Open Access Article. Published on 17 March 2017. Downloaded on 3/12/2026 4:16:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

.

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: RSC Adv.,, 2017, 7, 16861

Received 1st February 2017
Accepted 7th March 2017

DOI: 10.1039/c7ra01349¢

Expanding analytical tools for characterizing
ultrasmall silica-based nanoparticles

B. Y00,*?® K. Ma,® U. Wiesner*® and M. Bradbury*®®

C’ dots are fluorescent inorganic—organic hybrid nanoparticles synthesized in water comprised of a silica
core with a covalently embedded near infrared dye, and a polyethylene glycol (PEG) outer layer. C' dots
containing the integrin specific ligand, cycloRGDyC, are the first of their kind particles approved for
human clinical trials. In the continued clinical development of these nanoparticles, high-resolution
analytical approaches are needed. Here we investigate the use of reversed phase high performance
liquid chromatography (RP-HPLC) to analyze cycloRGDyC-Cy5-C’ dots. Given the stability and protein-
like size, we reasoned that these nanoparticles would be compatible under RP-HPLC conditions typically
used to characterize peptides and proteins. Our results show that RP-HPLC provides excellent
resolution, showing significant heterogeneity of these nanoparticles. C’' dots also exhibit unusual peak
profiles where RP-HPLC chromatogram peak shapes change from run to run, possibly due to the
conformational heterogeneity or charge distribution of the particle surface due to the PEG groups. In
addition we describe a novel thiol-mediated release of C' dot ligands to directly estimate cycloRGDyC
by exposing the particles to organic thiols. Ligand release is presumably afforded by a reverse Michael

rsc.li/rsc-advances reaction mechanism.

Advances in nanotechnology have largely been driven by the
development of novel materials with interesting properties
emerging at the nanoscale. In biomedical research, nano-
particles in particular, have garnered attention largely due to
their physical attributes - discrete and relatively stable particles
in the nanometer size regime with at least one novel/superior
property.** Their potential utility in biomedical applications,
such as disease diagnosis, imaging, and drug delivery, are only
now being realized as a number of products have reached the
clinical stage.'

One of the major challenges with the development of
nanoparticles as a viable clinical product is the arduous and
complex process to rigorously assess their stability, toxicity, and
activity at the preclinical stage.*%” Given the wide range of
particle morphologies, preclinical characterization of nano-
particles has largely relied on techniques used in the field of
materials and polymer research, for example, UV-vis absorption
spectroscopy, dynamic light scattering (DLS), zeta-potential,
thermogravimetric analysis (TGA), or transmission electron
microscopy (TEM), etc. These tools have provided necessary
information regarding the size, shape, composition, and
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spectral properties of particles, respectively.®® More recently,
chromatographic approaches, such as gel permeation/filtration
or size exclusion chromatography (GPC or SEC), have also
become integrated into the workflow of nanoparticle charac-
terization and purification.®™*

Our research has been focused on the clinical development
of specific types of ultrasmall (i.e. sizes below 10 nm) fluores-
cent silica nanoparticles, known as C’ dots (Fig. 1). C’ dots are
synthesized in water as opposed to alcoholic solutions in earlier
efforts leading to C dots."> C' dots are inorganic-organic hybrids
comprised of a silica core and a polyethylene glycol (PEG)
shell.’®** For medical applications, embedded within the core
are near infrared dyes (e.g., Cy5 or Cy5.5), which results in
dramatically enhanced optical properties over the free dye as
a result of the rigid silica matrix,'***** while the PEG surface is
partially functionalized with targeting peptides that can further
be labeled with radioisotopes.'® Consequently, C' dots have
been shown to be clinically viable for dual-modality PET-optical
imaging, and are a first-in-kind particle probe approved for
human use.” Additionally the stability, flexible surface chem-
istry, and particularly the small size of these particles - which
affords good tissue penetration and predictable clearance
profiles’” — make them ideal candidates as drug delivery vehi-
cles, an application which is currently being explored.*®

Characterization of C' dots have included the standard
regiment of approaches as listed above: UV-vis absorption
spectroscopy, DLS, zeta-potential, TGA, TEM, and GPC.** Addi-
tionally, the embedded dyes of C' dots have enabled the use of
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Fig. 1 CycloRGDyC-Cy5-C’ dots. These particles are comprised of four components: (1) the cycloRGDyC ligand; (2) PEG oligomers; (3) a silica

core; (4) embedded NIR dye (Cy5).

fluorescence correlation spectroscopy (FCS) to simultaneously
obtain information on hydrodynamic size, particle concentra-
tion, and relative particle brightness,"”** which has helped
optimizing synthesis parameters by assessing batch-to-batch
variations.

In this report, we introduce the use of RP-HPLC as a tool for
C’ dot analysis. RP-HPLC has been used to a limited capacity for
nanoparticle characterization,'®* as most nanoparticle systems
are incompatible due to their large size or relative instability
(particles formed by self-assembly or aggregation, e.g. lipo-
somes). We reasoned that C' dots - hybrid particles that exhibit
good stability, UV-vis (as well as fluorescence) activity, and are
in the size regime of proteins - may be compatible with
analytical HPLC approaches. Three detection systems are used
for particle analysis: a diode array detector (DAD), an evapora-
tive light scattering detector (ELSD), and an electrospray
ionization-single quadrupole mass detector (ESI-SQD). In
addition to UV-vis absorption afforded by an embedded Cy5 dye
(Fig. 1), the ELSD will provide detection of non-UV active
material, such as free PEG or silica-based components. While
we do not anticipate mass detection of particles by the ESI-SQD,
it was used to monitor the presence of lower molar mass
impurities. In addition we describe a new approach to directly
estimate the number of surface ligands (cycloRGDyC) on the
particle through the use of organic thiols.

Experimental
Analytical RP-HPLC analysis of C' dots

CycloRGDyC-Cy5-C' dots were synthesized as described else-
where.' Samples were analyzed on a Waters Alliance HPLC
System or Autopure LCMS System (2767 Sample Manager, 2996

16862 | RSC Adv., 2017, 7, 16861-16865

Photodiode Array Detector, 2420 ELS Detector, Micromass ZQ,
2525 Binary Gradient Module, Column Fluidics Organizer, 515
HPLC Pump, Pump Control Module II) using a linear gradient
of 5-95% acetonitrile (ACN) in water with 0.05% trifluoroacetic
acid (TFA) or formic acid (FA) for 10 minutes at 1.2 mL min~ ' on
a C18 4.6 x 50 mm, 300 A, 5 pm reversed phase XBridge
analytical column (Waters). Slower gradients runs were per-
formed using a linear gradient of 5-95% ACN for 90 min.
Samples were analyzed at 280 nm or 650 nm. 15 pM C’ dot
stocks (in water) were diluted as needed for RP-HPLC analyses,
and the injection volume used was 20-50 pL.

Thiol-mediated release assay

For a typical assay, 1 uL of 1 M DTT was added to 50 pL of 15 uM
C’ dots and incubated at room temperature or 37 °C overnight.
To test glutathione, 25 pL of glutathione stock (100 mM) was
added to 50 pL of 15 uM C’ dot and incubated overnight. The
reaction was analysed by analytical HPLC. The released cyclo-
RGDyC concentrations were determined by comparing peak
integrations with a standard curve generated using unconju-
gated cycloRGDyC peptide.

Results and discussion
HPLC analysis of C' dots

For our initial studies, we sought to assess the overall compat-
ibility of C’ dots in an analytical RP-HPLC system. We reasoned
that the ~6 nm diameter of the particle is analogous to a glob-
ular protein, so a reversed phase C18 column with a 300 A pore
size was selected along with a standard linear gradient of 5-95%
ACN in water (with 0.05% TFA). As shown in Fig. 2, the particle
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Fig. 2 RP-HPLC chromatograms of cyclo(RGDyC)-Cy5-C’ dots, 1. (a)
DAD at 650 nm; (b) ELSD. Three consecutive analyses of the same
sample (triplicate). 1.5 pM particle concentration; 20 pL injection
volume; chromatographic conditions were 5-95% ACN (0.05% TFA) in
10 min.

elutes as a broad signal containing multiple peaks when
monitored at 650 nm (C’ dots contain the near-infrared-dye Cy5,
which exhibits a characteristic absorption maximum at 650 nm)
and by the ELSD. Interestingly, peak shapes changed from run-
to-run.

When samples were analyzed in triplicate, the overall
retention times were similar, but peak shapes differed signifi-
cantly between each run (Fig. 2). Remarkably, peak integrations
proved to be very consistent, with relative standard deviations
(RSD) of 7%, suggesting excellent run-to-run reproducibility
(Table 1). Similar results were observed when monitored by the
ELSD - peak profiles varied significantly from run-to-run,
whereas peak integrations showed excellent consistency
(RSD = 5%) (Fig. 3b, Table 1).

To further highlight the consistency of the RP-HPLC for C'
dot analysis, a nanoparticle concentration curve was generated.
Particle samples of varying concentrations ranging from 1.5 pM
to 8 uM were analyzed and peak integrations at 650 nm where
determined and plotted against concentrations. As shown in
Fig. 3A, an excellent linear response was observed with the DAD
(R* = 0.9986). Even concentrations down to 0.5 M and up to
60 uM (not shown) were also in the linear range of the detector.
Unexpectedly, the ELSD response also exhibited excellent

Table 1 Peak integrations for three identical RP-HPLC runs

Run
1 2 3 +RSD (%)
DAD 11 698 10 218 11 426 7
ELSD 85 467 78 326 86 755 5
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Fig. 3 Peak areas versus particle concentration. Five particle
concentrations (1.5, 2.0, 3.0, 4.5, 8.0 uM) were analyzed by RP-HPLC
(triplicate). 20 pL injection volume; chromatographic conditions were
5-95% ACN (0.05% TFA) in 10 min. Chromatogram peaks from the
DAD (650 nm) and ELSD were integrated and plotted verses
concentration.

linearity in the 1.5-8 uM range (R*> = 0.9996). In summary, both
detectors provide consistent linearity in the ~1-10 puM
concentration range.

The peak shapes seen in the HPLC chromatograms indicate
a heterogeneous mixture of compounds. To further investigate
the nature of the observed peaks, nanoparticle samples were
analyzed using a slower or more shallow gradient. While initial
analyses (Fig. 2) were performed at 5-95% ACN in 10 min
(gradient of 9% ACN per min), Fig. 4 shows chromatograms run
at 5-95% ACN in water for 90 min, which translates into
a gradient of 1% ACN per min. Under these conditions, the
broad peaks as evident in Fig. 2, are better resolved, revealing
numerous peaks. However, once again, run-to-run variations in
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Fig. 4 RP-HPLC chromatograms of cycloRGDyC-C’' dot using
a slower gradient. Three consecutive analyses of the same sample
(triplicate) were performed. Panels on the left show the full-length
chromatograms (0—90 min); panels on the right show a magnified
portion of the chromatograms (20-40 min). RP-HPLC conditions
were 5-95% ACN (0.05% TFA) in 90 min; DAD at 650 nm.
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peak profiles are observed. Yet remarkably, the peak integra-
tions at 650 nm demonstrate excellent consistency (RSD =
5.6%).

Possible explanations for the changing peak shapes are that
the particle is chemically degrading or undergoing dynamic
changes in surface charge or PEG conformations. Interestingly,
C’ dots containing no cycloRGDyC peptide also exhibit the same
changing peak profiles (data not shown). This suggests that the
peptide ligands are not the main contributors to the observed
peak features. The HPLC analyses are run under acidic condi-
tions, so one possibility would be that the particles are being
slowly hydrolyzed. However, cycloRGDyC-Cy5-C’ dots subjected
to acidic RP-HPLC conditions (0.05% TFA in water) over time
(1-16 hours), showed no distinction with regard to peak shape,
retention time, or peak integrations (data not shown). Also,
when these particles are analyzed by GPC, elution volumes were
identical to non-treated particles. Weaker acid conditions
(0.05% FA in water) showed no effect, as RP-HPLC chromato-
grams were consistent with TFA runs.

The run-to-run variations in peak profiles may be explained
by the particle undergoing dynamic changes in surface charge
and PEG conformations. This is consistent with our observa-
tions that the zeta-potential of C’' dots is never exactly zero, but
always slightly negative.’ Additionally, the remaining free
silanol groups on the C' dot surfaces can undergo intra-
molecular interactions with the PEG groups. For example, the
formation of hydrogen bonds between the ether oxygen of PEGs
and silicic acid has been described.®** Taken together, this
suggests that the particles are stable under HPLC conditions,
and the changing peak profiles may be due to the dynamic
nature of the PEG surface layer.

Thiol-mediated release of ligands

While exposing the cycloRGDyC-Cy5-C’ dots to various in vitro
assay conditions and monitoring by RP-HPLC, we observed an
unexpected phenomenon where the cycloRGDyC could be
released in the presence of commonly used small organic thiols
such as dithiothreitol (DTT). In the synthesis of the nano-
particle, cycloRGDyC is attached to heterobifunctional PEGs
through a thiol-maleimide linkage (Fig. 5)."* Recently it has
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Fig. 5 Cyclo(RGDyC) on C’ dots. The cyclo(RGDyC) peptide is cova-
lently attached to the particle through a cysteine-maleimido-PEG-silyl

group. The thiol-maleimide group (red) may be susceptible to
a reverse Michael reaction.
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been shown in the context of antibody drug conjugates that
thiol-maleimides can be susceptible to reverse Michael reac-
tions in the presence of other intermolecular thiols. These
studies have shown this reaction to be highly sequence depen-
dent on antibodies. To assess the stability of the thiol-
maleimide linkage on the C’ dots, the particles were subjected
to thiol-containing compounds DTT or glutathione for 24 h at
37 °C, then analyzed by LCMS (glutathione is ubiquitous in vivo
tripeptide containing cysteine). Under these conditions we
observed efficient release of the cycloRGDyC when DTT was
present. However minimal release (<5%) was observed with
glutathione (data not shown) at up to 48 hours. Furthermore, C’
dots incorporating different amounts of the ligand could be
assessed using this method. Typically, ligand quantitation is
estimated by UV absorption spectroscopy.’ Three C' dots,
estimated to contain on average 6, 14, or 18 cycloRGDyC
peptides by UV, were treated with DTT and analyzed by RP-
HPLC (Fig. 6A). A standard curve with the unconjugated cyclo-
RGDyC peptide was also generated. Peak integrations of the
released peptides from the 6, 14 and 18 cycloRGDyC-Cy5-C’ dot
samples were obtained; and their corresponding concentrations
and ligand per particle values were determined from the stan-
dard curve. Fig. 6B shows a plot comparing the levels of cyclo-
RGDyC per particles as estimated by UV spectroscopy verses this
thiol-mediated release assay, and good correlation is observed
between these two methods. In addition to estimating ligand
number or concentration, thiol-mediated release may provide
insight into the spatial location of the ligands. Given the
accessibility of the DTT to the maleimides, and subsequent

A Thiol-Mediated Release of CycloRGDyC
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Fig.6 Thiol-mediated release of cycloRGDyC from C’ dots. (A) C' dots
containing different numbers of cycloRDyC (6, grey; 14, blue; and 18,
red) are treated with DTT then analyzed by RP-HPLC. (B) Plot
comparing cycloRGDyC per particle estimates from UV absorbance
verses thiol-mediated release.
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release of the peptides, this supports the notion that the peptide
is likely near or on the surface of the particle, and not
embedded within, consistent with the schematic in Fig. 1.

Conclusions

In this report, we expand the use of traditional analytical tools
for the characterization of inorganic-organic hybrid nano-
particles to high resolution HPLC. In particular, we employ two
RP-HPLC based analytical approaches for a specific type of
ultrasmall silica based nanoparticles called C' dots. As the
clinical applications of these nanoparticles expand, such new
approaches are needed to refine characterization and assess-
ment of their exact composition and structure. While detailed
peak shapes were inconsistent from run-to-run, which could
represent different charged or conformational states of the
PEGylated particle surface; other features were found to be
highly reproducible, such as retention time and peak integra-
tions, providing an overall predictable and linear response.
Further optimization with solvent conditions may be needed
(i.e. the use of different solvent additives such as buffers, salts or
ion pairing reagents) and is currently ongoing. However, the
data suggests that RP-HPLC may provide a high resolution
means of separating distinct subpopulations of nanoparticles.
An unexpected phenomenon was observed where cysteine-
maleimides incorporated onto the particles were susceptible
to low molar mass thiols, but not glutathione. Excess DTT was
used to release cycloRGDyC from the C' dot, and released
peptide could be measured to obtain ligand to particle
estimates.
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