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Recent advances in super-resolution microscopy have enabled
unprecedented visualization of cellular structures, tracking of
nanomaterials in biological environments, or the elucidation of
specific nano-bio interactions. Yet, dynamic quantification of cargo
release from individual nanocarriers remains unexplored. Here, we
leverage the high spatial resolution of direct stochastic optical
reconstruction microscopy (dSTORM) to monitor protein release
at the single-nanocarrier level. Poly(lactic-co-glycolic acid) (PLGA)
nanocapsules labelled with Cyanine5 and loaded with bovine serum
albumin (BSA) tagged with Alexa Fluor 488 are characterized using
dSTORM alongside other characterization techniques. dSTORM
allowed us to simultaneously observe changes in nanocarrier size
and cargo localization over time. Our results demonstrate a time-
dependent increase in nanocapsule diameter and a decrease in
nanocarrier concentration. The quantitative analysis of individual
nanocarriers reveals single-particle protein release profiles, char-
acterized by an initial burst followed by sustained release, with
complete release achieved after 30 days. This study represents the
first application of super-resolution microscopy to spatially and
temporally resolve protein release from nanocarriers, offering
single-molecule sensitivity and nanometric resolution, and captur-
ing heterogeneity that ensemble-averaged techniques overlook.
Our approach complements other pharmacokinetic analyses and
establishes a robust method to evaluate the cargo release from
other nanocarriers by super-resolution microscopy.

1. Introduction

In recent years, nanocarriers have emerged as revolutionary
tools in medical research, overcoming critical limitations of
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STORM as a tool to track cargo release from
polymeric nanocarriers at the single-particle level
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New concepts

This work proposes super-resolution microscopy for resolving and quan-
tifying drug release kinetics at the single-nanocarrier level. While super-
resolution techniques have transformed our understanding of nano-bio
interactions, their potential to dynamically monitor protein release from
nanocarriers has remained unexplored. Here, we demonstrate the first
application of direct stochastic optical reconstruction microscopy
(dSTORM) to temporally and spatially track protein release from indivi-
dual poly(lactic-co-glycolic acid) (PLGA) nanocapsules with nanometric
precision. Unlike conventional bulk assays that provide ensemble-
averaged release profiles, our MATLAB-based quantitative single-particle
analysis captures nanocarrier heterogeneity and provide simultaneous
information of the nanocarrier evolution over time and the protein
release. This conceptual advance establishes dSTORM as a quantitative
tool for studying cargo release from nanocarriers and intra-population
variability, advancing the rational design and optimization of next-
generation drug delivery systems.

conventional free therapeutics. Nanocarriers can enhance the
stability and solubility of encapsulated cargos, facilitate trans-
port across biological membranes, and extend blood circulation
times, thereby improving therapeutic efficacy while reducing
off-target effects.””” Owing to their versatility and customizabil-
ity, polymeric nanocarriers have garnered much interest as drug
delivery systems since their surface charge, hydrophilicity, and
functionality can be purposely modulated.>* Given the diversity
of polymeric nanostructures, the therapeutic cargos can be
encapsulated in the core, entrapped within the polymer matrix,
chemically bound to the polymer, or electrostatically adsorbed
on the nanocarrier’s surface. These design choices directly
influence release kinetics and enable the delivery of hydropho-
bic and hydrophilic payloads (small-molecule drugs, nucleic
acids, and proteins).>®

An accurate characterization of the therapeutic agent release
kinetics from the nanocarrier is crucial for optimizing the drug
delivery system’s safety, efficacy, and clinical performance.”® In the
case of protein-loaded nanocarriers, several high-throughput tech-
niques are commonly employed to quantify the released protein,
including high-performance liquid chromatography (HPLC) with

Nanoscale Horiz.


https://orcid.org/0000-0002-6129-4087
https://orcid.org/0000-0003-1776-4296
https://orcid.org/0000-0001-8235-765X
https://orcid.org/0000-0001-6464-7573
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nh00855g&domain=pdf&date_stamp=2026-04-22
https://rsc.li/nanoscale-horizons
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nh00855g
https://pubs.rsc.org/en/journals/journal/NH

Open Access Article. Published on 23 April 2026. Downloaded on 4/25/2026 10:50:29 PM.

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

(cc)

Communication

UV-visible detection,” fluorescence and UV-visible spectro-
scopy,”'*™* enzyme-linked immunosorbent assay (ELISA),"*
and dye-based absorbance methods such as bicinchoninic acid
(BCA) and Bradford assays.'**° While current techniques effec-
tively quantify the released cargo, a universal standard method
is lacking because the optimal technique selection depends on
the nanocarrier’s composition. More critically, these approaches
require sample processing that could alter the nanocarriers,
such as centrifugation and filtration, and provide ensemble-
averaged information, averaging over millions of particles that
masks single-particle heterogeneity. For drug delivery, under-
standing heterogeneity in loading and release is increasingly
recognized as crucial.’*>* What if we could directly observe
individual nanoparticles in action without sample manipula-
tion, tracking payload release at the single-particle level? This
study provides a practical, operational method for accessing the
missing layer of information.

Over the last decades, the development of super-resolution
microscopies has enabled the dissection of cells, subcellular
compartments, and even biomolecular assemblies with nano-
metric resolution.”*> While these techniques were first devel-
oped for imaging cellular structures, their utility now extends far
beyond biology, offering significant benefits to nanotechnology
and nanomedicine thanks to current developments in reliable
quantification with super-resolution microscopy.**>” They con-
tribute to the characterization of nanomaterials and the loaded
therapeutics,®®*™*' as well as their intracellular trafficking.***°
Among the different super-resolution microscopy techniques,
stochastic optical reconstruction microscopy (STORM) is a
single-molecule localization technique that routinely achieves a
lateral resolution of ~20 nm,*>***° and offers the possibility of
multi-color imaging and single-molecule sensitivity.*>>' These
features, together with the ability to perform particle-by-particle
analysis and the advantage of localizing dye-labelled molecules
within the nanoparticle sample, are especially suitable to com-
plement other existing techniques and extend our understanding
of cargo release from a nanocarrier. Beyond super-resolution
approaches, other microscopy techniques have emerged to inves-
tigate nanomaterials in biologically relevant environments, such
as soft X-ray microscopy, providing label-free, quantitative ima-
ging of chemically heterogeneous nanostructures with spatial
resolutions down to a few nanometers.>*>* X-ray methods offer a
higher penetration depth but lower chemical specificity com-
pared to super-resolution microscopy.

To the best of our knowledge, we present here the first study
demonstrating that super-resolution microscopy is a reliable
tool for revealing the fine details of cargo release from polymeric
nanocarriers at the single-particle level, complementing existing
high-throughput methods commonly used in the pharmaceu-
tical industry. For this purpose, we prepared poly(lactic-co-
glycolic acid) (PLGA) nanocapsules (NCs) fluorescently labelled
with Cyanine5 (Cy5) and loaded with fluorescent bovine serum
albumin tagged with Alexa Fluor 488 (BSA-AF488), used as a
model protein. A thorough characterization using advanced
electronic and super-resolution microscopy techniques con-
firmed the encapsulation of the protein. In this work, we used
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direct STORM (dSTORM) to visualize the proteins within the
PLGA nanocarriers at different time points, followed by an analysis
routine implemented in MATLAB, which was employed to auto-
matically extract single-particle data, enabling the study of the
evolution of both the nanocarrier and the released fluorescent
protein over time. Remarkably, dSTORM results show a similar
release profile as when using a Bradford assay, but in addition,
evidence the heterogeneity in the protein release between nano-
carriers, contributing to a more detailed understanding of drug
delivery complexity.

2. Results and discussion

2.1. Nanocarrier characterization

The biocompatible, biodegradable, and FDA-approved polymer
PLGA was used to form NCs, with BSA incorporated within their
inner cavity as a model for protein delivery.>* Fluorescent PLGA-
Cy5 NCs loaded with fluorescent BSA-AF488 (PLGA-Cy5/BSA-
AF488 NCs) were prepared following a double emulsion-solvent
evaporation method,*”° as described in the SI. Commercial
PLGA (acid-terminated) was chemically modified to form PLGA-
NH,, which was linked to Cy5 red dye to obtain PLGA-Cy5, as
reported in previous works.>”° The final red fluorescent PLGA-
Cy5 NCs contained 1% of PLGA-Cy5 and 99% of unlabeled PLGA,
while a 20% fraction of the total encapsulated BSA was conju-
gated with the green AF488 dye and the other 80% was unlabeled
BSA. Fig. 1a depicts a scheme of the system. Fig. 1b shows a
scanning electron microscopy (SEM) image of the PLGA NCs,
evidencing the homogeneity and lack of aggregation. Their
spherical morphology and empty core, suitable for accommodat-
ing biomolecules, can be seen in Fig. 1c and d, respectively. In
cryogenic transmission electron microscopy (cryo-TEM) images
of Fig. 1e, the higher electron density of the NC core of protein-
loaded PLGA NCs (right) compared to the empty one (left)
validates the protein encapsulation inside the nanocarrier. A
comparison of the electron intensity profiles is shown in Fig.
S1. This was also confirmed by scanning-transmission electron
microscopy-energy dispersive X-rays (STEM-EDX), showing a
higher nitrogen content (in pink) in the protein-loaded nanocar-
riers due to the amino acid residues (Fig. 1f). The elemental
quantification by STEM-EDX showing the nitrogen band in BSA-
loaded NCs can be seen in Fig. S2. PLGA-Cy5/BSA-AF488 NCs had
a mean hydrodynamic diameter of 278 + 57 nm and a surface
charge of -29 + 6 mV (Fig. S3).

The fluorophores used to label the nanocarriers (Cy5) and
the protein (AF488) were chosen to be spectrally separated for
dSTORM imaging. Cy5 and AF488 are standard dyes for
dSTORM, widely employed for their excellent photo-switchable
properties.®! Fig. 1g shows a conventional fluorescence image
of the nanocarriers compared to the corresponding dSTORM
image (Fig. 1h), and the insets show a representative NC for
both imaging modes. The increased resolution of dSTORM can
resolve individual nanocarriers, allowing an accurate visualiza-
tion of the protein cargo. In dSTORM, each dot corresponds to
one localization, that is, one blinking (on/off switching) event

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 PLGA nanocarrier design and characterization. (a) Scheme of a PLGA-Cy5/BSA-AF488 NC: PLGA labelled with Cyanine 5 (Cy5) used to
encapsulate bovine serum albumin (BSA) labelled with Alexa Fluor 488 (AF488). (b) SEM image of homogeneous PLGA nanocarriers. (c) SEM image
showing their spherical morphology. (d) SEM image revealing the hollow core of PLGA nanocarriers formed via double emulsion. (e) Cryo-TEM images of
an empty (left) and a BSA-loaded (right) PLGA NC. (f) STEM-EDX images of an empty (left) and a BSA-loaded (right) PLGA NC (carbon: blue, nitrogen:
pink). (g) Low-resolution image of PLGA NC, with inset showing a single NC. Mechanical drift between sequential channels could not be corrected in the
low-resolution imaging mode. (h) Super-resolution image of PLGA NCs, with a Gaussian representation to enhance contrast. The inset shows a single NC

with the cross representation.

of a dye, and the image reconstruction is based on single-
molecule localization. Using a MATLAB code, we could identify
and extract information about the nanocarriers’ size and study
the cargo release from the NCs.

2.2. STORM data analysis workflow

Following dSTORM imaging, the position and time coordinates
of three different channels were extracted: nanocarriers (647),
proteins (488), and fiducial markers used for drift correction
(561). These data were then analyzed with a refined MATLAB
code, schematically shown in Fig. 2, in which the implemented
upgrades to the original code from ref. 62 are represented in
yellow. Firstly, the centers of the nanocarriers and fiducial
markers were identified using a mean-shift clustering algo-
rithm, which works by grouping nearby points based on their
density. Once the centers were located, the nanocarrier channel
was filtered by different criteria: number of localizations,
nanocarrier diameter, distance between nanocarrier centers,
elongation, and proximity to fiducial markers (detailed expla-
nation in the SI). After filtering, the program estimated the
center and diameter of each nanocarrier based on the positions
of its localizations. Given the automatic detection and quanti-
fication of the dye localizations, many NCs could be identified
in each image, providing a particle-by-particle distribution of
their diameter and localizations.

This journal is © The Royal Society of Chemistry 2026

Finally, the non-released protein localizations during the
release experiment were defined relative to each individual
nanocarrier by introducing a size-dependent proximity criter-
ion. Protein localizations were considered associated with a
given NC if they were located within a circular region centered
at the NC, with radius equal to the NC radius multiplied by a
scaling factor, set to 1.3. This included proteins still inside the
nanocarrier (colocalized with PLGA-Cy5) or near to its edge
(within 30% safety margin). This margin, absent in the original
analysis code, accounts for time-dependent size changes
caused by polymeric degradation over time. The value of this
scaling factor was determined through optimization to ensure
that we captured truly associated proteins, minimizing false
positives from distant proteins, and to account for the limited
localization precision of dSTORM, including protein molecules
that appeared slightly outside the boundary due to single-
molecule localization uncertainty. Knowing the protein locali-
zations still bound to the nanocarriers, we could extract the
fraction of protein released at each time point.

Detailed parameter optimization can be found in the SI. All
codes required to perform the full analysis are available in a
GitHub repository,®* along with detailed information on their
functioning and example files for testing and running the
workflow.

Having established the robustness of this analysis, we first
studied the time evolution of the PLGA nanocarriers by
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Fig. 2 MATLAB code diagram and nanocarrier information outcomes. The flowchart illustrates the sequential steps the code follows. The upgrades to
the original code developed in ref. 62 are highlighted in yellow and were implemented to adapt to the PLGA nanocarrier evolution during protein release.
Red entries correspond to outcomes associated with the nanocarriers’ (PLGA-Cy5) characteristics, while green entries refer to the protein release with

time (BSA-AF488). Diagram created with Eraser.

dSTORM, determining their size and PLGA degradation and
complementing these analyses with other particle analysis
techniques. Next, we assessed the time-dependent release of
the protein from the nanocarriers.

2.3. Nanocarrier time evolution

We then used dSTORM imaging and the previously described
analysis methodology to investigate the time-dependent mor-
phological changes of the nanocarriers. PLGA-Cy5/BSA-AF488
NCs were incubated in PBS 1X (pH = 7.4) at a concentration of 5
mg mL " of NCs at 37 °C, and sampled at different time points
(0 h, 1 h, 12 h, 1 day, 4 days, 16 days, and 30 days).

Fig. 3a shows the time evolution of the mean nanocarrier
diameter measured by dSTORM (in red). A significant increase
in diameter over time is observed, especially after 4 days, as
shown in the nanoparticle tracking analysis (NTA) data (grey in
Fig. 3a). These size variations over time are likely due to a
combination of processes, including PLGA hydration and swel-
ling of the NCs, bulk hydrolysis, PLGA fragment fusion, and
aggregation.®*°°

The descriptive statistics and size distributions obtained by
dSTORM and NTA are displayed in Table S1 and Fig. S4. The

Nanoscale Horiz.

apparent discrepancy between dSTORM and NTA particle sizes
(70-110 nm vs. 230-330 nm, respectively) arises from fundamen-
tal differences in the measurements each technique makes. NTA
reports the hydrodynamic diameter, which includes the particle
core and the surrounding electrical double layer of solvent
molecules that move with the particle.®” In contrast, ASTORM
provides a measurement closer to the fluorescently labelled
nanocarrier, which is smaller than the hydrodynamic diameter.
Importantly, Cy5 distribution can lead to dSTORM underestimat-
ing size. Since localization algorithms discard blinking events
below a specific threshold, this may partially shrink the apparent
radius toward the region of highest fluorophore density and best
signal-to-noise ratio.°® Additionally, NTA assumes a spherical
diffusion model, which is generally appropriate. Still, aggregates
or debris can lead to deviations from sphericity, resulting in non-
spherical particles being detected as larger apparent spheres.
This effect can contribute to an overestimation of particle size by
NTA. Conversely, dSTORM enables straightforward identification
and exclusion of such aggregates, a capability that is more
limited in NTA measurements.

NTA further revealed a significant decrease in the number of
NCs, especially important after 4 days (Fig. 3b). A schematic

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nh00855g

Open Access Article. Published on 23 April 2026. Downloaded on 4/25/2026 10:50:29 PM.

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

(cc)

Nanoscale Horizons

a) s 200 [JSTORM [ INTA 500 ~
5 *% *kkk Khkkk E
— c
E *kkk S
& 150 [
5 *kkk i
- +300 'E
2100+ ko
[0} L 13}
g 200 g
g =t 1100 ¢
c 3
P S
[0 0 ! ! ! | I I 0
= Oh 1h 12h 1d 4d 16d 30d

Time

o, O‘Q

b)

View Article Online

Communication

<, 8x10%

E

§ 6x10°

& d*kkk *kk * dkkk *kkk *kk

[

%4x109-

£

8 2x10°

3
—
oh 1h 12h 1d 4d 16d 30d

Time

2

m
N
©
— oF,
N 4 0

Fig. 3 Nanocarrier monitoring at different time points by dSTORM, NTA and SEM. (a) Mean diameter + standard deviation (SD) in nm given by dSTORM
(red) and NTA (grey). Sample size for ASTORM data: N = 594 (0 h), N = 1663 (1 h), N = 1712 (N = 12 h), N = 2843 (1 day), N = 525 (4 days), N = 236 (16 days),
N = 30 (30 days). P-Values are calculated using one-way ANOVA with Tukey's multiple comparison test (**P < 0.01, and ****P < 0.0001). Statistical tests
were run separately for dASTORM and NTA. Error bars of NTA data correspond to the SD of the size distribution, not the SD between the three replicates.
(b) NCs concentration + SD (particles mL™Y) given by NTA. P-Values are calculated using one-way ANOVA with Tukey's multiple comparison test
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). The schematic drawing shows the decrease of NC concentration. (c) SEM images of the NCs
at different time points, where nanocarrier degradation is visible at extended periods (16 and 30 days). The schematic representation depicts the
morphological evolution of nanocarriers due to multiple processes (polymer hydration, swelling, hydrolytic degradation followed by fusion of PLGA

fragments, and a certain degree of aggregation).

illustration is included in the same panel to visually represent
the drop in nanocarrier concentration. This suggests that
hydrolytic degradation of PLGA is occurring, evidencing the
dynamic and complex nature of the system, which must be
considered in the release studies. The number of Cy5 localiza-
tions per NC could also be assessed by dSTORM (Fig. S5), which
showed a clear decrease at 30 days, substantiating PLGA-Cy5
degradation, therefore not adhering to the surface of the
glass slide.

This journal is © The Royal Society of Chemistry 2026

SEM confirmed the morphological changes and hydrolysis
effects on the nanocarriers (Fig. 3c). In the same figure, a
schematic representation of the proposed morphological evolu-
tion is shown. At early time points, the nanocarriers appeared
spherical and of very similar size, with some small aggregates
likely caused by NCs collapse after water evaporation during
sample preparation. By days 16 and 30, larger spherical struc-
tures were evident, which could reflect the combined effects of
the above-mentioned processes.

Nanoscale Horiz.
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2.4. Protein release

dSTORM was then used to quantitatively monitor the release of
cargo from the nanocarrier at the single-particle level. Represen-
tative dSTORM images of individual nanocarriers are shown in
Fig. 4a, where the nanocarrier (PLGA-Cy5) localizations appear in
red and the localizations of the protein (BSA-AF488) associated
with the nanocarrier (unreleased protein) in green. The different
images do not correspond to the same particle, as the release
experiment was performed in a vial and aliquots were taken for
imaging at given time points. The nanocarrier size, determined
from the analysis of the PLGA-Cy5 localizations, is shown with
the red circle, containing the 95% of the datapoints. BSA-AF488
localizations close to the nanocarrier, within the green circle (1.3
times the radius of each nanocarrier), are considered unreleased.
In contrast, released BSA-AF488 localizations located further
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away from the nanocarrier, outside the green circle, are shown
in white. Note that the number of encapsulated proteins
decreased over time, and nanocarrier degradation was clearly
evidenced at 30 days by the very few Cy5 detected localizations,
suggesting that nearly all NCs have degraded.

After MATLAB-based data analysis, the number of unreleased
protein localizations per nanocarrier at each time point were
obtained. Histograms of protein localizations per nanocarrier
are shown in Fig. S6. Notably, the single-molecule sensitivity of
dSTORM revealed significant heterogeneity between nanocar-
riers, showing that, for a given time point, some particles had a
considerable amount of encapsulated protein and others had
much less. This heterogeneity was quantified through distribu-
tion fitting. The box plots are shown in Fig. S7, and the
statistical magnitudes are collected in Table S2, with a large
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Fig. 4 Protein release from PLGA NCs by dSTORM. (a) dSTORM images of an individual NC representative of each time point. In the rendering of
dSTORM images, localizations are shown with the cross representation to better discriminate the red and green localizations. Red dots: PLGA-Cy5
localizations; green dots: BSA-AF488 localizations associated with the NC; white dots: released BSA-AF488 localizations; red circle: nanocarrier size
(containing 95% of Cy5 localizations); green circle: circle that contains the BSA-AF488 localizations associated with the NC (radius of each nanocarrier
multiplied by a scaling factor). The number of nanocarriers analyzed at each time is indicated: N =70 (0 h), N=90 (1 h), N =97 (N = 12 h), N = 112 (1 day),
N =73 (4 days), N = 65 (16 days), N = 14 (30 days). (b) Median protein molecules per NC vs. time. Error bars show the median absolute deviation (MAD).
P-Values are calculated using Kruskal—Wallis test with Dunn’s multiple comparison test (***P < 0.001). Inset shows the data points during the first day.
(c) Cumulative percentage of median released protein vs. time. The inset graph shows the data points from the first day. Error bars are not shown for
graph clarity. The illustration schematically depicts the hydrolysis process that triggers the release. Dashed green lines in (b) and (c) are included as a guide
to the eye.

Nanoscale Horiz. This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nh00855g

Open Access Article. Published on 23 April 2026. Downloaded on 4/25/2026 10:50:29 PM.

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

(cc)

Nanoscale Horizons

interquartile range (IQR), evidencing the variability between
nanocarriers. These results complement the nanoscale hetero-
geneity already reported in other studies employing super-
resolution microscopy, including investigations of nanoparticle
surface functionalization,”® protein corona formation,”®”>
extracellular vesicles secretion,”” homogeneous supramolecular
polymers,”* and single-crystal nanocomposites,”” going beyond
ensemble-averaged techniques.

To convert these localization counts into an estimate of the
number of protein molecules per nanocarrier, a calibration based
on single proteins was performed (detailed protocol in SI and
results in Fig. S8). Specifically, the number of localizations
generated by individual labeled proteins was determined and
used to estimate the number of proteins associated with each
PLGA NC, following previously reported approaches.”®’®”® To
improve the accuracy of the estimation, a single-molecule blink-
ing calibration was performed under the same imaging condi-
tions as the release experiment, thereby minimizing potential
errors arising from differences in the chemical environment.

The median number of unreleased protein molecules per
nanocarrier decreased with time after 1 day (Fig. 4b), indicating
their release from the NCs. The apparent decreased protein
molecules at the earliest time points may be due to the limited
penetration of the STORM imaging buffer into the nanocar-
riers, which could impair AF488 switching and lead to an
underestimation of detected localizations. After longer incuba-
tion (e.g., 24 h at 37 °C), partial hydrolysis of the PLGA matrix
may increase particle porosity, potentially facilitating buffer
penetration and improving detection efficiency.

It is important to note that it was not possible to unambigu-
ously distinguish between nanocarriers that were initially
empty and those that became empty due to complete release.
Therefore, our analysis focused on the temporal evolution of
the distribution of protein molecules per nanocarrier, rather
than on the absolute identification of empty particles.

Additionally, the fraction of released protein was calculated
following eqn (1). Since the highest number of detected protein
molecules per nanocarrier occurred at ¢ = 1 day, this value was
used as a reference maximum, corresponding to the maximum
detectable number of protein per nanocarrier. The median
number of protein molecules/NC at time ¢ was subtracted from
this maximum value and normalized accordingly to obtain the
fractional release. As seen in Fig. 4c, a rapid release (burst)
occurred over the first 4 days, followed by a sustained regime,
reaching complete release after 30 days, in which PLGA degrada-
tion is evident. This biphasic release profile was also obtained
using the Bradford assay (Fig. S9), which provided averaged
protein quantification and aligned with the results shown in
other studies.”® >

maximum protein — unreleased protein

% Released protein = - .
maximum protein

1)

Both fluorophores (Cy5, covalently linked to PLGA, and
AF488, coupled to BSA) exhibited high photophysical stability

This journal is © The Royal Society of Chemistry 2026
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over time, with negligible spectral shifts and minimal intensity
variation (Fig. S10). This rules out any miscounting of protein
localizations due to dye degradation.

Although STORM can be considered a low-throughput tech-
nique due to the time required for imaging and data processing, it
allowed direct observation of nanocarrier size and cargo localiza-
tion simultaneously with spatial resolution far surpassing bulk
techniques such as NTA. In contrast, NTA is a high-throughput
technique that provides population-level statistics on the size,
number, and diffusion of nanocarriers, but it does not allow for
the study of cargo release. Furthermore, while protein quantifica-
tion by bulk techniques such as Bradford or BCA assays offers
rapid, quantitative, and averaged release profiles across the entire
nanoparticle population, dSTORM has the potential to reveal sub-
particle spatial patterns with minimal sample manipulation,
enabling the direct observation of cargo release or protein corona
formation, processes that bulk methods cannot capture with such
detail. Our particle-by-particle analysis ensured that only protein
localized within the nanocarriers was quantified, excluding any
unencapsulated protein present in suspension, an assessment not
attainable with ensemble approaches. dSTORM also allows multi-
color imaging, enabling the simultaneous tracking of nanocarriers
along with multiple cargoes, a valuable feature for studying the
loading and release of a combination of drugs. In addition,
conventional protein quantification methods require concentra-
tions above their detection limit (typically in the pg mL™" range).
Conversely, dSTORM’s high sensitivity enables the detection of
single-molecule events, making it particularly advantageous when
protein levels are extremely low.

3. Conclusions

This study proposes dSTORM as an emerging tool for the
visualization and quantification of proteins released from poly-
meric nanocarriers at the single-particle level with nanometric
accuracy, integrating other advanced microscopy techniques,
such as cryo-TEM and STEM-EDX. Remarkably, this represents
the first-ever application of super-resolution microscopy to
monitor cargo release from any nanocarrier. dSTORM generates
vast data sets of dye localizations, requiring specialized software
for efficient analysis. To address this, we modified a previously
developed MATLAB code to account for the temporal evolution
resulting from the hydrolytic degradation of PLGA nanocarriers.
This updated code is now publicly available in an online open
repository. Our analysis revealed an increase in NCs diameter
over time, likely attributable to hydration, swelling and hydro-
Iytic degradation, followed by fusion of partially degraded PLGA
fragments, further corroborated by NTA. SEM images showed
well-dispersed and homogeneous nanocarriers at the initial
time points, whereas morphological changes were evident at
16 and 30 days. Additionally, the concentration of nanocarriers
decreased over time, confirming their degradation.

Thus, the most challenging part of this work was studying
the release of BSA-AF488 from the dynamically transforming
PLGA NCs. The particle-by-particle analysis revealed a rapid
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release of the protein up to 4 days, followed by a sustained regime,
achieving complete protein release within 30 days. Remarkably,
the heterogeneity between NCs was only discernible due to the
single-molecule sensitivity of dSTORM, giving a realistic picture of
the system at the single-particle level and surpassing ensemble-
averaged information. Furthermore, dSTORM imaging enabled
the simultaneous observation of nanocarrier degradation and
cargo release, while conventional ensemble techniques typically
allow monitoring of only one of these processes at a time.

Our work provides a foundation for further studies since it
demonstrated the feasibility to study protein release in complex
nanocarrier systems by super-resolution microscopy. Having
established this protocol and adaptable data treatment soft-
ware, dSTORM now has the potential to be applied to other
polymeric drug delivery systems (i.e., PLGA-PEG, lipid-polymer
hybrids), other cargo types (i.e., therapeutic proteins, antibo-
dies, nucleic acids), and to multi-cargo release (via multicolor
STORM) to validate this methodology. Some limitations of this
approach include the need for fluorescent labeling of both
carrier and cargo, a potential photobleaching bias, and the
constraint of not being a high-throughput approach.
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