Open Access Article. Published on 01 November 2021. Downloaded on 12/16/2025 11:10:51 PM.

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

(cc)

Nanoscale
Advances

W) Check for updates ‘

Cite this: Nanoscale Adv., 2021, 3, 6876

Teodora Andrian,

Received 20th September 2021
Accepted 1st November 2021

DOI: 10.1039/d1na00696g

rsc.li/nanoscale-advances

The importance of PEG architecture on nanoparticle (NP) functionality
is known but still difficult to investigate, especially at a single particle
level. Here, we apply DNA Point Accumulation for Imaging in Nano-
scale Topography (DNA-PAINT), a super-resolution microscopy (SRM)
technique, to study the surface functionality in poly(lactide-co-gly-
colide)—poly(ethylene glycol) (PLGA-PEG) NPs with different PEG
structures. We demonstrated how the length of the PEG spacer can
influence the accessibility of surface chemical functionality, high-
lighting the importance of SRM techniques to support the rational
design of functionalized NPs.

Introduction

Nanomedicine aims to improve clinical outcomes and reduce
the adverse side effects caused by the lack of selectivity for target
tissues of small molecular drugs.™* A popular strategy to achieve
this aim is the tethering of functional moieties on the surface of
nanoparticles (NPs), which improves the interaction between
the drug delivery system and the target cells.>* The grafting of
targeting ligands to the surface of polymeric NPs is commonly
implemented by using PEG as a spacer.” The hydrophilic nature
of PEG also endows the formulation with “stealth” properties,
reducing fouling by plasma proteins® and improving circulation
times.” However, the architecture of PEG chains has been
shown to influence the association of nanoparticles to their
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target receptors® and in turn their cellular uptake.”'® Notably,
covering the surface of NPs with identical length PEG chains
can reduce the ligand free motion and hinder the accessibility
towards target receptors, whilst ‘cocktail’ PEGylation — where
ligand-free shorter PEG chains and ligand-tethered longer PEG
chains are covering the NP surface - can increase ligand
mobility and improve its accessibility to target receptors, as well
as maintaining stealth properties.*™**

Despite the acknowledgement of this phenomenon, the
effect of PEG architecture on ligand accessibility has mainly
been studied with ensemble assays based on average pop-
ulation results. In a pioneering study using transmission elec-
tron microscopy (TEM) and antibody fragments conjugated to
gold nanoparticles, the authors were able to map the accessible
epitopes on the surface of NPs at a single-particle level.”
Although TEM offers excellent resolution, quantification is
limited by the density of ligands that can be quantified, and low
throughput information that makes data analysis cumbersome.

Super-resolution microscopy (SRM) based on single-
molecule localization (SMLM) techniques have demonstrated
their superiority in the quantification of functional ligands,****
due to their nanoscale resolution (10-20 nm), molecular spec-
ificity and single-molecule sensitivity. DNA Point Accumulation
for Imaging in Nanoscale Topography (DNA-PAINT) is a type of
SMLM technique which offers various advantages over other
microscopy techniques, such as greater multiplexing possi-
bility,'"” lower photobleaching rates and accurate molecule
counting for a variety of functionalization densities.'>'®
Consequently, DNA-PAINT has been used to map functional
ligands on the surface of polystyrene,**** gold** and PLGA-PEG
NPs,* exposing ligand distribution and heterogeneity on the NP
surface. The exact number of functional ligands can be quan-
tified using quantitative PAINT (qPAINT),'** a technique
initially developed for the quantification of docking strands in
DNA origami.**

In this work we use qPAINT to quantify the number of
functional ligands on the surface of PLGA-PEG NPs and to
study the role of spacer PEG length and target group content on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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their targeting ability. Finally, we study the ligand availability
(%) by comparing the number of functional ligands quantified
using qPAINT with the conjugation efficiency (CE%) calculated
using ensemble measurements. First, we formulated the
different NP formulations via the nanoprecipitation method, by
mixing PLGA, PLGA-PEG;-maleimide and PLGA-PEG, poly-
mers, varying the amount of target group (maleimide) content
and spacer PEG length in the PLGA-PEG, polymer (where x
denotes molecular weight of 1k or 5k). Then, we conjugated the
NPs to our model ligands, thiol-oligonucleotides (docking
strands), and quantitatively studied the number of available
ligands and distribution using DNA-PAINT and qPAINT for the
different formulations, highlighting marked heterogeneity
within the formulations. Finally, we demonstrated at a single
particle and molecular level how PEG architecture can influence
ligand number and availability.

Results and discussion

A brief outline of the DNA-PAINT and qPAINT quantification
protocol is given in Fig. 1. NPs were first prepared manually via
the nanoprecipitation method® by mixing of PLGA-PEGs,
PLGA and PLGA-PEGs,-maleimide polymers with increasing
maleimide content (10-100%) (1). Then they were conjugated
with an excess of thiolated oligonucleotides (docking strands)
used as a DNA-PAINT probe and as a model for a biological
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diameter, TEM diameter and polydispersity index were gener-
ally consistent between formulations, except for 100% mal-
eimide content for which we noted an increase in these
parameters, probably due to reduced stability. For full protocol
see ESI Experimental sectiont and for NPs characterization
using DLS and ZP Table S1 and TEM Fig. S1.f We studied the
availability of the conjugated functional ligands to the
complementary imager strands using DNA-PAINT imaging® (3).
During imaging, DNA hybridization mediates the transient
binding and unbinding of the complementary imager strands
to the docking strands. Notably, if the functional ligand is not
properly exposed in the imager strands, it will not be available
for detection and thus the localizations identified reveal the
number of available functional ligands. Finally, whilst the
number of localizations gives an estimation of the total number
of ligands, the exact number can be quantified using qPAINT
(4), which uses kinetic information based on the dark time
between binding events to quantify available ligands. Specific
parameters used are the mean dark time between the binding
events (r:l), the second-order association rate constant (koy)
between the complementary strands, and the known concen-
tration of imager strands (C;) through the equation
n= (kONCirz)71.21 For details on DNA-PAINT imaging and
gPAINT analysis see ESI Experimental section.}

First, we show the DNA-PAINT and qPAINT results on the
quantification of the number of available ligands per NP on 6

ligand via a thiol-maleimide reaction® (2). The hydrodynamic different - PLGA-PEG NP formulations  with increasing
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Fig. 1 Outline of DNA-PAINT and gPAINT protocol. (1) PLGA-PEG nanoparticles (NPs) are first formulated using varying maleimide contents
(10-100%). (2) NPs are functionalized by conjugation with a thiol-single stranded DNA functional ligand (docking strand) via maleimide—thiol
conjugation. Only some of the maleimide groups are available for conjugation with the functional ligand. (3) During DNA-PAINT imaging,
complementary imager strands attached to ATTO-647N dye transiently bind and unbind to the available ligands on the NP surface, leading to the
acquisition of a super-resolved image, whilst the hindered ligands are undetected. In red are the localizations representative of available ligands,
and in yellow an encapsulated dye (Dil) used as a reference marker and drift corrector. Scale bar 100 nm. (4) gPAINT achieves quantification of the
exact number of available ligands (n) by using the mean dark time between the binding events (rf,), the second-order association rate constant
(kon) between the complementary strands, and the known concentration of imager strands (C;) through the equation n = (kONCirZ)fl.
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Fig. 2

(a) Representative DNA-PAINT image of ligand-conjugated PLGA-

Localizations/NP Localizations/NP

PEG (PEGsy) 50% maleimide NPs displaying the number of localizations

(red) per NP (scale bar = 200 nm). The yellow signal is Dil dye encapsulated in NP, used for mechanical drift correction and as a reference in NP
identification. (b) Normalized frequency histograms of DNA-PAINT localizations for PLGA-PEG-maleimide (long PEGs,) NP at various maleimide
contents (10-100%), the number of NP analysed (N) and the mean number of localizations. Close-up images of representative NP for each
formulation (scale bar = 100 nm), whereby DNA-PAINT localizations are seen in red and Dil in green. (c) The number of available ligands/NP per
formulation as retrieved by gPAINT. The data were analysed using Matlab software.

maleimide content (10-100%) conjugated to an excess of
functional ligand. Please note a constant time was kept between
NP formulation and imaging for all formulations. Fig. 2a shows
a DNA-PAINT image of localizations (red) clusters representa-
tive of surface ligand number. In Fig. 2b we observe images of
representative NPs from each formulation, illustrating a visual
increase in number of localizations with maleimide content.
This demonstrates that DNA-PAINT can discriminate formula-
tions with different contents of surface functionalization. We
then analyzed the x, y, t coordinates of the localizations using
a previously described mean-shift clustering algorithm in Mat-
lab*** and plotted the data of localizations/NP in frequency
distribution graphs. The distributions show a clear increase in
localizations/NP with maleimide content but also an increase in
the distribution width (i.e. heterogeneity), which is expected
with greater target group contents. This emphasizes that the
average number of ligands is not and should not be used as
a representation of the whole NP population. Despite the ligand
conjugation and imager hybridization processes both being
stochastic in nature, we observe non-symmetrical (i.e. non-
Poissonian) localization distributions. We have recently attrib-
uted these results to an entanglement between ligand and size
distribution using correlative microscopy.” In addition, we
observed that for NPs with greater maleimide content the
distributions tail towards higher localization numbers. As seen
in our previously published correlative results, the sub-
populations of NPs at the extreme right of the localization
distributions generally represent NPs with larger than expected
diameters.

We carried out two control experiments for our data, the first
by using a non-complementary imager aimed to demonstrate
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that the DNA-hybridization between the docking and imager
strand is specific, and the second control by imaging non-
functional NPs using the correct imager aimed to demonstrate
low non-specific attachment of imager strands to NPs. For both
controls, the results show a much lower number of localizations,
confirming the specificity of the method (Fig. S27). Notably, DNA-
PAINT offers a relatively high-throughput analysis, with 200-500
NPs analyzed per field of view, a clear advantage when compared
to other single-particle microscopy techniques such as TEM. We
then counted the exact number of available ligands on the NP
surface using the previously established method qPAINT.'***?!
Fig. 2c illustrates a general increase in the quantified number of
ligands per NP with maleimide content up to 70%, followed by
a saturation in the number of ligands at 100% maleimide (for
ligand distributions see Fig. S31).

Next, we selected 3 formulations with a maleimide content
typically used in literature (10%, 20% and 30%)** and analyzed
the ligand conjugation efficiency (CE%) using spectrophotom-
etry to be between 20 and 30% (Table S2t) and confirmed the
results by studying the CE% of a smaller molecule r-cysteine,
with results between 40 and 50% (Table S3t1). For information
on how CE% was calculated please see ESI Experimental
section.t Although the hydrophobic PLGA chains are assumed
to form the core, and the hydrophilic PEG chains the outer
layer, we expect that not all maleimide groups will be available
for conjugation on the NP surface, since due to the miscibility of
PEG and PLGA, some of the PEG-maleimide chains will be
embedded in the NP core.**** It has been shown that on average,
only 50% of the maleimide groups are available for ligand
conjugation,” values which closely agree with our CE% and t-
cysteine assay results.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic representation of the influence of spacer PEG
chain length on the conjugation efficiency (CE%) and ligand availability
(%) of PLGA-PEG NPs. Shorter PEG chains (PEGy) are expected to
achieve better CE% and imager availability due to improved maleimide
and ligand free motion, and reduced flexibility and entanglement of
PEG chains. (b) Quantification of ligand number/NP by qPAINT with
increasing maleimide content (10-30%) and varying spacer PEG chain
length (PEGsy — blank, PEGyy — lined). Standard deviation bars are given
for each formulation.

Then, based on the estimated number of theoretical mal-
eimide groups per NP and the CE%, we calculated the average
number of estimated ligands per NP for each formulation and
compared these values with our qPAINT results. The
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experimental numbers were significantly lower than the esti-
mated numbers e.g. 6 vs. 77 and 9 vs. 293 for 10% and 30%
maleimide formulations, respectively. For results and calcula-
tions see Table S2 and ESI Experimental section.t In addition to
the issue of maleimide availability, it has also been reported
that with increasing molecular weight (e.g. at 5 kDa), the PEG
chain becomes more flexible,*® leading to conjugated ligands to
be entangled in the PEG chains,”” a phenomenon which could
explain the low numbers of quantified ligands. This prompted
us to analyze further the role of PEG length on the targeting
ability of NPs.

PEG (typically 5 kDa)® is a common linker used for the
tethering of target groups (e.g. maleimide) on the NP surface,
and used as a spacer to improve formulation stability and to
decrease the adsorption of serum proteins.**® Despite this, it
has been argued that the effect of PEG length on NP targeting
ability must also be seriously considered.®***>>7>°

Particularly, it has been shown that PEGylation of NPs with
identical spacer and ligand-tethered chain lengths at higher
molecular weights can lead to a reduced number of accessible
tethered ligands on the NP surface,"™* as well as reduced
target receptor accessibility.**®** This phenomenon is thought
to be due to hampered ligand free motion,*** as well as an
increase in the flexibility of the PEG chain with increasing
molecular weight*® which can lead to entangling of surface
ligands into the PEG chains.”” We used DNA-PAINT and
qPAINT to quantify at a single particle and molecular level the
effect of spacer PEG chain length and on ligand availability. To
this end, we tested the effect of substituting the 5 kDa PEG
(PEGs)) spacer chain in the PLGA-PEGs, polymer with
a shorter 1 kDa PEG (PEGyj) chain whilst maintaining the
length of the PLGA and PLGA-PEG;-maleimide strands
unchanged, at 3 different maleimide concentrations (10-30%).
Whilst the polydispersity index and TEM diameter were similar
to the PEG;, formulations, we noted an increase in the
hydrodynamic radius. It has been suggested that longer PEG
chains such as 5 kDa can entangle among each other via van
der Waals forces and hydrogen bonding, leading to a reduction
in the size of the outer layer and thus hydrodynamic radius, as
compared to shorter PEG chains.'®*® For formulation see ESI

Table 1 Calculation of conjugation efficiency (%), number of ligands by qPAINT and ligand availability (%) for PLGA-PEG NPs with varying

maleimide content and spacer PEG lengths®

Spacer PEG chain length (kDa)

Conjugation efficiency

Quantified ligands

(%) (qPAINT) Ligand availability (%)
Maleimide content
(%) 5 1 5 1 5 1
10 25 38 6 42 8 21
20 21 35 8 54 6 15
30 31 70 31 79 2 5

% PLGA-PEG NPs with increasing maleimide content (10-30%) and varying spacer PEG chain length (PEG5) and PEGy;). The conjugation efficiency
(%) was calculated using spectrophotometry, the number of accessible ligands by qPAINT and the ligand availability (%) by considering the number
of available ligands out of the theoretical expected number of ligands. For calculations of CE% and ligand availability see ESI Experimental section

and Table S2 in ESI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Experimental sectiont and for characterization using DLS and
ZP Table S4 and TEM Fig. S4.F

With this approach we wanted to promote the sticking out of
the PEG brushes bearing the maleimide groups for an improved
conjugation efficiency (CE%) and ligand availability to imager
strands (graphically shown in Fig. 3a). Using spectrophotom-
etry, we found on average a 2-fold increase in CE% at all mal-
eimide contents using the shorter PEG; chains (Table 1). Using
gqPAINT, we observed on average a 7-fold increase at both 10%
and 20% maleimide and a 3-fold increase at 30% maleimide
contents in quantified ligands using the shorter PEG;; chains
(Fig. 3b and Table 1). For localization distributions and negative
controls see Fig. S5 and for ligand distributions see Fig. S6.f
These results indicate that by varying surface PEG chain lengths
we can improve the exposure of target groups (e.g. maleimide)
which in turn improves conjugation efficiency, and we can
enhance the exposure of conjugated functional ligands on the
surface of NPs, which is expected to improve target cellular
receptor recognition.

Lastly, to account for any changes between the formulations
in diameter, theoretical maleimide groups/NP and CE%, we
also compared the results in ligand availability (%) (Table 1).
We calculated a 3-fold average increase in ligand availability
using the lower PEG; chain. Notably, for both PEGs, and PEG
we found that ligand availability (%) is greater at lower mal-
eimide contents. We expect this to be because at lower target
group contents there are generally less conjugated ligands on
the surface of the NPs, and therefore a reduced hindering effect,
leading to an increase in ligand availability.

Conclusions

In summary, we demonstrated at a single-particle and single-
molecule-level that ligand number and availability in poly-
meric NP could be greatly impacted by PEG architecture, with
regular long PEG chain architecture causing entanglement of
tethered groups and ligands within the polymeric chains. Still,
although modification of PEG chain length generally improved
ligand availability (maximum of 21% at 10% maleimide
content), the overall picture is that the standard formulation
method to conjugate functional ligands to polymeric NPs leads
to NP with a low number of available ligands, and in hindsight
a poor biological performance. Due to the unique single-particle
and single-molecule properties and high-throughput capabil-
ities of SMLM techniques, we strongly believe these results
highlight their potential to be used in the routine design,
quality control and optimization of nanomaterials with
improved biological efficacy.
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