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ABSTRACT

Synthetic advances in the formation of ultrasmall (<10 nm) fluorescent
poly(ethylene glycol)-coated (PEGylated) core-shell silica nanoparticles (SNPs),
enabling improved particle size and surface chemical property control have led to
successful clinical translation of SNPs as diagnostic probes in oncology. Despite the
success of such probes, details of the dye incorporation and resulting silica architecture
are still poorly understood. Here, we employ afterpulse-corrected fluorescence
correlation spectroscopy (FCS) to monitor fast fluorescence fluctuations (lag times <10
> s) of the negatively charged cyanine dye Cy5 as a probe to study such details for dye
encapsulation in 5 nm silica cores of PEGylated core-shell SNPs (C dots). Upon
deposition of additional silica shells over the silica core we find that the amplitude of
photo-induced cis-trans isomerization decreases, suggesting that the Cy5 dyes are
located near or on the surface of the original SNP cores. In combination with time
correlated fluorescence decay measurements we deduce radiative and non-radiative
rates of the Cy5 dye in these particles. Results demonstrate that FCS is a well-suited
tool to investigate aspects of the photophysics of fluorescent nanoparticles, and that
conformational changes of cyanine dyes like Cy5 are excellent indicators for the local

dye environment within ultrasmall SNPs.
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INTRODUCTION

The ability to control the size of fluorescent organic-inorganic hybrid silica
nanoparticles (SNPs) down to a few nanometers, along with well controlled particle
surface chemistry, has proven to be a synthetic milestone for the translation of SNPs as
diagnostic probes into the clinical setting.'*

With the translation of ultrasmall poly(ethylene glycol)-coated (PEGylated)
fluorescent SNPs into the clinic comes further need to understand such nanomaterials

in more detail. Sub-10 nm SNPs are often functionalized with expensive fluorophores,
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targeting moieties, or drugs-"’ While providing pivotal advantages for biomedical
applications, this presents challenges for traditional in-depth SNP characterization
techniques including dynamic light scattering (DLS), transmission electron microscopy
(TEM), or zeta-potential measurements. Studies of size, nanoparticle-morphology,
chemical composition, or degree of functionalization is often accompanied by low
signal-to-noise (e.g. in TEM or zeta-potential measurements), material incompatibility
due to fluorescence (i.e. in DLS), the need for large sample amounts (e.g. in solid-state
nuclear magnetic resonance (ssNMR) spectroscopy), or cost- and time-intensive
experimental procedures (e.g. in cryo-TEM,® or synchrotron-based SAXS analysis’-).
In addition, the development of novel classes of SNP materials typically requires many
iterations of the particle batch synthesis and characterization loop, exacerbating these
issues with traditional approaches.

In order to accelerate the development of ultrasmall fluorescent SNPs, fast,
inexpensive, sensitive, and versatile characterization techniques are desirable. With the
molar mass of such SNPs falling into the regime of macromolecules (~100k Da),
methods typically used for biomolecular research, i.e. chromatography and fluorescence
based microscopy and spectroscopy, can present a complimentary path for
nanomaterials characterization.!” Fluorescence correlation spectroscopy (FCS) stands
out among such characterizations techniques for its high information density obtained
in a single measurement conducted at nanomolar sample concentrations. FCS accesses
information by detecting fluorescence fluctuations around the thermodynamic
equilibrium rather than average fluorescence signals.!!"'* Key to this technique is a very

small detection volume, typically a femto to sub-femto liter (10> L), a thousand times
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smaller than an eukaryotic cell. Due to the small detection volume and low sample
concentrations, no individual molecule or particle is constantly inside the detection
volume, allowing to resolve fluorescence fluctuations with high time resolution. To
interpret fluorescence fluctuations and extract relaxation times of physical processes,
the recorded fluorescence traces are tested for self-similarity by an auto-correlation
function.

Due to its versatility and minimally invasive nature, FCS has become a well-
established technique with a wide spectrum of applications, reaching from the study of
photophysical processes, i.e. triplet state dynamics,!! photo-induced conformational
changes,'” to chemical reaction kinetics,'® and the study of protein folding,!” and living
cells.!® In principle, every physical process that involves transient non-fluorescent (or
weakly fluorescent) states can be studied by FCS. In practice, the accessible relaxation
times on a simple confocal setup range from nanoseconds to several hundred
milliseconds. Slower processes are typically limited by the emitters’ photostability.

The versatility of FCS has led to an increased adoption of FCS in materials
science over the last 20 years. Here, FCS is often used employing lag times >10 s for

19,20

studies of polymer melts, gels and solutions, colloidal and/or photophysical

1,21-24 25,26 In

properties of NPs, or to study physical adsorption processes to NP surfaces.
contrast, approaches to extend the temporal resolution to fast fluorescence fluctuations
(lag times <107 s) to study NP properties, e.g. rotational diffusion and polarization,
remain limited.?”-?

In this study, we use fast fluorescence fluctuations of the cyanine dye CyS5,

caused by photo-induced cis-trans isomerization around its polymethic chain (Figure
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1A), to interrogate the local dye environment in ultrasmall organic-inorganic hybrid

core-shell SNPs referred to as Cornell dots or simply C dots with different silica shell

architectures. 212930
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Figure 1. Dye details, particle synthesis, and particle characterization. (A) Cy5 photo-
induced cis-trans isomerization around the polymethinic chain, and corresponding
kinetic model. (B) Schematic representation of step-wise synthesis of dye-encapsulating
fluorescent core—shell SNPs. (C, D) GPC elugrams of as synthesized (C) and GPC
purified (D) dye-encapsulating core—shell SNPs.
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The photo-physics of cyanine dyes has been studied in detail.?! At low excitation
intensities (< 10 kW ¢m™), the photophysical relaxation pathways of Cy5 are mostly
limited to conformational changes, while the population of triplet states is negligible.*
The rates of inter-system crossing and triplet state decay are further reduced upon steric
shielding of Cy5 from dissolved oxygen.!® In general, large side groups, high viscosity,
and low temperatures can retard the conformational reorganizations and reduce the rates

5

for photo-induced isomerization and back-isomerization of cyanine dyes,'> making

them suitable fluorescence sensors for probing the steric properties of local
environments.3*-4

Here, we synthesized a series of sub-10 nm PEGylated core-shell SNPs in
aqueous solution (referred to as C’ dots) containing covalently bound CyS5 in the silica
core and progressively increasing silica shell thickness before PEGylation.! Using FCS,
we show that during the formation process of the silica core a fraction of Cy5 molecules
is located near or on the silica core particle surface which in turn is suitable to
subsequently probe the deposition of additional silica layers onto the core. In
combination with fluorescence lifetime measurements we deduce radiative and non-
radiative rates of the Cy5 dye in these particles. We demonstrate that the study of fast
dye relaxation kinetics as revealed by FCS is a useful approach to gain detailed insights

into the architecture of ultrasmall fluorescent and PEGylated core-shell SNP for

applications in biology, nanomedicine, and beyond.
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EXPERIMENTAL SECTION

Chemicals and reagents

Ammonia solution (2.0 M in ethanol), dimethyl sulfoxide (DMSO), (3-
mercaptopropyl) trimethoxysilane (MPTMS), tetramethyl orthosilicate (TMOS), and
tetraethyl orthosilicate (TEOS, >99%), were purchased from Sigma—Aldrich. Methoxy-
terminated poly(ethylene glycol) (PEG-silane, molar mass of ~0.5 kg/mol) was
purchased from Gelest. Cy5-meleimide florescent dye and Cy3-meleimide florescent
dye were purchased from GE Healthcare. All chemicals were used as received.

Deionized (DI) water (18.2 MQ-cm) was generated using a Millipore Milli-Q system.

Synthesis of fluorescent and PEGylated core-shell silica nanoparticles

Fluorescent core-shell silica nanoparticles were synthesized according to a
modified previously published synthesis protocol.! Core particle synthesis: For the core
particle synthesis 0.367 pmol Cy5-maleimide are conjugated to MPTMS via sulfhydryl-
maleimide click chemistry under nitrogen atmosphere in the dark overnight (molar ratio
dye: MPTMS = 1:25). Then, for a 10 mL batch synthesis 0.43 mmol (68 uL) of TMOS
are added to 10 mL basic DI water (pH 8.5) in a 25 mL round bottom flask under
vigorous stirring, immediately followed by the addition of all previously prepared Cy5-
silane. The precursors are left to react at room temperature under vigorous stirring in
the dark for 12 hours. The particle dispersion is then transferred to a 100 mL round

bottom flask and diluted with 40 mL DI water (1:4). Before the growth of a silica shell,
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an aliquot of 10 mL is separated for PEGylation (“core particle”). PEGylation: During
PEGylation SNPs need to transition from a state of charge stabilization to a state of
steric stabilization. In the transition from one state to the other, SNPs are exceptionally
vulnerable to aggregation (“valley of death”).”® Therefore, it is important that
PEGylation kinetics are fast and sufficient PEG molecules are provided to fully cover a

SNP. It has been shown that small polyethylene glycol molecules (molar mass of ~500

g/mol) non-covalently adsorb to the surface of SNPs with high adsorption rates by
establishing multiple hydrogen bonds between ethoxy units and silica silanol groups in
aqueous solutions.?®> To account for this mechanism, 0.115 mmol of PEG-silane (MW
500 g/mol) are rapidly added to the 10 mL aliquot followed by dropwise addition of
another 0.115 mmol of PEG-silane. The purpose of a two-step PEG-addition is to avoid
PEG self-aggregation which would reduce the concentration of free PEG monomers in
solution. After PEG-addition, the reaction is left stirring at room temperature in the dark
for 12 hours. To promote further covalent bond formation, a subsequent 8 hours 80 °C
heating step is followed. Silica shell growth: The pH of the 40 mL left-over particle
dispersion is adjusted to pH 9 by a diluted aqueous ammonia solution. To reduce
hydrolysis kinetics and increase the control of monomer addition to existing core
particles, a TEOS:DMSO dilution (1:10) is dosed into the solution with an auto-
dispenser (EDOS 5222, Eppendorf) at a rate of 10 uL per 15 min for 50 times. After the
last addition, the reaction is left for another 30 min before an aliquot of 10 mL is
separated (“1 shell particle”). The next 3 shells were added in the same way. After each
TEOS addition, an aliquot of 10 mL was taken (with the exception of the last aliquot).

The respective rates were: 75 x (10 uL/15 min) (“2-shell particle’), 70 x (15 uL/15 min)
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(“3-shell particle”), 140 x (15 uL/15 min) (“4-shell particle”). The increased TEOS
amounts account for the cubic scaling of particle volume with particle radius. All

particles were PEGylated according to the core particle protocol (vide supra).

Particle dialysis

After PEGylation, the particle dispersions were cooled down to room
temperature and dialyzed to remove small unreacted precursors. Each sample was
transferred to a dialysis membrane tube (Pierce, 10k MWCO) and placed in 2 L of
slowly stirring DI water in the dark for at least 6 hours. Water was exchanged for a

minimum of three times before further steps were taken.

Gel permeation chromatography

Gel permeation chromatography (GPC) served as a preparative and analytical
tool to monitor the dispersity of a particle reaction. Based on different elution times of
different species in the reaction mixture, the core-shell silica nanoparticles can be
separated from unreacted precursors or self-condensed PEG molecules. A BioLogic LP
system equipped with a 275 nm UV detector was used. The stationary phase was a
Superdex 200 resin (GE Healthcare) in a 2 cm x 20 cm glass column operated at a flow
rate of 2 mL/min. The mobile phase was a 5% (w/v) sodium chloride aqueous solution.
Particle concentrations were increased with a spin-filter (GE healthcare Vivaspin, 30k
MWCO) before sample loading. Typical injection volumes were 500 to 600 pL.

Fractions at different elution times were collected by a BioFrac fraction collector. For
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long time storage, all particles were transferred to DI water using a spin-filter by

exchanging solvent at least five times.

Steady state absorption and emission spectroscopy

Absorbance spectra were recorded in DI water on a Varian Cary 5000
spectrophotometer in a 3 mL quartz cuvette against a reference quartz cuvette with DI
water. The absorption of particles and dyes were adjusted to the same optical density
before emission spectra were recorded. Optical density values were kept between 0.01
and 0.06 for all samples. Emission spectra of the same samples were recorded on a
Photon Technologies International Quantamaster spectrofluorometer. Samples
containing Cy5 were excited at 645 nm and recorded from 655 nm to 800 nm. All
emission spectra were corrected for wavelength dependent detector quantum efficiency

differences.

Fluorescence correlation spectroscopy

FCS setup: A 635 nm (Cy5) continuous wave solid state laser (LDCUS5/8283,
Power Technology, Inc.) was reflected by a dichroic mirror and focused onto the object
plane of a water immersion microscope objective, see Figure 2B (Zeiss Plan-Neofluar
63x NA 1.2). The laser power was controlled by inserting neutral OD filters with
varying attenuation into the beam path. The laser power was measured by a power meter
before the objective. The fluorescence was collected by the same objective and spatially
filtered by a 50 um pinhole located at the image plane. The fluorescence was then split

into two paths with a beam splitter, spectrally filtered by two separate 665 nm long pass

24



filters (ET665lp, Chroma), and detected by two avalanche photodiode detectors
(SPCM-AQR-14, PerkinElmer). To avoid effects of dead time and afterpulsing, the two
fluorescence time traces were cross-correlated by a hardware correlator card (Flex03LQ,
Correlator.com). This allowed for time resolution of 15 ns.

Data fitting: Autocorrelation functions (ACFs) were fitted using a Levenberg—
Marquardt non-linear least squares algorithm.>> ACFs, G(7), of core-shell SNPs were
fitted with a model accounting for translational diffusion, photo-induced cis-trans
isomerization, and rotational diffusion:

Gt)=1+

1/2

ﬁ(l + i/rD) (1 + T/l(TDKZ)) (1)

(1 + a'exp(t/7p))

(1 + ORot €XP (T/TRot))

N,,, denotes the average dye or particle number within the observation volume, 7, is the
characteristic diffusion time through the ellipsoidal observation volume defined by the
structure factor k = w,/w,,, with axial (w,) and radial (w,, ) radii (see Figure 2). The
third line of equation 1 describes fast relaxation processes caused by photo-induced cis-
trans isomerization. Fluctuations in fluorescence arise from transitioning between a
fluorescence trans conformation and a non-fluorescent cis-conformation. ' is the pre-
exponential amplitude of CyS5 cis-trans isomerization. The transition between the two
states is characterized by the relaxation time 7p. The last line in equation 1 describes a

second fast process assigned to particle rotation that can be expressed in a first
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approximation as a single exponential >*3° ap,, is the pre-exponential amplitude of
particle rotation, and T, the characteristic rotational diffusion time. This is assuming
a linear dipole emission of a spherical particle. ACFs of free dyes were fitted without
the contribution of rotational diffusion. ACFs were normalized for the mean number of

particles, N,,, diffusing through the observation volume:

G(1) = (G(v) — 1) N 2

Calibration of observation volume: Before each measurement, the effective FCS

observation volume, V,¢r, was calibrated with a standard dye with known diffusion

coefficient. A dye stock solution in DMSO was diluted with DI water to nanomolar
concentrations. AlexaFluor 647 (diffusion coefficient 3.3 10% cm?s)* was used as
calibration dye for the above mentioned excitation-emission combination at room
temperature (20 + 1 °C). Typical diffusion times through the observation volume were

200 = 5 ps (AlexaFluor 647). Calibration and measurements were recorded at low

excitation intensities of 5 kW cm™ (Cy5) to avoid singlet-triplet transitions.

Sample Preparation and measurement: FCS samples were prepared by diluting a stock
solution of particles (~15 pM) with DI water. Before the FCS measurements an
absorption spectrum of the diluted sample was recorded. The same sample was further
diluted to nanomolar concentrations. 200 uL of this dilution were placed into a 35 mm
glass bottom dish (MatTek Corporation, No. 1.5 coverslip, 10 mm glass diameter) to be
placed onto the objective. Each sample was measured five times in five individual runs,

each run was 30 s long.
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Determination of diffusion constant and particle diameter: The typical diffusion time,
Tp, as obtained from the fit was used to determine the diffusion constant, D, while the

Stokes-Einstein relation was applied to determine the particle hydrodynamic diameter,

d:
2
Wyy
= 3

b 41, )

kgT

=2

6mnD “)

where ks stands for the Boltzmann’s constant, 7 is the absolute temperature, and 7 is

the dynamic viscosity. A first order approximation of the rotational diffusion constant

is:37

Drot = —— 5

where all higher order contributions of the angular momentum (1 > 1) are ignored.
Particle hydrodynamic diameters were determined with the Stokes-Einstein relation for

rotational diffusion:

1/3

kT
d=2 (L) (6)
87T77DRot

Characterization of cis-trans isomerization: Because each dye undergoes independent

isomerization, despite possible co-diffusion on one particle, the measured amplitude of

isomerization, o', is linearly dependent on the average number of dyes per particle,
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Ny 1>*! The amplitude of isomerization for a single dye, ap, is related by o’ = ap/n,,
and the fraction of cyanine dyes being in their cis conformation, P,by P = ap /(1 + ap).
To determine n,,, the measured optical density of each sample was compared to the

mean particle concentration as obtained by FCS:

C
"= Chres @
with
(Chpes = IiV = )
eff
and
Verr = 7T3/20)xy2wz ©)

Transmission electron microscopy and image analysis

Transmission electron microscopy (TEM) images were taken on a FEI Tecnai
T12 Spirit electron microscope operated at an acceleration voltage of 120 kV. Sample
grids were prepared by dropping 10 pL of a 50:50 particle and ethanol dispersion onto
a TEM grid (EMS, carbon film 300 mesh on copper grids). Sample grids were allowed
to dry for at least two hours before they were imaged.

Nanoparticle size distributions were calculated by measuring the area of 200 to
300 nanoparticles per sample, then converting to diameter. Outliers were eliminated if
the data point was lower than the 1% quartile — inner quartile range (IQR) * 1.5 or higher

than 3™ quartile + IQR * 1.5 then plotted as a 0.1 nm binned histogram.

Fluorescence lifetime measurements
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Fluorescence lifetimes were taken on an Edinburgh Instruments FLS1000
spectrometer at sample concentrations of 0.5 uM to 1 uM in deionized water and in a 3
mL 10 mm pathlength quartz cuvette at 90 degrees. Particle samples were excited using
a 405 nm pulsed excitation (Edinburgh Instruments EPL-405 pulsed diode laser with
~500 ps pulsewidth, 5 mW) operated at a 500 ns pulse period. Fluorescence was
collected with a photon counting photomultiplier tube and decay curves were fitted in

the Edinburgh Instruments software using

t

I(t) = f IRF(t’)Zai exp <_t; tl) dt (10)
i=1 L

— 00

where I(t) is the fluorescence decay function, IRF (t") the instrument response function,
a; is the amplitude of the i-th lifetime, 7;, and n is the number of fitting components.
The IRF was determined using 40 nm SNPs. The fit quality was evaluated based on y?

values. All decay curves were fitted to a bi-exponential decay model (n=2).

Determination of relative fluorescence quantum yields
The relative fluorescence quantum yield, @, for SNPs was determined using a

comparative method against free Cy5 dye (®f = 0.20) as a standard.*>*

_ . Arer J L) dA
T A [l () da

@ (11)

where [ 1; (\)dA is the integrated mean fluorescence intensity from of a sample, i, or a

reference, ref. Data were recorded in deionized water and at room temperature using
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absorption values between 0.01 and 0.09. Samples were excited at 620 nm and
fluorescence recorded and integrated from 630 nm to 800 nm. Relative fluorescence
quantum yields by FCS, @, were determined via the mean photon counts of the APDs

normalized for the mean number of dyes or particles, n,,, in the observation volume.

Determination of rate constants
Radiative and non-radiative rates were determined from their relations to

measured fluorescence quantum yield and fluorescence lifetime:

ky = N (12)
_(d=%) (13)
nr — TF
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RESULTS AND DISCUSSION

Particle synthesis and chromatographic work up. A series of ultrasmall and
PEGylated core-shell SNPs (C’ dots) with precisely controlled silica shell thickness was
first synthesized in aqueous solutions according to a previously reported method.! This
method is derived from the principle of living polymerization, that is used for the
synthesis of organic polymers with low molar mass/size dispersity:** In order to obtain
narrow size distributions, all species have to start to grow at the same time, and have to
be terminated at the same time. To that end, first the silane precursor TMOS was added
into basic aqueous solution, immediately followed by CyS5-silane addition. The
exposure to water causes fast hydrolysis and fast condensation of TMOS leading to
rapid seed particle nucleation, followed by particle growth via monomer addition. Then,
either further particle growth was suppressed/terminated by the rapid addition of PEG-
silane leading to sterically stabilized PEGylated particles which will be referred to as
“core particles” in the following, or further silane precursor was added in small doses
to slowly deposit one or more silica shells around the existing particle cores before final
PEGylation. Figure 1B depicts the principle of the core particle synthesis and shell
addition using the silane precursors TMOS and TEOS, respectively. Key for the shell
addition is keeping silane precursor concentrations below the threshold for secondary
particle nucleation at any time. TEOS in comparison to TMOS hydrolyzes slower. This
allows the precursor to spread throughout the solution before hydrolysis, keeping the

local concentrations low enough to suppress secondary particle formation, and leading
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to steady primary particle growth upon TEOS dose addition. After the desired amount
of TEOS was added, an aliquot of the particle solution was removed and sterically
stabilized by PEG-silane addition. In this way five different particles with increasing
shell thicknesses were synthesized originating from the same core synthesis (See
Materials and Methods): the core-particles and particles with one, two, three, or four
additional silica shells, respectively (Figure 1B).

Insufficient charge stabilization during synthesis and non-optimized PEGylation
protocols can lead to a highly uncontrolled particle dispersity.”> Gel permeation
chromatography (GPC) is an excellent analytical tool to study particle size distributions
and heterogeneities, as well as a preparative tool to separate any unreacted precursors,
fluorophores, aggregates, secondary particles, or PEG-silane from the native solution.!
GPC separates analytes based on hydrodynamic radii, by eluting analytes together with
a mobile phase through a porous stationary phase. Smaller analytes remain longer in the
stationary phase and elute at later times. To clean the different core-shell SNPs from all
possible side-products, we submitted every sample to two GPC runs. The GPC elugram
of the first run (Figure 1C) consisted of mainly three peaks for every sample, consistent
with earlier observations.! The first peak at around 9 min was a sharp peak that did not
change for different samples, and likely stems from PEG aggregates and/or undyed
particle aggregates (Figure S1, Supporting Information). Across the particle series, the
second peak displayed a clear shift towards shorter elution times with additional silica
shells (from 15 min to 12 min). It is therefore assigned to the main core-shell SNP peak.
Some of the core-shell SNP peaks, i.e. for the 2-shell and 3-shell particles, showed a

minor right shoulder. We suspect this shoulder to be a result of particle PEGylation of
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aliquots before GPC (e.g. PEG-silane adducts), since the 4-shell particle does not
display any such shoulder. It is likely due to an excess of unreacted precursor that was
still present in the reaction at the time of PEGylation. Finally, the third peak was a broad
low-intensity band positioned between 17 min and 25 min (indicated by a black arrow)
and was present in all samples. This band is originating from monomeric and low molar
mass precursors (Figure S1, Supporting Information).!

Shifts of the main GPC particle peak towards shorter elution times were
expected due to particle growth through silica shell additions. In order to eliminate the
shoulder in the particle size distributions and optimize sample quality, a two-sigma
fraction from each main particle peak was collected (grey area under curves in Figure
1C) and submitted to another GPC run (Figure 1D). These elugrams now all showed
symmetric shapes. As a cross-check, from these second GPC runs further two-sigma
fractions were taken and again submitted to subsequent GPC runs. Within the variance
of these measurements, the main particle peak positions remained unchanged, indicating
successful steric stabilization of the various core-shell SNPs via the PEGylation
process.?

Particle characterization with afterpulse-corrected fluorescence correlation
spectroscopy. After sample preparation, fluorescence correlation spectroscopy (FCS)
was used to characterize the five core-shell SNPs in detail. FCS derives information on
dynamic processes from spontaneous fluctuations of fluorescence over time.'*'* The
observation of fluctuations in intensity is realized by restricting the detection of
fluorescence to a very small observation volume. Figure 2A illustrates the effective

observation volume, V., that is created by focusing a laser beam with a confocal lens.
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3/2

Vess 1s defined as V,rr = m°/“w 2w,, with Wy, and w, being the radial and axial

xy
1/€? radii from the center of a Gaussian-shaped focused laser beam. Only when a
particle diffuses through V, ¢ fluorescence is emitted. This yields high signal-to-noise
fluorescence signals and allows detection of fluctuations from single particles. The
information about physical processes is subsequently extracted from the self-similarity

of the fluorescence time trace after a lag time, 7, by analyzing the fluctuations with the

normalized autocorrelation function, G(7):

U1+ 1) _ (W) + SIOIIO) + 81 + 7))
MO 1)
SIS+ D)
=t T oy

G(1r) =
(14)

Here I(t) is the detected fluorescence intensity at time t, (I(t)) is the mean

fluorescence intensity over time, and §1(t) is the fluctuation of I(t) around its mean.
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Figure 2. FSC schematic with effects of detector afterpulsing. (A) Sample observation
volume element of FCS laser beam with axial dimension, w, radial dimensions, wxy,
and showing a fluorescent particle diffusing through. (B) Schematic of confocal FCS
setup to remove effects of afterpulsing, depicting laser beam focal volume position,
objective (OB), laser, dichroic mirror (DM), pinhole (PH), beam splitter (BS), long-pass
filter (LPF), two avalanche photodiode detectors (APD 1 & 2), and correlator. (C)
Fluorescence traces as recorded by APD 1 and APD 2 from FCS measurement. Inset
shows enlarged time window. (D) Characteristic FCS ACFs of fluorescent silica
nanoparticles in this study: (i) with effects of afterpulsing (grey); with afterpulsing
effects removed (black), and corresponding fit (red). Region I: translational diffusion;
region II: photo-isomerization of cyanine dyes; and region III: high background from
detector afterpulsing (i) or particle rotational diffusion (ii).
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Figure 2B shows a typical confocal FCS setup. A continuous wave laser is reflected by
a dichroic mirror (DM) and then focused by the microscope objective (OB) down to the
diffraction limit. The same objective that previously focused the laser, now collects the
fluorescence. The Stokes-shifted fluorescence passes the same DM, is then spatially
filtered from scattered photons by a pinhole (PH) in the image plane, and spectrally
filtered from excitation photons by an emission long pass filter (LPF). A fluorescence
time trace is detected by an avalanche photodiode detector (APD), and auto-correlated
by a correlator card (Figure 2C). Figure 2D shows the respective autocorrelation
function/curve (ACF).

When a photon reaches the sensitive APD, a photo current is created, that often
cause a second follow-up electrical pulse (afterpulsing). During that time, the detector
can’t detect more photons (dead time). These effects occur with a periodicity of 10 ns
to 100 ns, and in this time window lead to a large background in the ACF (curve (i) in
Figure 2D). To accurately measure fast transient states (t < 0.5 us), effects by detector
afterpulsing therefore need to be avoided. This can be achieved by splitting the
fluorescence signal into two paths and detecting each path with a separate detector.*
The two fluorescence time traces (Figure 2C) are then cross-correlated, uncovering the
underlying photophysical phenomena in the ACF (curve (ii) in Figure 2D). For a
nanoparticle that is diffusing in three dimensions through a sample observation volume,
and carrying a fluorescent dye molecule with the ability to undergo photo-induced
conformational changes, the contributions in the ACF can be roughly divided into three
regions on the lag time axis (Figure 2D): Region I is reflecting the translational diffusion

of particles (t > 10 ps), region II corresponds to photo-isomerization processes (10 ps >

36



T > 0.1 ps), and region III detects effects from particle rotation (t < 0.1 ps). The

normalized diffusion autocorrelation function can then be described as:

G(®) = G(0)Gp(T)Gp(T)Groe (1) + 1 (15)
with

G(0) = Ny ™" = Ve HCO)! (16)

Gp (D) = (1 +t/7p) (1 + t/(zp?)) /2 (17)

Gp() = (1 + & exp (t/7p)) (18)

Groe(T) = (1 + o €XP (T/Tror)) (19)

where N, is the mean number of emitters in the effective observation volume, Ve, at
the mean sample concentration (C), T, is the average particle diffusion time through the
observation volume, K = w,/wy,, is the structure factor defined by the observation
volume dimensions, a' is pre-exponential amplitude associated with cis-trans
photoisomerization, Tp is the relaxation time of a single cyanine dye molecule
undergoing photo-isomerization, oz, is the pre-exponential amplitude of particle
rotation, and Ty, is the characteristic particle rotation time.

In the following, for our set of ultrasmall fluorescent and PEGylated core-shell
SNPs FCS was used to characterize particle hydrodynamic diameter, drcs, particle
concentrations, cis-trans isomerization, and particle rotation. Figure 3 summarizes the
information obtained from the FCS measurements on these SNPs with embedded Cy5

molecules. Figure 3A compares the ACFs for free Cy5 dye, the core particle, and the
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Figure 3. FCS measurements and associated analyses. (A) Comparison of FCS results
(with afterpulsing effects removed) for pure Cy5 (grey) and Cy5-encapsulating core-
shell SNPs (colored) together with associated fits. (B) Particle diameter as a function of
silica shell thickness as determined by translational diffusion (black) versus rotational
diffusion (grey). (C) Dyes per particle as determined by a combination of FCS and
absorption spectroscopy. (D) Brightness per particle as a function of silica shell
thickness. (E) Brightness per encapsulated dye as a function of silica shell thickness. (F)
Brightness enhancement per dye as a function of silica shell thickness. (G) Percentage
of photoisomerizing dyes as determined by FCS as a function of silica shell thickness.

four core-shell particles, with corresponding fits according to equation 15 superimposed
over the data. The relative shift of the SNPs to longer lag times relative to free Cy5

indicates increasingly slower diffusion (enlarged in inset (i) of Figure 3A). The average
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translational diffusion constants were determined from the characteristic diffusion times
and translated into particle hydrodynamic diameters using the Stokes-Einstein relation.
Average hydrodynamic diameters ranged from 5.0 = 0.1 nm (core particle), 5.6 + 0.1
nm (1-shell particle), 6.3 = 0.1 nm (2-shell particle), 7.4 £ 0.1 nm (3-shell particle), to
9.5 £ 0.2 nm (4-shell particle) (Figure 3B). The average shell thicknesses for each core-
shell particle were calculated from the incremental particle growth. These were 0.3 nm,
0.7 nm, 1.2 nm, and 2.3 nm for the 1-, 2-, 3-, and 4-shell core-shell SNPs, respectively,
suggesting a synthesis precision down to the deposition of a single atomic SiO2 layer
between particles (~0.4 nm).!

For comparison, particle diameters, of core, 2-shell, and 4-shell particles were
determined using transmission electron microscopy (TEM) as 3.4 + 0.4 nm, 3.9 = 0.5
nm, and 8.0 + 1.1 nm, respectively (Figure S2A to S2D). These TEM based diameters,
drewm, are expected to be smaller than those determined by FCS as they only account for
the inner silica part of the particles, but not for the PEG layer nor for the water shell
dragged with the particles and detected in hydrodynamic diameter measurement
techniques such as FCS. As the particle diameters increase the ratio between particle-
surface and particle-volume decrease. Consequently, the contributions from surface
PEGylation and solvation layer to drcs decrease and drcs and drem converge.

At fluorescence fluctuations below 7 < 100 ns the embedded Cy5 dye cannot be
assumed to be a rotationally isotropic emitter anymore, since the change in the
orientation of the Cy5 dipole moment is linked to the rotation of the entire particle,
whose mobility is significantly slowed down compared to a free Cy5 dye. The

afterpulse-corrected ACF (region (iii) in Figure 3A) reveals the time scale and
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population of rotational diffusion of the entire particles. With increasing particle
diameter the relaxtion time of this rotational diffusion process (7g,:) is noticeably
shifting towards larger lag times and manifests itself by slightly increasing amplitude,
Qpot (Table S1). The molecular rotation motion of free Cy5 dye lies beyond the
accessible time resolution of our setup and therefore does not display any contribution
to the measured ACFs.

We also used tg,; to determine the particle sizes and shell thicknesses with the
assumption of a linear dipole emission and a negligible contribution of higher order
angular momentum 1 (1 > 1).3*° Figure 3B illustrates a comparative graph of particle
diameters plotted against shell thickness, as obtained from translational and rotational
diffusion, respectively. Three observations were made: First, the average particle
diameters as calculated from particle rotation are systematically larger than those from
translational diffusion. Second, the errors associated with the diameters determined
from rotational diffusion decrease with increasing particle sizes. Lastly, the determined
average shell thickness almost perfectly matches the ones determined by translational
diffusion. The larger errors for smaller particles are expected due to fitting of only the
onsets of the rotational diffusion relaxation (see Figure 3A). The systematic deviations
of particle diameters as determined by translational versus rotational diffusion can be
explained by the presence of more than one emitter per particle. The transition dipole
moments of multiple Cy5 dye molecules in one particle are likely not aligned, leading
to enhanced fluorescence signal despite a rotating particle. This additional fluorescence
signal is reflected in an apparently larger particle diameter than determined by

translational diffusion.
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Unlike free Cy5 dye, where dye molecules are expected to diffuse independently
of each other, SNPs can carry multiple Cy5 molecules. The average number of Cy5 dyes
per SNP (n,,) can be calculated by dividing the concentration of fluorophores as
obtained from steady-state absorption spectroscopy measurements by the mean
concentration of SNPs as determined by FCS measurements for the same sample. This
analysis revealed about 1.7 = 0.1 dyes per SNP for all particles (Figure 3C).

The rotational diffusion amplitude, ag,;, should be independent from the
number of dyes per particle. However, we find that the amplitude slightly increases with
progressive silica deposition. Yin et al. found a dye number dependence of rotational
diffusion amplitudes for a TMR labeled DNA Holliday junction, and concluded that the
amplitude of rotational relaxation is dye number dependent only if vibrational motion
and wobbling are faster or on the order of rotational motion.*! With this assumption and
the same number of dyes for all core-shell SNPs, we infer that the increasing amplitude,
QRrot» Suggests a correlation between the shell thickness and a decrease in dye mobility
within the particles, both by the suppression of isomerization, as well as by the
restriction of vibrational movement and wobbling.

The brightness of the core particle is a factor 3 higher than that of the free dye
and asymptotically increases to nearly a factor of 4 for the largest silica shell thickness
(Figure 3D). By calculating the brightness per dye, one can see that the average dye
brightness increases with increasing shell thickness (Figure 3E). This behavior
asymptotically approaches an upper threshold at a factor of around 2.6 times the
brightness of free Cy5, or in other words, the deposition of more silica beyond this upper

threshold is not expected to influence the brightness of Cy5 much further. The increase
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of fluorescence brightness (brightness enhancement) of organic dyes upon covalent
encapsulation in silica has been described before and is dependent on the silica
architecture and the chemical structure of the dye.?'*47 From the fact that the
brightness per dye changes upon further silica deposition we conclude that some Cy5
molecules are originally located on the surface of the core particle or are only partially
embedded within the silica network of the core particle. Two arguments support this
hypothesis. First, during the synthesis (pH 8.5), SNPs are stabilized through Coulomb
repulsion of negative surface charges while Cy5 dye itself also has a net charge of minus
one. It is expected that the associated charge repulsion hinders the full covalent dye
incorporation of CyS5-silane into the particle core. This is supported by the limited dye
incorporation of CyS5 found by GPC analysis of the synthesis solution shown in Figure
S1B. Second, the core particle has a radius of only about 2.5 nm, while the measured
size of CyS5 along the long molecular axis is about 1.2 nm. With an average number of
approximately two Cy5 molecules per particle it appears that the likelihood is low of all
fluorophores being fully surrounded by silica.

This conclusion of near surface dye molecules was further supported by
behavior of the FCS curves in region II of Figure 3A (see also inset (ii) in this figure).
The fluorescence fluctuations in that region are due to photo-induced conformational
changes of the Cy5 dye. Since multiple embedded fluorophores can co-diffuse with one
particle but undergo isomerization independently from each other, the measured
amplitude of isomerization, o, scales with 1/n,,. By determining the number of dyes
per particle (nn) one can calculate the fraction of Cy5 dyes being in their cis state, P

(see methods).*! With increasing shell thickness, we can observe a clear reduction in the
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second amplitude of the ACF (see arrow in inset (ii) of Figure 3A). Figure 3G shows
the comparative results of the cis-conformers fraction, P. Starting from nearly 50% for
CyS5 dye in solution, the fraction P asymptotically decreased to reach a value of about
27% for the 4-shell particle. This behavior can explain the previously described changes
in fluorescence brightness. Cis-conformers are only weakly fluorescent and therefore
don’t contribute significantly to the overall particle brightness.!> With increasing silica
shell thickness the likelihood of a rigid silica dye environment increases, prohibiting the
spatially demanding conformational changes of Cy5. Interestingly, despite being
encapsulated in a particle with a thick shell (2.3 nm) and seemingly reaching a limit of
brightness increase, the fraction of cis conformer, P, is still at 27%. This finding suggests
that some Cy5 molecules can still undergo isomerization despite being fully
encapsulated. Silica is an amorphous and microporous material when synthesized in
water.*® It therefore does not surprise that there remain large enough cavities for some
dyes to undergo conformational changes. In addition, it is likely that the slow deposition
of further silica onto existing SNPs (as compared to the faster core reaction) is disturbed
by the presence of near-surface dyes. These molecules therefore likely maintain a larger
cavity in the silica shell network than dyes encapsulated in the silica core network.
Determination of kinetic rates of dye induced optical phenomena. At the
excitation intensity employed (5 kW/cm?), the quantum yield of triplet formation is
assumed to be low and triplet kinetics are further reduced due to steric shielding of Cy5
from dissolved oxygen by the silica network. Consequently, the energy relaxation
pathway in region II can solely be attributed to photo-induced cis-trans isomerization.'

Transitions between singlet ground, So, and singlet excited, Si, states of both dye
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conformations take place on the nanosecond time scale and cannot be resolved by our
FCS setup (temporal resolution 15 ns). The corresponding rates of these processes can
be expected to be much faster than the rates of the transition process between the
fluorescent trans-state and the non-fluorescent cis-state. Therefore, there is no need for
differentiation of singlet state transitions in a kinetic model. The transition between the

different conformations can be described in terms of a simple two-state model, Trans =

Cis, with an effective rate for isomerization, k;;,, and an effective rate for back-
isomerization, kp;s, (Figure 1A). With the determined fractions, P, and the relaxation
times, Tp, from FCS one can calculate the effective isomerization rates and the

equilibrium constant, K:

1

Tp =777
kiso + kbiso

(20)
kiso 1

P = =
kiso + kbiso 1+K

@2y

All results from this analysis are summarized in Table 1. Both, the rate of isomerization
and the rate of back-isomerization are retarded by a factor of 2 to 3 upon Cy5
encapsulation into the core particle and further reduced with silica shell deposition. In
comparison, k;s, is slightly smaller than kj;,, and reduces slightly more with dye
encapsulation. The equilibrium of photo-induced cis-trans isomerization shifts towards
the trans conformation with progressive silica deposition.

In previous studies the increased fluorescence brightness of dye encapsulating

SNPs has been explained by an increase in radiative rate, k,., and/or a decrease in non-
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radiative rate, k., of embedded tetramethyl-rhodamine dye molecules.*® Combinations
of fluorescence quantum yield, @y, and fluorescence lifetime, 75, were used to
determine these rates based on: k,, = @z /tr and k,,, = (1 — @)/ 7r. The fluorescence
quantum yield was estimated from the brightness enhancement per dye that was
obtained by FCS measurements. Since excitation intensities are low, and saturation

effects can be expected to be low as well, this should be a reasonable estimation.

Shell P Tp kiso kiso kbiso kbiso K
thickness [%] [us] [us] (normalized) [us] (normalized)
Cy5s 46.2 + 39+ 0.118 + 1.00 £0.03 0.137 £ 1.00£0.06 1.16 &
0.6 0.1 0.003 0.006 0.06
0 nm 379+ 10.6 = 0.036 0.30 £0.02 0.058 = 0.43 £0.04 1.64 +
03 0.5 0.002 0.005 0.15
0.3 nm 358+ 112+ 0.032 + 0.27+0.01 0.057 + 0.42+0.02 1.80 +
03 0.1 0.001 0.001 0.04
0.7 nm 31.6 12.0+ 0.026 + 0.22+0.02 0.057 + 0.42 +0.05 217+
03 0.8 0.002 0.006 0.27
1.2 nm 30.1 £ 13.1+ 0.023 + 0.20+0.01 0.054 + 0.39+0.03 232+
03 0.6 0.001 0.003 0.18
2.3 nm 26.8 + 17.7+ 0.015 + 0.13+0.01 0.041 + 0.30+0.02 2.73 £
0.2 0.7 0.001 0.002 0.18

Table 1. Fraction of Cy5 molecules being in the non-fluorescent cis conformation, P,
relaxation time of Cy5 cis-trans isomerization, 7p, effective rate of isomerization from
trans to cis, k;s,, effective rate of back-isomerization form cis to trans, kp;q, ,
equilibrium constant of back-isomerization, K. Normalized values are with respect to
CyS5 in water at 20 °C.

Figure S3A compares time resolved fluorescence decay curves for the five
different SNPs of this study. All curves were fitted with a bi-exponential decay model.
The corresponding fluorescence lifetime values are plotted against the shell thickness

in Figure 4A. The fluorescence lifetime increases with silica shell thickness. The
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increase is most pronounced between free dye and core particle, but continues with silica
shell thickness.

Table 2 summarizes the corresponding radiative and non-radiative rates as
obtained from FCS and time resolved fluorescence decay measurements. Most
noticeable is a strong decrease of non-radiative rates that correlates with increasing shell
thickness. The largest decrease (about a factor of 2.5) is observed upon CyS5
encapsulation into the core particle. However, upon further silica addition, these values
decreased by another factor of ~1.5, reflecting the restricted conformational mobility of
CyS5 dye and supporting the previous hypothesized near-surface location of CyS5 dye

molecules in the core particles.

Shell @ [Y%] Tp k, [ns']  k, (normalized) k,, [ns'] Kk, (normalized)
thickness (FCS)  [ns]  (FCS) (FCS) (FCS) (FCS)

Cy5 0.20* 1.00 0.20 1.00 0.80 1.00

0 nm 0.37 2.05 0.18 0.90 0.31 0.39

0.3 nm 0.41 2.09 0.20 0.98 0.28 0.35

0.7 nm 0.46 2.14 0.21 1.07 0.25 0.31

1.2 nm 0.49 2.19 0.23 1.13 0.23 0.29

2.3 nm 0.52 2.23 0.23 1.16 0.22 0.27

Table 2. Quantum yield as determined by FCS, ¢, fluorescence lifetime, 7, radiative
rate, k,, and non-radiative rate, k,,. Normalized values are with respect to CyS5 in water.
?Quantum yield from ref. 53.

In contrast, radiative rates do not significantly increase. This behavior is very
different compared to rhodamine dyes. For example, a 2.3-fold increase of radiative

rates was measured for different silica nanoparticle architectures embedding TRITC
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dye,™ and a 2.1-fold increase for calcium phosphate nanoparticles embedding Cy3
dye.*’ The values obtained in our study (~1.0 to 1.2-fold increase) lie far below these
literature values. Radiative rate, k,, can be estimated by applying an expression derived

by Strickler and Berg,*® which describes the relationship between k,., the excitation

spectrum, the emission spectrum, and the square of the refractive index of the
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surrounding medium (equation 22 in ref. 50). Here, we compared free Cy5 dye in water,
n1 = 1.33, and Cy5 dye encapsulated in silica, n2 = 1.46. Our calculated values of
normalized values for k, were ~1.20 for all particles, and agreed best with our
experimentally determined value for the 4-shell particle, and slightly overestimated the
values for the other particles (see Table 2). Since excitation and emission profiles do
not significantly change upon silica encapsulation, the difference of radiative rates is
mostly due to changes of refractive index.’! As mention above, silica is a porous
material that can be penetrated by water, especially when the silica thickness is on the
order of a few atomic layers. Therefore, the effective refractive index for the core-shell
particles probably lies between 1.33 and 1.46, and approaches 1.46 with increasing shell
thickness.”

For comparison, we determined the same radiative rates and non-radiative rates
using steady-state absorption and emission spectroscopy. Figure 4B shows the intensity
matched steady-state absorption and corresponding emission spectra of Cy5 and CyS5
particles in water. Upon embedding CyS5 into the silica matrix a minor solvatochromic
red-shift (~5 nm) relative to Cy5 in water was observed. This was the case for all
particles and did not noticeably change with thicker shell. The emission spectra showed
a relative brightness enhancement in comparison to free Cy5 dye, that was more
pronounced with increasing shell thickness. The relative fluorescent quantum yields,
@, for the SNP were deduced by using the comparative method by Williams et al.,*
which is based on the integration of corresponding emission spectra for different sample
absorbances (Figure S3B). In this case, Cy5 was used as the standard with @ = 0.20.

All results are summarized in Table 3. We find that FCS and steady-state spectroscopy
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yield similar results. We conclude that the observed brightness enhancement for the
core-shell SNP series is mostly the result of a decrease of non-radiative rates, and only
weakly dependent on a minor increase of radiative rates. The relative decrease of non-
radiative rates is strongly coupled to the relative decrease of the effective isomerization
rates, and therefore to the increased rigidity of the silica dye environment. This in turn
is consistent with earlier findings for TRITC dye encapsulation in silica.* It is likely
that for CyS5 the reduced capability for conformational changes within the silica matrix
is the biggest contributor to the reduction of non-radiative relaxation pathways at the

given excitation intensity.

Shell @, k, k, K, Koy
thickness [%] [ns!] (normalized) [ns!] (normalized)
Cy5s 0.20? 0.20 1.00 0.80 1.00
0 nm 0.48 0.23 1.17 0.25 0.32
0.3 nm 0.49 0.24 1.18 0.24 0.30
0.7 nm 0.50 0.23 1.17 0.23 0.29
1.2 nm 0.51 0.23 1.17 0.22 0.28
2.3 nm 0.54 0.24 1.20 0.21 0.26

Table 3. Quantum yield as determined by steady-state absorption and emission
spectroscopy, @, fluorescence lifetime, T, radiative rate, k,., and non-radiative rate,
k.. Normalized values are with respect to Cy5 in water.? Quantum yield from ref. 53.
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CONCLUSION

In this study, we synthesized and characterized a series of ultrasmall and
PEGylated fluorescent core-shell silica nanoparticles (SNPs, C* dots) with covalently
encapsulated cyanine Cy5 dye and increasing silica shell thickness using a combination
of gel permeation chromatography, GPC, fluorescence correlation spectroscopy, FCS,
time-resolved fluorescence decay measurements, and steady state absorption and
emission spectroscopy. We learned that a significant fraction of Cy5 dye molecules are
located near the surface or on the surface of the 5 nm silica core used for the synthesis
of all these particles.

The photo-induced cis-trans isomerization of Cy5 as monitored by FCS at lag
times <10 s allowed to probe the effects of silica deposition at the single atomic layer
level onto the core SNP. A silica shell of 2.3 nm, about double the length of Cys5, is
sufficient to cover these dyed particles with silica. This leads to a maximum brightness
enhancement of 2.6 as compared to free Cy5 dye in aqueous solution. In these maximum
brightness particles still about 27% of the Cy5 population are able to undergo photo-
isomerization, likely in free volume cavities within the NP silica matrix, giving room
for further improvements in brightness utilizing alternative synthesis methods.

Results demonstrated that FCS is a powerful tool for the characterization of
fluorescent SNPs. Fast measurements, low sample concentrations, relatively low cost
and high information density, make FCS compatible with high throughput synthetic
approaches for development of ultra-small nanoparticles, i.e. many batch iterations, or
instrumental coupling with microfluidic devices for nanoparticle syntheses. In

combination with other sensitive techniques, such as high resolution chromatography
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and single particle methods, new insights into the structure and optical properties of

ultra-small SNP can be achieved.
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