was further
analyzed by *H NMR spectroscopy and DMF SEC (Figures S4-S5
and Table S1).

Self-assembly and UV irradiation of micelles MA, MT,
M(A:T), M(A+TMe), M(A*:T*) and Mi(9-hexylA:T)

The typical procedure was as follows. For M(A:T), diblock co-
polymers PA (10 mg, 0.00052 mmol) and PT (10 mg, 0.00052
mmol) were dissolved in H20 (2.0 mL). The obtained solution was
kept stirring for at least 2 h at room temperature prior to use. The
self-assembled solution was then transferred to an NMR tube for
UV irradiation using a UPV-1000 crosslinker chamber.

Hydrolysis of micelles Mi(A:T) and Mi(A*:T%*)

The typical procedure was as follows. Mi(A*:T*) (10 mg) was
dissolved using 1 M HCI aqueous solution (1 mL) and was kept
stirring at room temperature for 7 days. Then 1 M NaHCOs aque-
ous solution was added to tune the pH to 7. The mixture was passed
through neutral Al203 column and the solvent was removed under
vacuum and the obtained white solid was characterized using DMF
SEC and fluorescence spectrophotometer. In order to further ana-
lyze the hydrolyzed products in MiH(A*:T*), the solution was di-
alyzed (MWCO = 3.5 kDa). The dialyzate was freeze-dried and an-
alyzed by HPLC and HR-MS.

Results & Discussion

For our initial experiments, two diblock copolymers with short
nucleobase core-forming blocks, poly(4-acryloylmorpholine)-b-
poly(3-(adenine-9-yl)propyl acrylamide) (PNAM-b-PAAm) and
poly(4-acryloylmorpholine)-b-poly(3-(thymin-1-yl)propyl acryla-
mide) (PNAM-b-PTAm) were prepared and the trithiocarbonate
end group removed as described previously (Figures S4-S5).%28
The resulting diblock copolymers, PNAMgs-b-PAAmM19 (PA; with
a hydrophobic adenine block) and PNAMgs-b-PTAmM1s (PT; with a
hydrophobic thymine block) were mixed in a 1:1 molar ratio and
self-assembled by direct dissolution in water at 10 mg mL™ to give
micelles M(A:T), which were characterized by static and dynamic
light scattering (SLS and DLS) (Figures S6-S8). We attempted
characterization by transmission electron microscopy (TEM), but
the particles disassembled upon drying to give a polymer film.
M(A:T) were then irradiated with UV light at 302 nm for 12 h (ca.
170 J cm?) to form nanoparticles Mi(A:T) as shown in Scheme 1.
TEM indicated that well-defined spherical micelles with a number-
average diameter of 13 + 2 nm were obtained (Figure 1a).

Atomic force microscopy (AFM) studies also confirmed the for-
mation of well-defined nanoparticles (Figure S9). DLS (Figure 1b),
SLS and small-angle X-ray scattering (SAXS) analyses showed
that no significant change in particle dispersity or size occurred
upon irradiation (Figures S6 and S8). Interestingly, Mi(A:T) were
observed to fluoresce under UV light (Figure 1c). We decided to
investigate the causes of this fluorescence behavior by exploiting
the tunability of the micelle system.
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Figure 1. Characterization of the crosslinked nanoparticles
Mi(A:T): a) TEM on graphene oxide?” (scale bar 50 nm); b) DLS
analyses by scattered light intensity (blue), particle volume (red)
and particle number (black); ¢) Fluorescence excitation (Aem = 415
nm) and emission (Aex = 365 nm) spectra (inset Mi(A:T) solution
under UV lamp (365 nm) with a red laser flux in the horizontal
direction).

Effect of H-bonding

We began by exploring whether H-bonding was required for the
fluorescence behavior to arise. PA and PT were self-assembled
separately to give micelles MA and MT respectively, using an
identical procedure to that described above for M(A:T). TEM and
light scattering analyses confirmed the formation of well-defined
micelles (Figures S11-S12), neither of which exhibited significant
fluorescence. Irradiation of these micelles gave MiA and MiT, with
no significant changes in particle size or dispersity detected (Fig-

ures S11-S12). Again, neither of these was found to exhibit signif-
icant fluorescence (Figure 2), supporting the conclusion that A:T
H-bonding was indeed important in the generation of fluorescence
in this system.

We also investigated an analogue to Mi(A:T) in which H-bond-
ing had been disrupted. This was achieved by synthesizing a new
monomer in which the T residue had been methylated, and poly-
merizing as described above to give a methylated version of PT,
termed PTMe, PTMe was mixed in a 1:1 molar ratio with PA and
self-assembled into micelles M(A+TMe), then irradiated to produce
Mi(A+TMe), Well-defined particles were observed to form (Figures
S13-S14) and neither sample displayed significant fluorescence
(Figure 2), so it was concluded that A:T H-bonding was essential
for this behavior to arise.

Importance of crosslinking

Next, we set out to confirm that the nanoparticles had indeed been
crosslinked by the irradiation process, by transferring them into
DMF, a good solvent for both polymer blocks. Uncrosslinked mi-
celles were expected to disassemble into the component polymers
under these conditions, whereas crosslinked nanoparticles were an-
ticipated to survive largely intact (Figure 3). MA, MT, M(A:T),
MiA, MiT and Mi(A:T) were all transferred from water to DMF
and analyzed by size exclusion chromatography (SEC, eluting with
DMF). All uncrosslinked micelles (MA, MT and M(A:T)) were
found to exhibit a single peak, the mass of which was consistent
with the constituent free polymers (PA and/or PT), see Figure 3
(black/gray traces). The irradiated micelles MiA, which contained
no thymine groups and were therefore not expected to crosslink un-
der UV light, also eluted as a single peak with the same mass as PA
(Figure 3a, red traces). In contrast, MiT and Mi(A:T) exhibited a
new peak at around 250 kDa, which was attributed to crosslinked
nanoparticles that were incapable of disassembly in DMF (Figure
3b and c, purple and pink traces respectively). Based on these data,
it was concluded that the nanoparticles were indeed highly cross-
linked, and the lack of any significant fluorescence for MiT con-
firmed that crosslinking was necessary but not sufficient for fluo-
rescence to arise.
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Figure 2. Cartoons showing the core compositions of irradiated mi-
celles Mi(A:T), MiA, MiT, Mi(A+TMe) and Mi(9-hexylA:T), and
(right) fluorescence emission spectra (Lex = 365 nm) for these par-
ticles, showing that no significant fluorescence was observed as a
result of the absence or interruption of H-bonding, or detachment
of A from the polymer backbone.

Requirement for polymer immobilization

To test whether immobilization of A on a polymer backbone was
necessary for fluorescence behavior, we assembled PT in the pres-
ence of 1 molar equivalent of 9-hexyladenine (9-hexylA) to form
micelles M(9-hexylA:T), which were subsequently irradiated to
give nanoparticles Mi(9-hexylA:T) (Figure 2 and S16-S17). Inter-
estingly, this system was not fluorescent, so we concluded that im-
mobilization of A by attachment to a polymer backbone was also
essential for the CEE to occur. This further suggested that rigidifi-
cation of the polymer nanoparticle was key in the generation of flu-
orescence.
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Figure 3. SEC traces using DMF as solvent of (a) MA and MiA,;
(b) MT and MiT; (c) M(A:T) and Mi(A:T). In cases where T was
present in the core, a new peak at around 250 kDa appeared, at-
tributed to the crosslinked nanoparticles, which could not disassem-
ble even in a good solvent.

Probing the crosslinking process

We studied the crosslinking process using spectroscopy in order
to gain further insights into the generation of fluorescence in our
system. MA, MT and M(A:T) were each irradiated for a total of
twelve hours, with aliquots removed at regular time intervals for
analysis by UV-vis and fluorescence spectroscopy (at 0.1 mg
mL™1). As expected, a gradual decrease in absorbance at 272 nm,
was observed for MiT and Mi(A:T), which was attributed to the
photodimerization of thymine (Figure 4a). As no obvious altera-
tions were observed in the spectra of MiA after UV irradiation (Fig-
ure S21a), we could quantify the thymine photodimerization degree
using the decrease in absorbance at 272 nm during UV irradiation.
The crosslinking of thymine in both MiT and Mi(A:T) appeared to
be very efficient (Figure S22) with around 90% photodimerization
achieved after 12 h irradiation, which was consistent with the SEC
results described above. Fluorescence spectroscopy of the irradi-
ated solution of M(A:T) revealed an increase in fluorescence over
the course of the crosslinking experiment as expected (Figure 4b).

400 500 600 700
Al nm

Figure 4. UV-vis absorption (a) and fluorescence emission (b, Aex
= 365 nm) spectra of M(A:T) after different irradiation times to
form Mi(A:T), showing the decrease in absorbance at 272 nm due
to crosslinking of the T groups and the appearance of the charac-
teristic fluorescence peak for the crosslinked nanoparticles.

By combining the UV-vis and fluorescence measurements for ir-
radiation of M(A:T), it was possible to plot fluorescence intensity
versus degree of crosslinking (Figure 5). Interestingly, this revealed
a non-linear relationship: at a critical point (around 3h irradiation
time, or approximately 80% thymine photodimerization) a notable
increase in fluorescence was observed. This suggested that a certain
minimum degree of crosslinking was required in order for the CEE
to emerge and cause fluorescence.
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Figure 5. Plot of fluorescence intensity at 415 nm versus photodi-
merization degree showing the non-linear relationship. Error bars
are the standard deviation from three experimental replicates.

During the UV-vis experiments we observed a small tail above
300 nm in the UV-vis absorption spectrum , which developed at
prolonged irradiation times. However, due to the relatively low
concentration, no recognizable features could be determined. Irra-
diation of M(A:T) at a much higher concentration (9.5 mg mL™?)
was therefore investigated. Three peaks at 346, 362 and 380 nm
were initially observed after 3 h of UV irradiation followed by a
smooth increase in intensity (Figure 6). When both M(A:T) and
Mi(A:T) were excited at 305 nm, M(A:T) showed no obvious
emission and Mi(A:T) showed decreased emission but with a char-
acteristic triple peak pattern. This result supports the observed flu-
orescence emission originates from the species absorbing at 365
nm. Notably, the same features were not observed during irradia-
tion of MA or MT, suggesting that the interaction between com-
plementary nucleobases in the crosslinked core played an important
part in generating them. In agreement with the fluorescence spec-
troscopy results above, a plot of UV absorbance at 362 nm versus
photodimerization degree displayed a non-linear relationship (Fig-
ure S23). This further supported the conclusion that a certain criti-
cal amount of crosslinking was required to induce fluorescence.
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Figure 6. UV-vis absorption spectrum of M(A:T) after different
irradiation times to form Mi(A:T) at a higher concentration of
9.5 mg mL! showing the appearance of vibronic features with a
principle peak at 362 nm.

Characterization of fluorescence pathways

In order to provide further information about the nature of the
fluorophore created in Mi(A:T), solution-state time-correlated sin-
gle-photon counting (TCSPC) was conducted to determine the flu-
orescence lifetimes of the constructs (Figure 7 and Table S2). For
samples which contained adenine — Mi(A:T), MiA and M(A:T) —
TCSPC measured at Xem = 415 nm showed almost identical emis-
sion decay profiles once the significant difference in the signal to
noise ratio between Mi(A:T) and the other two samples was taken
into account. Moreover, all three adenine-containing samples
shared the same two longer lifetime components (12 = ~4 ns and
13= ~11ns; see Table S2 for details). However, whilst the afore-
mentioned lifetimes were in agreement, there were marked differ-
ences in the fluorescence quantum yields (QY). The relative QY of
Mi(A:T) was 7.9% (Table S3) (comparable to that of quantum car-
bon dots??), which was 80-fold higher than that of M(A:T) and 40-
fold higher than that of MiA. These results suggested that rather
than creating a new fluorophore, crosslinking resulted in the pro-
motion of an already extant emissive pathway. Without crosslink-
ing, the initially populated state (with a lifetime shorter than the
TCSPC instrument response) was able to decay via alternative,
non-emissive, pathways to the ground state. Crosslinking resulted
in a higher fraction of the initially populated state passing into the
emissive pathway, likely promoted by n—r stacking,®®3! and hence
increased fluorescence.
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Figure 7. Normalized TCSPC fluorescence lifetime decay spectra
with residuals for MiA, MiT, M(A:T) and Mi(A:T) in water at
0.5 mg mL™%, showing the similarity between the adenine-contain-
ing samples. The instrument response function (IRF, black) is also
shown for comparison.

Degradation Studies

In order to rule out the possibility that the observed fluorescence
was due to the formation of new molecular species (other than the
thymine dimer) during irradiation, an additional crosslinked mixed
micelle Mi(A*:T*) was prepared (Figure 8). This micelle was anal-
ogous to Mi(A:T) (and showed similar fluorescence properties, see
Figure 8c) but it contained a hydrolyzable ester rather than a stable
amide linkage between the nucleobase and polymer backbone, to
allow for nanoparticle disassembly. The acrylate-containing nano-
particles Mi(A*:T*), were hydrolyzed in 1 M HCI aqueous solu-
tion at room temperature for 7 days to form MiH(A*:T*) and then
the polymer and small molecules were separated by dialysis. SEC
and NMR analyses of the high molecular weight product confirmed
successful cleavage of the nucleobase functionalities and the pres-
ence of poly(4-acryloylmorpholine)-b- poly(acrylic acid) (PNAM-



b-PAA) (Figure 8b and Figure S25). A loss of fluorescence of the
solution of MiH(A*:T*) was observed compared to the parent mi-
celle Mi(A*:T%*), as shown in Figure 8c. The small molecules were
analyzed by HPLC which revealed the presence of 2 species

a M(A*:T*) Mi(A*:T*)

I
Hydrolyzable ester bonds

(Figure 8d), neither of which were fluorescent. The species at 4.5
min had a strong UV peak absorption at 260 nm which was con-
firmed by MS
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Figure 8. Synthesis and characterization of the hydrolyzable nanoparticle Mi(A*:T*): a) cartoon illustrating the crosslinking and subsequent
disassembly of Mi(A*:T*) by hydrolysis to give MiH(A*:T*); b) DMF SEC analysis of Mi(A*:T*) showing the persistent high molecular
weight peak attributed to the crosslinked nanoparticle (orange trace) — following hydrolysis to produce MiH(A*:T*) (black trace) this peak
disappeared and the trace indicated only the presence of free polymer; c) Fluorescence emission spectra (Lex = 365 nm) of Mi(A*:T*) and
MiH(A*:T*) showing the loss of fluorescence upon hydrolysis; d) HPLC chromatogram showing the two low molecular weight species
isolated upon hydrolysis of Mi(A*:T*) — MS analyses (shown above each peak) confirmed these to be the expected products.

to be attributable to adenine moieties and the second species at
longer retention time was attributed to the thymine dimer (Figure
8d). As a control reaction the stable acrylamide crosslinked micelle,
MIi(A:T), was reacted under the same conditions and no obvious
hydrolysis (as determined by SEC) or loss in fluorescence occurred
(Figure S26).

Robustness to changes in temperature, solvent and pH

We were also interested in exploring the response of Mi(A:T) to
changes in temperature, solvent and pH. The fluorescence of both
M(A:T) and Mi(A:T) was unchanged after heating at 60 °C over-
night, indicating stable fluorescent properties (Figure S27). Lu-
minogens based on aggregation-induced emission are traditionally
formed via the solvophobic effect and are therefore not very robust
towards such changes;®? we speculated that our highly crosslinked
nanoparticles may be more resistant. Mi(A:T) was dissolved in a
series of solvents of different polarities (Figure 9a). Complete
quenching of the fluorescence was not observed in any of the sol-
vents tested but there was a variation in emission intensity, which

correlated with the differing abilities of the solvents to solv-
ate/swell the micelle core and disrupt A:T interactions. To further
test this hypothesis, we examined the drop in fluorescence when
nanoparticles with lower crosslink densities were dissolved in
DMF and DMSO (Figure S28). A greater percentage drop in fluo-
rescence was observed at lower crosslink densities, which we at-
tributed to the increased ability of the solvents to penetrate into the
core and disrupt the fluorophore.

Finally, we investigated the effect of changing the solution pH.
Mi(A:T) was dissolved in buffers at different pH and the fluores-
cence intensity measured (Figure 9b). Almost no change in inten-
sity was recorded across the pH range used, with the exception of
pH 2, which we speculated may be due to protonation of adenine.3?
Meanwhile, no impact on fluorescence was observed with a range
of NaCl concentrations present, underscoring the system’s poten-
tial for biomedical applications (Figure S29).



Conclusions

Based on the data presented above, we propose that the fluores-
cence of the Mi(A:T) nanoparticles arises because of the entrap-
ment and rigidification of adenine by the photocrosslinked thymine
network. Under these conditions, adenine units are forced into a
particular configuration that favors the population of an emissive
decay pathway. Based on literature reports on the excited state dy-
namics of oligonucleotides,3! it seems reasonable to suggest that
n—7 stacking drives this process. This interpretation is supported by
the observation that any change to the system that results in a less
ordered and tightly packed nanoparticle core — interruption of H-
bonding, absence of crosslinking, detachment of the nucleobase
from the polymer backbone — results in fluorescence effectively be-
ing switched off. We could find no evidence, either through TCSPC
or degradation studies, that any new molecular species are formed
during the crosslinking process, which provides further support for
the conclusion that fluorescence is induced by aggregation of usu-
ally non-fluorescent components. The hypothesis that rigidification
is responsible for fluorescence is supported by the distinct vibronic
bands in the UV-vis absorption and fluorescence spectra of
MIi(A:T) (Figure 6 and Figure 1c), which are characteristic of the
formation of rigid structures.3
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Figure 9. Effect of solvent conditions on Mi(A:T) fluorescence: a)
Fluorescence emission spectra (Aex = 365 nm) for Mi(A:T) dis-
persed in different solvents; b) Dependence of fluorescence emis-
sion intensity at 415 nm (Aex = 365 nm) on aqueous solution pH for
MIi(A:T) — data were scaled so that the emission intensity at pH 10
was 100 AU.

Taken together, these data confirm the formation of a new class
of NCPdot based on synergistic chemical crosslinking and selective
H-bonding. By assembling the NCPdots out of well-defined poly-
mer components, it was possible to selectively change the make-up

of the nanoparticles in order to tease apart the underlying fluores-
cence mechanism. We propose that this could provide a general
strategy for understanding the mechanisms underpinning the CEE.

NCPdots that possess core-shell structures could offer a number
of advantages over classical fluorescent organic dyes. Most nota-
bly, the corona/shell can provide an effective physical shield from
complicated exterior environments, resulting in more stable fluo-
rescence — our investigations into the effects of different solvents
and pHs provide a tentative first proof of this concept. We also an-
ticipate that it may be possible to generalize our strategy to create
a diverse array of new NCPdots by combining selective supramo-
lecular interactions with chemical crosslinking. This possibility is
currently under investigation in our laboratory.
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