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Abstract

Super-resolution microscopy (SRM) has revolutionized our understanding of subcellular
structures, including cell organelles and viruses. For human immunodeficiency virus
(HIV), SRM has significantly advanced knowledge of viral structural biology and assembly
dynamics. This review analyzes how SRM techniques (particularly PALM, STORM, STED,
and SIM) have been applied over the past decade to study HIV structural components and
assembly. By categorizing and comparing studies based on SRM methods, HIV compo-
nents, and labeling strategies, we assess the strengths and limitations of each approach.
Our analysis shows that PALM is most commonly used for live-cell imaging of HIV Gag,
while STED is primarily used to study the viral envelope (Env). STORM and SIM have
been applied to visualize various components, including Env, capsid, and matrix. Antibody
labeling is prevalent in PALM and STORM studies, targeting Env and capsid, whereas
fluorescent protein labeling is mainly associated with PALM and focused on Gag. A recent
emphasis on Gag and Env points to deeper investigation into HIV assembly and viral
membrane dynamics. Insights from SRM studies of HIV not only enhance virological un-
derstanding but also inform future research in therapeutic strategies and delivery systems,
including extracellular vesicles.

Keywords: HIV; super-resolution microscopy; single-molecule localization microscopy;
stimulated emission depletion microscopy; structured illumination microscopy; fluorescent
labeling

1. Introduction
Super-resolution microscopy (SRM) encompasses an array of techniques that sur-

pass the diffraction limit of light, enabling imaging of subcellular-sized constructs at high
resolution [1,2]. Achieving this improved resolution depends on specific SRM methods,
including structured illumination microscopy (SIM), stimulated emission depletion (STED)
microscopy, and single-molecule localization microscopy (SMLM) techniques such as
PALM (PhotoActivatable Localization Microscopy) and STORM (STochastic Optical Recon-
struction Microscopy) [1]. Collectively, these approaches resolve objects down to tens of
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nanometers, offering unprecedented insight into nanoscale features that cannot be clearly
visualized by standard optical fluorescence microscopy [3–5].

SRM is particularly valuable for studying entities such as viruses, extracellular vesicles
(EVs), large protein complexes, and lipid nanoparticles. One such entity is the human
immunodeficiency virus (HIV), a retrovirus approximately 100–120 nm in diameter [6,7].
HIV (Figure 1) is composed of a viral membrane, internal protein matrix (MA), cone-shaped
capsid (CA), nucleocapsid (NC), viral RNA genome (vRNA), and the envelope glycoprotein
(Env), none of which can be resolved by conventional light microscopy methods [6]. Since
the initial discovery of HIV, a wide range of biochemical, genomic, and virologic assays have
been applied to advance our understanding of HIV biology, from insight into its replication
and maturation to the regulation and structure of the HIV genome [8]. For instance, DNase
I footprinting has been used to identify cellular factors involved in the transcriptional
regulation of HIV, shedding light on how host proteins interact with the viral genome to
modulate gene expression [9]. Selective 2′-hydroxyl acylation analyzed by primer extension
(SHAPE) has provided detailed insights into the higher-order structural organization of
the HIV genome by distinguishing reactive and stable regions along the RNA strand [10].
These methodologies have provided the backbone of our current understanding of HIV
biology and presently continue to have a significant impact on HIV research.

 
Figure 1. The general structure of the HIV virion with key components highlighted and labeled.
Components unique to a particular type or strain, such as Vpx, which is unique to HIV-2, are not
included or specifically highlighted in the figure. Figure developed with BioRender [11].

Building on these insights, imaging techniques have been relied upon as a way to
visualize the structure and spatial arrangement of HIV more tangibly. Specifically, electron
microscopy (EM) methods have been instrumental in revealing key structural features of HIV
and its interactions with host cells at nanoscale resolution [12]. Cryo-electron tomography
(Cryo-ET) studies resolved the organization of the Gag structural protein within the HIV
capsid while also revealing the arrangement of trimeric Env on native virions, both alone and
in complex with CD4 and various antibodies [13–15]. More recently, single-particle EM has
shed light on the mechanisms of broadly neutralizing antibodies, such as 10E8, which targets
the HIV fusion protein by wedging into the membrane proximal external region (MPER) and
bending the spike before lifting it up from the HIV lipid membrane [16].

While these approaches have greatly advanced HIV research, SRM offers a unique
opportunity to further our understanding of HIV by bridging molecular specificity with
high-resolution imaging. For instance, SRM methods are relatively easy to prepare and
can provide dynamic studies of HIV under live-cell conditions [1–3]. SRM is also capable
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of multi-color labeling at nanoscale resolution, which enhances the information obtained
from visualizing molecular interactions or tracking viral components in living cells, in
turn making SRM a powerful complement to traditional techniques [2,3]. SRM, therefore,
positions itself as a critical tool for advancing our knowledge of HIV structure and assembly
mechanisms. By leveraging techniques like SIM, STED, PALM, and STORM, researchers
have been able to visualize the localization of HIV components, investigate the dynamics of
Gag assembly, and probe interactions between the Env glycoprotein and lipid components
from the host cell [1,17–19]. Figure 2 highlights some of these SRM visualizations of various
HIV components. Moreover, SRM imaging strategies used for HIV can be extended to other
enveloped viruses or related structures, such as extracellular vesicles (EVs), enabling the
evaluation of their composition, protein interactions, and nucleic acid payloads [6,20,21].

Figure 2. Published examples of SRM images of HIV and its components. STED microscopy image of
silicon SiR-CLIP-stained Gag in HIV particles (A) [22]. White arrows indicate the particles shown
enlarged in the right column. Superposition of a PALM image of mEos fluorescent protein-stained
Gag (green) overlayed on the corresponding dSTORM image of AF647-stained Env at HIV assembly
sites on infected HeLa cells (B) [23]. The regions boxed in white indicate assembly sites enlarged
in the second column to the right. The third and fourth columns show the separated Gag and Env
overlays. (A) adapted with permission from Hanne J, Göttfert F, Schimer J, Anders-Össwein M,
Konvalinka J, Engelhardt J, Müller B, Hell SW, Kräusslich H-G.: Stimulated Emission Depletion
Nanoscopy Reveals Time-Course of Human Immunodeficiency Virus Proteolytic Maturation. ACS
Nano. 2016;10(9):8215–8222. https://doi.org/10.1021/acsnano.6b03850. Copyright 2016 American
Chemical Society. (B) adapted with permission under the Creative Commons Attribution License
from Muranyi W, Malkusch S, Müller B, Heilemann M, Kräusslich H-G.: Super-Resolution Microscopy
Reveals Specific Recruitment of HIV-1 Envelope Proteins to Viral Assembly Sites Dependent on the
Envelope C-Terminal Tail. PLoS Pathogens. 2013;9(2):e1003198. https://doi.org/10.1371/journal.ppat.
1003198. Copyright 2013 Muranyi et al. on PLoS Pathogens.

In this review, we examined how SRM has been applied over the past decade to
study the structure and assembly of HIV virions and their native components. We further
investigated how SRM methods and HIV components of focus have evolved over time,
asked which SRM techniques were most commonly used, and considered how labeling
strategies influenced imaging outcomes. These findings serve as a reference for guiding
future SRM-based studies, not only for HIV but also for other particles of interest in virology
and medicine.

https://doi.org/10.1021/acsnano.6b03850
https://doi.org/10.1371/journal.ppat.1003198
https://doi.org/10.1371/journal.ppat.1003198
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2. Methods
A literature search was performed using PubMed. Keywords for the search were

defined after reviewing the literature as to the names and variations of super-resolution
microscopy currently available for use. Subsequently, each super-resolution method was
searched alongside the term for HIV on PubMed to evaluate if they were ever used in the
context of HIV research. Terms that did not appear were excluded from the final search
criteria. Table 1 highlights the initial list of proposed terms and excluded terms alongside
the final search query. Terms that did not yield any publications with HIV in initial searches
were excluded from the final search criteria (i.e., RIM, LLS, ISM, etc.). The selected keywords
in the final search were chosen to encompass as many relevant papers as possible while
avoiding redundancy and reducing the appearance of unrelated publications. For example,
if a search term was found to have yielded the same publications as another (i.e., papers
found with the “STORM” search term all appeared within searches using less generalized
terms such as “super-resolution microscopy” and “single molecule localization”), it was
removed from the final search query. Additionally, certain abbreviations for SRM methods
were avoided if they were found to share an abbreviation with another common scientific
term, such as SIM, which could refer to structured illumination microscopy, single-ion
monitoring, or single-minded genes.

Within this search, only studies published in English with a publication date from
January 2011 until mid-June 2023 were included. Overall, 121 publications met the basic
search criteria (Figure 3). A total of 18 papers were identified as being review publications
and were removed. For the remaining 103 papers, a list of criteria was developed to
determine which papers best matched the goals for this review, as shown in Table 2.
We focused on the structural and assembly dynamics of HIV, as driven by HIV native
components. With this scope in mind, we excluded papers that focused mainly on the
pathology of HIV in human cells, hijacked host cell proteins, HIV drugs, extracellular
vesicles, and virus-like particles (VLPs). VLP studies that used HIV VLPs to study HIV-
related assembly dynamics (i.e., Gag-driven processes of assembly) remained in the study.
Finally, if a publication relied on previously published data, rather than having obtained
new data, only the original source study for those data was included to reduce redundancy.
Ultimately, we identified 32 papers eligible for the final review. Any paper that met all
defined criteria was also checked manually on PubPeer to avoid including papers suspected
of research misconduct or poor research practice in our review [24,25]. From our assessment
on PubPeer, none of the 32 publications met this final exclusion condition.

Figure 3. Diagram outlining the paper identification and screening process. Figure developed with
Biorender [11].
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Table 1. The table of proposed search terms, excluded terms, and final search query.

Initially Proposed Terms Excluded Terms Final Search Query

- HIV
- human immunodeficiency virus
- super resolution microscopy
- super-resolution microscopy
- superresolution microscopy
- super-resolution imaging
- superresolution imaging
- super resolution imaging
- superresolution
- super-resolution
- super resolution
- SMLM
- Single-molecule localization microscopy
- Single molecule localization microscopy
- STED
- Stimulated emission depletion

microscopy
- ExM
- Expansion microscopy
- SIM
- Structured illumination microscopy
- STORM
- dSTORM
- Stochastic optical reconstruction

microscopy
- PALM
- fPALM
- Photoactivated localization microscopy
- DNA-PAINT
- DNA point accumulation for imaging in

nanoscale topography
- PAINT imaging
- Point accumulation for imaging in

nanoscale topography
- LLS
- Lattice light-sheet microscopy
- MINFLUX
- Minimal photon fluxes
- Minimal fluorescence photon fluxes
- RESOLFT
- Reversible saturable optical fluorescence

transitions
- GSD
- Ground state depletion microscopy
- SOFI
- Super-resolution optical fluctuation

imaging
- Superresolution optical fluctuation

imaging
- Super resolution optical fluctuation

imaging
- 4Pi microscopy
- RIM
- Random illumination microscopy
- meLM
- Modulation-enhanced localization

microscopy
- ISM
- Imaging scanning microscopy

- SIM
- STORM
- dSTORM
- Stochastic optical reconstruction

microscopy
- PALM
- fPALM
- Photoactivated localization microscopy
- DNA-PAINT
- DNA point accumulation for imaging in

nanoscale topography
- PAINT imaging
- Point accumulation for imaging in

nanoscale topography
- LLS
- Lattice light-sheet microscopy
- MINFLUX
- Minimal photon fluxes
- Minimal fluorescence photon fluxes
- RESOLFT
- Reversible saturable optical fluorescence

transitions
- GSD
- Ground state depletion microscopy
- SOFI
- Super-resolution optical fluctuation

imaging
- Superresolution optical fluctuation

imaging
- Super resolution optical fluctuation

imaging
- 4Pi microscopy
- RIM
- Random illumination microscopy
- meLM
- Modulation-enhanced localization

microscopy
- ISM
- Imaging scanning microscopy

(‘HIV’ OR ‘human immunodeficiency virus’)
AND
((‘super resolution microscopy’ OR
‘super-resolution microscopy’ OR
‘superresolution microscopy’ OR
‘super-resolution imaging’ OR ‘superresolution
imaging’ OR ‘super resolution imaging’ OR
‘superresolution’ OR ‘super-resolution’ OR
‘super resolution’)
OR
(‘SMLM’ OR ‘Single-molecule localization
microscopy’ OR ‘Single molecule localization
microscopy’)
OR
(‘STED’ OR
‘stimulated_emission_depletion_microscopy’)
OR
(‘ExM’ OR ‘Expansion_microscopy’)
OR (‘Structured_illumination_microscopy’))
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Table 2. Paper criteria for inclusion in the final review.

1. A clearly defined SRM method was discussed and incorporated into the experimental design of the research paper.
2. The SRM method found in the research paper was actively used to analyze HIV or its components.
3. The research paper analyzed HIV-1 and/or HIV-2 (including the related SIV) as a part of their experimental design, whether

for the entire study or just a portion of the study.
4. The research publication itself was not a chapter/section from an experimental methods textbook or manual. Publications in

the form of imaging reports and summaries were also excluded.
5. A component of the HIV virion itself was the main focus of the research paper’s analysis, rather than a hijacked component

from the host cell (i.e., ESCRT proteins, tetraspanins, etc.), host cell receptors/proteins, EVs, or a drug treatment.
6. HIV VLPs were acceptable in the context of studying HIV-related concepts (i.e., Gag assembly), but not in the context of

production quantification or non-HIV-specific features of VLPs.

For the final group of papers, three categorizations were performed, specifically by
(1) the component of HIV studied, (2) the method of SRM performed, and (3) the type of
labeling method used for SRM imaging. “Component of HIV studied” was restricted to
those components studied by SRM. Thus, a paper on Gag and Env that detected only Gag
by SRM was categorized as “Gag,” as was a study of full-length Gag (i.e., not matrix or
capsid specifically). If the paper focused on matrix and/or capsid, respectively, then it was
categorized by these proteins. Furthermore, studies that tagged Gag or another HIV protein
(i.e., Vpr) with a fluorescent signal to localize SRM imaging of another HIV component
were not considered SRM studies of the fluorescently labeled Gag/HIV protein. Lastly,
when compiling the data for graphical analysis, components with the fewest appearances
(studied in 4 or fewer papers) were combined into an “other” category.

For the SRM method category, only those methods used to study the HIV component(s)
were considered. Frequently used subtypes were split from a broader category (i.e., PALM
and STORM were split from general SMLM due to high occurrence, but not iPALM from
PALM or dSTORM from STORM).

Finally, for the labeling category, only the labeling strategy used for SRM imaging was
considered. Again, frequently used subtypes of labels were split from the general category:
e.g., Fab fragments were differentiated from general antibody-based labeling, but nanobody
and chromobody-based labeling (less than 4 total uses) were combined with the Fab
fragment category. Similarly, SNAP, CLIP, and click chemistry occurred infrequently and
were combined into the “other” category for graphical visualization and analysis. Genomic
labeling, albeit with only two use cases, was not added to the “other” category due to its
distinct approach. This resulted in five labeling categories: “protein-based” (fluorescent
proteins such as GFP, mEOS2, etc.), “antibody,” “Fab fragment/nanobody/chromobody,”
“genomic labeling,” and “other.”

3. Results
Among the 32 papers included for analysis, nine used STED, six SIM, six STORM

alone, eight PALM alone, and three utilized both PALM and STORM. In terms of the HIV
components studied, it was much more common for a publication to examine more than
one component than to use multiple SRM methods. More than one HIV component was
imaged in ten papers, with the most frequent pairing being Env and Gag (four out of these
ten). For single-component SRM analyses, eight studies investigated Env, six focused on Gag,
four on capsid, one on gRNA, one on protease, and two on Vpx. A tabulated summary of
each publication’s SRM method, HIV component, and primary findings appears below, while
Figures 4–6 highlight key aspects of the temporal and correlative analyses discussed later.
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Figure 4. Compilation of SRM method usage to study HIV over time (A) and the HIV components
studied over time from each SRM HIV publication (B) between the years 2011 to late June 2023. Years
were stratified into groups of 3 to enhance visibility relating to changes in use over time. In (B),
less commonly observed components were grouped under the category “other,” which ultimately
included vRNA, Vpx, Vpr, and IN based on the papers in use for this review. Note that since some
research studies have used more than one SRM method to study a component of HIV or may have
used one SRM method to study multiple HIV components, the total number of papers in a year
bracket may not match between (A,B).

Figure 5. Heatmap displaying associations between each SRM method and the component of HIV
studied with said method. The more common a particular combination, the darker the corresponding
square in the heatmap will become. As a baseline, combinations not found within the selection of
papers used for this review are indicated by an off-white color.
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Figure 6. Heatmaps displaying associations between each labeling method and the corresponding
component of HIV studied (A) and the associations between labeling method and the SRM imaging
method used in the study (B). Both heatmaps share the same vertical axis and color legend. Fab
fragments, nanobodies, and chromobodies were categorized under one group for clearer visualization.
Labeling methods included under the “other” category were those that appeared rather infrequently,
specifically tag-based labeling (SNAP, CLIP, and FlAsH) along with click-chemistry labeling.

3.1. Env

Of the eight publications centered on Env, the primary themes included Env clustering,
mobility, and distribution on the virion. In one of the earliest Env-focused papers, Chojnacki
et al. (2012) used STED to show how virus maturation drives Env clustering, mediated by
interior Gag interactions [26]. Later STED-based efforts (2017, 2021) employed scanning
fluorescence spectroscopy (sSTED-FCS) to reveal how HIV-1 maturation regulates Env
mobility, with a distinct reduction in Env motility observed at the site of assembly [27,28].
Chen et al. (2020) used both iPALM and STORM to quantify how SERINC2 or SERINC5
insertion affects Env clustering, finding that Env clusters persisted under SERINC2 but were
disrupted under SERINC5 [29]. Nieto-Garai et al., 2020, leveraged STED to elucidate the
role of gp41–cholesterol interactions in stabilizing Env clusters, noting that either truncation
of gp41 or cholesterol depletion dispersed those clusters and diminished viral entry [10].
Carravilla et al. (2019), also using STED, discovered that the gp41 membrane proximal
external region (MPER) is accessible in the native Env state, thus allowing anti-MPER
antibodies to engage [30]. In another labeling approach, Sakin et al. (2017) integrated
non-canonical amino acids into Env for click labeling and subsequent STED imaging,
observing results consistent with classical immunostaining [31]. Finally, Mengistu et al.
(2015) leveraged dSTORM to examine the exposure of diverse gp120 epitopes upon target
cell binding, determining that epitopes—both neutralizing and non-neutralizing—rapidly
became accessible [32]. Collectively, these SRM studies have provided further insight into
how Env clustering, mobility, and spatial organization are tightly regulated by factors such
as virus maturation, lipid composition, and host restriction factors. By resolving how these
nanoscale features influence Env accessibility, antibody targeting, and fusion competency,
SRM has provided a functional framework for understanding how Env structure and
positioning govern HIV-1 infectivity and immune evasion.
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3.2. Gag

Six publications examined Gag as their sole SRM target, consistently addressing assem-
bly and maturation. In the earliest example, Malkusch and Muranyi et al. (2012) mapped
Gag assembly clusters in fixed cells by dSTORM, classifying three distinct distribution pat-
terns that aligned with EM findings [33]. Later, Hanne et al. (2016) used STED to highlight
the structural differences between immature (ring-like) and mature (densely packed) Gag
lattices [22]. Pedersen et al. (2018) combined iPALM with scanning EM to uncover lattice
imperfections in considerable detail [34], and Saha and Saffarian (2020) used iPALM-based
time-lapse imaging to reveal that Gag lattice organization exhibits dynamic behavior rather
than remaining static [35]. Floderer et al. (2018) combined PALM with other analyses to
show that vRNA acts as a key spatiotemporal organizer of Gag assembly at the plasma
membrane [17]. Finally, Mao et al. (2021) used dSTORM alongside bimolecular fluorescence
complementation (BiFC), enabling them to isolate specific Gag–Gag interactions and evalu-
ate nonspecific overlaps within Gag clusters [36]. Together, these SRM-based investigations
have revealed that Gag assembly is not a uniform or static process, but one shaped by spa-
tial heterogeneity, dynamic remodeling, and molecular-level regulation. High-resolution
nanoscale imaging by SRM revealed features such as lattice defects, maturation-dependent
architecture, and the organizing role of viral RNA, further clarifying how Gag drives virion
formation and structural transitions critical for HIV infectivity.

3.3. Env + Gag

Of the four studies that simultaneously visualized Env and Gag, most focused on how
Gag assembly affects Env localization and dynamics. Roy et al. (2013) used STORM to
observe that, as Gag accumulates at the plasma membrane, Env aggregates into larger, less
mobile clusters [37]. A 2018 study by Buttler et al. leveraged 3D iPALM to assess Env neck-
biased distribution on assembling virions and found that Env encounters the Gag lattice
in later assembly stages, with variations depending on cell type and the Env cytoplasmic
tail [38]. Groves et al. (2020) used PALM imaging to reconstruct viral assembly sites and
showed that Gag lattice formation correlates with reduced Env mobility [39]. Snetkov et al.
(2022), using PALM, uncovered the critical function of a conserved tryptophan in the Env
cytoplasmic tail, governing Env–Gag recruitment, Env diffusion, and fusion capability [40].
Muranyi et al. (2013) added insights on Env interaction with the matrix domain, using
dSTORM to detect Env clusters at Gag assembly sites, then comparing these observations
with results from matrix–domain mutations [23]. Together, these studies have shown that the
spatial and temporal coordination between Gag and Env is more dynamic and regulated than
previously understood, with Env recruitment, clustering, and mobility tightly linked to Gag
lattice formation and maturation. High-resolution SRM imaging has exposed key mechanistic
details, including the timing of Env incorporation, the influence of the Env cytoplasmic tail,
and the functional consequences of Gag–Env interactions, advancing our understanding of
how these proteins interact and work in concert for efficient virion assembly.

3.4. Matrix, Capsid, and Integrase

Matrix (MA) was commonly studied alongside capsid (CA). In 2012, Pereira et al.
used dSTORM to track how MA and CA reorganize immediately upon viral fusion with
lymphoid cells [41]. Pham and Tabarin et al. (2015) also used dSTORM, reporting that
CD4 receptor engagement triggers structural expansion of the virion, provided the capsid
core is stable and mature [42]. Four papers evaluated capsid alone. Helma et al. (2012)
introduced a fluorescent “chromobody” for 3D-SIM imaging of the capsid, enabling real-
time visualization of HIV assembly sites [43]. Hulme et al. (2015) applied SIM to establish
that capsid proteins persist in nuclear complexes after uncoating [44], whereas Zila et al.
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(2019) used STED to see that intact capsids associate with nuclear pores before genome
release [45]. Schifferdecker et al. (2022) implemented minimal click labeling to confirm
that a complete HIV capsid can pass through nuclear pores [46]. Another study by Lelek
et al. (2012) performed PALM imaging of integrase (IN) in combination with capsid
immunostaining, distinguishing immature from mature virions based on IN clustering [47].
Meanwhile, Lehmann et al. (2011) provided a comprehensive view of MA, CA, IN, Env,
and Vpr, all labeled for PALM, charting how these components form clusters at assembly
sites [48]. Collectively, these studies highlight how SRM has been instrumental in dissecting
the spatial organization and remodeling of internal viral components across the HIV
lifecycle. From tracking MA and CA rearrangements during fusion and entry to confirming
the passage of intact capsids through nuclear pores, these approaches have provided
further insight into long-standing questions about viral uncoating and nuclear import. SRM
also enabled the direct visualization of integrase clustering patterns and the coordinated
assembly of multiple viral proteins at budding sites, offering an integrated view of virion
formation. Rather than treating these components as static or isolated, high-resolution
imaging (especially in live-cell contexts) has clarified how their localization, maturation
states, and interactions evolve dynamically to support infection and replication.

3.5. Protease, Vpx, and vRNA

One paper (Tabler et al., 2022) focused on HIV-1 protease, using SIM to visualize Vpr
as a protease activity reporter. They found that protease is activated both in budding virions
and within infected cells [49]. Two studies analyzing Vpx in HIV-2/SIV contexts [Singh et al.
(2019, 2020)] applied SIM to show that Vpx localizes near the nuclear membrane, disrupts
nuclear envelope arrangements, and interacts with Nup153 to facilitate nuclear import,
contingent on Vpx phosphorylation by MAPK/ERK-2 [50,51]. Lastly, two publications
delved into HIV vRNA using SRM. Ferrer et al. (2016) employed 3D-SIM to image the
spatial arrangement of vRNA heterodimers, revealing that vRNA dimerization occurs
largely in the cytosol of infected cells, guided by Gag and SL1/DIS sequences [52]. Yang
et al. (2018) combined PALM and single-particle tracking to demonstrate that vRNA helps
orchestrate Gag multimer formation and ensures continued stability of the Gag assembly
process [19]. While diverse in focus, these studies underscore the flexibility of SRM in
resolving underexplored facets of HIV biology at the nanoscale. By visualizing protease
activity in situ, mapping the nuclear trafficking role of Vpx, and detailing the organization
and function of vRNA during assembly, SRM has exposed dynamic processes that are
otherwise difficult to capture. These findings broaden the scope of viral components
accessible to direct imaging, revealing how transient interactions and spatial regulation
contribute to HIV replication. Together, they demonstrate that even vRNA and non-
structural proteins can yield pivotal insights when viewed through the lens of super-
resolution microscopy.

Across studies targeting Env, Gag, MA, CA, integrase, vRNA, and accessory proteins,
SRM has enabled researchers to visualize HIV biology with a level of spatial precision that
conventional fluorescence microscopy cannot achieve [2,3]. As noted in Sections 3.1–3.5,
this expanded resolution has revealed dynamic viral processes such as protein clustering,
lattice remodeling, and RNA–protein coordination that would be difficult to discern by
conventional imaging. Thus, by aligning SRM strategies with carefully designed labeling
strategies and experimental goals, researchers can extract mechanistic insights from the
sub-viral architecture of HIV, making SRM not just a technical advance but a transformative
tool for molecular virology. As a result, this warrants a deeper analysis between the trends
and associations that may exist between the SRM method, the HIV component(s) of interest,
and the labeling method of choice across these 32 studies, as explored in Sections 3.6–3.9.
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3.6. Time Analysis of SRM and the HIV Components

The use of SRM to image HIV evolved over time (Figure 4A). From 2011 to 2013, the
majority of studies used single-molecule localization microscopy (SMLM)—particularly
PALM and STORM—with only one STED and one SIM publication, despite earlier avail-
ability of STED and SIM commercialization coinciding with PALM/STORM [1]. STED
usage increased post-2017, and overall SRM choices became more varied, wherein one or
two SRM methods did not overwhelmingly predominate usage during the most recent
timeframe (2020–2023) compared with prior years (e.g., STORM in the 2011–2013 time-
frame). Notably, SIM remained comparatively less common, except in 2014–2016 when its
usage matched STORM. Such discrepancies could reflect SIM’s more restrictive resolution
limits, limited access, or random variation, given the small number of total studies. Gaps
are also evident, with no PALM studies published from 2014 to 2016 and none with STORM
from 2017 to 2019.

Next, we tracked which HIV components were imaged over time (Figure 4B). Early
SRM publications (2011–2013) shared focus among Gag, Env, capsid, and matrix, with two
also including integrase (IN) and one examining Vpr [47,48]. A similar pattern persisted
from 2014 to 2016, although fewer studies emerged overall. More recently, research into
full-length Gag and Env increased, whereas matrix-focused studies ceased after 2017,
and only two publications examined capsid in that time [45,46]. Meanwhile, two studies
addressed Vpx and one covered vRNA (alongside Gag) [19,50,51]. Thus, recent SRM work
has shifted toward probing Gag and Env, likely reflecting the biological and experimental
relevance of these targets in HIV assembly, function, and interactions. Gag is the central
structural protein driving viral assembly, making it important for imaging studies focused
on particle formation [6]. As derivatives of full-length Gag, capsid (CA) and matrix (MA)
are less central to the primary virion assembly process. Similarly, Env plays a critical role
in viral entry and is a key determinant of infectivity [6]. Its position on the virion surface
not only makes it highly accessible for various imaging labeling strategies but also marks
it as a major target for therapeutic antibody development. Given their essential roles in
virion structure, assembly, and host cell entry, it is unsurprising that SRM studies have
increasingly prioritized Gag and Env to further insight into HIV biology.

3.7. Correlation Analysis of SRM and HIV Component

Further analysis also investigated how the choice of SRM method related to the HIV
components imaged (Figure 5). PALM was used most with Gag, then Env, and sparingly
with other proteins. STORM appeared across Gag, Env, capsid, and matrix, while STED
was most frequent for Env but was also found in Gag and two capsid studies [22,45,46].
SIM did not dominate any single component but was uniquely linked to Vpx, driven by
two papers from the same group [50,51]. This distribution suggests, unsurprisingly, that
researchers may tend to use the SRM platform to which they have access unless a project’s
specific requirements favor another technique.

A strong association emerged between Gag and PALM, likely due to PALM’s capacity
for live-cell imaging (unlike STORM, due to toxic imaging buffers), which is advantageous
in assembly-related studies [4,53]. By contrast, Env research showed diverse SRM usage,
reflecting varied contexts (e.g., immature vs. mature virions, assembly sites). Capsid and
matrix studies displayed more method heterogeneity, indicating less reliance on PALM and
live-cell contexts compared with Gag. For other components (Vpx, vRNA, IN, and Vpr),
the limited number of papers constrains clear conclusions. Of note, the single vRNA study
that used PALM did so specifically to visualize Gag–vRNA interactions under live-cell
conditions [19].
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3.8. Correlation Analysis of Labeling Method and HIV Component

We next examined how different labeling strategies correlated with each HIV compo-
nent under SRM (Figure 6A). Overall, antibody-, protein-, and Fab fragment-based methods
were most common. Gag was predominantly imaged via protein-based labeling (e.g., the
photoactivatable fluorescent protein mEOS2 [17]), whereas Env was typically labeled by
either antibody or Fab fragment approaches at similar rates. This difference partly reflects
their distinct locations: Env is surface-exposed, facilitating antibody binding, while Gag
resides within the virion or cytosol, favoring protein tagging for live-cell studies [6]. With
surface-exposed epitopes, Env is more immediately accessible to antibody-based probes.
For targets inside the virion or cell, such as Gag, a permeabilization step may be needed
for antibody exposure and binding, which may be incompatible with live-cell imaging
(i.e., live-cell PALM) [54,55]. Hence, an internal protein component such as Gag, Vpr, or
Vpx would favor a labeling strategy that incorporates a fluorescent protein label into its
structure, especially if live-cell imaging is important for the context of the study. In contrast
with Gag, however, capsid and matrix were often visualized by antibody labeling, a trend
driven by the frequent use of fixed-cell/virion STORM, which allows permeabilization-
based antibody access. Less-studied components (e.g., integrase, Vpr, Vpx) exhibited varied
strategies: integrase was FlAsH- or antibody-tagged, whereas Vpr and Vpx were tagged
exclusively via protein-based methods. As expected, genomic labeling (FISH or smFISH)
was used solely for vRNA analysis.

3.9. Correlation Analysis of Labeling Method and SRM Technique

Finally, we mapped each SRM method to its corresponding labeling strategy
(Figure 6B). SR SIM showed no strong pattern due to fewer overall data points, split-
ting relatively evenly among protein, antibody, nanobody/chromobody, and genomic
labels. SR STED similarly used several labeling techniques, though Fab fragment-based
approaches were most frequent. This was primarily attributable to the prominence of Env
in STED studies, given that Env was the only target labeled with Fab fragments (Figure 6A).
For PALM and STORM, clearer associations emerged. PALM favored protein-based and
antibody-based labels, reflecting that Env and Gag were its primary targets, with Env
commonly being antibody-labeled and Gag typically being protein-labeled (Figure 6A).
PALM also exhibited more labeling diversity than STORM, which was limited to three
labeling methods, favoring antibody-based approaches consistent with the high prevalence
of Env, matrix, and capsid in STORM studies. Antibody-based or Fab fragment labeling
is relatively simple and cost-effective [56,57], although for internal components requiring
live-cell imaging, such as Gag, protein-based tags may be preferred.

4. Conclusions
This review underscores the significant impact of SRM in advancing our understand-

ing of HIV structure and assembly. Over the past decade, usage of SRM methods such as
PALM, STORM, SIM, and STED has evolved, with a trend towards more variability in the
choice of microscopy methodology. PALM is frequently noted for usage in live-cell imaging
contexts of HIV Gag, while STORM and STED are more evenly applied across various
components. Additionally, the earliest studies rather equally favored imaging various HIV
components, but recent research has increasingly focused on Gag and Env, reflecting a
deeper exploration into HIV assembly and component interactions. The choice of SRM
method and labeling technique varies, with protein-based labeling being prevalent for
internal generalized Gag and antibody-based methods being used for surface components.
Further key findings from this review, as well as some strengths and limitations for each
SRM found in this review, are summarized in Table 3.
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Table 3. Summary of the SRM methods in HIV analysis: associations, strengths, and limitations.

Method Associations Strengths Limitations

PALM

- Most often used to study Gag, followed by
Env.

- Enabled live-cell tracking of Gag for virion
assembly and lattice dynamics studies.

- Used to distinguish mature vs. immature
virions based on integrase clustering
patterns.

- Reconstructed of viral assembly sites to
show correlations between E Gag lattice
formation and Env mobility reduction.

- Supported visualization of individual viral
protein clustering behavior.

- Most used imaging probes were
protein-based and antibody-based.

- Second most used SRM method for Fab
fragments/nanobodies/chromobodies.

- Fluorescent proteins used for imaging
(either alone or conjugated).

- Resolution improved up to
~20 nm.

- Compatible with live cells.
- Capable of 3D imaging.
- Images single fluorophores.

- Localization can be lower
due to fluorescent
proteins producing less
photons.

- Slower acquisition time
depending on desired
resolution.

STORM

- Evenly used across Env, Gag, capsid, and
matrix studies.

- Allowed visualization of capsid and matrix
reorganization during viral entry.

- Used to observe gp120 epitope exposure
dynamics after CD4 binding.

- Revealed capsid-core stability effects on
virion structural expansion post-CD4
binding.

- Helped map Gag assembly patterns and
structural heterogeneity at the plasma
membrane.

- Almost exclusively used with antibody
imaging probes.

- Organic fluorophores in conjugation often
conjugate to antibodies.

- Resolution improved up to
~20 nm.

- Capable of 3D imaging.
- Images single fluorophores.

- Not compatible with live
cells (toxic imaging
buffer).

- Slower acquisition time
depending on desired
resolution.

STED

- Most commonly used for the study of Env.
- Provided high-resolution mapping of Env

clustering and mobility during virion
maturation.

- Distinguished immature vs. mature virions
through structural ring/dense morphologies
of Gag lattices.

- Supported membrane interaction studies,
such as how cholesterol depletion alters Env
and gp41 organization.

- Fab fragments were the most common
labeling strategy.

- Antibodies, click labeling, and tag labeling
were used less often.

- Resolution improved up to
~50 nm.

- Capable of 3D imaging.
- Images do not necessarily

require post-acquisition
processing.

- Increased optical
resolution at the cost of
lower signal detection.

- Can be phototoxic to cells
(higher-laser intensities);
not always compatible
with live cells.

SIM

- More variable usage; applied to capsid, Vpx,
protease, and vRNA studies.

- Used for multi-color imaging of viral
proteins (i.e., Vpx) in the context of nuclear
import.

- Allowed 3D imaging of vRNA dimerization
sites.

- Enabled tracking of protease activity in live
cells and virions using fluorescent
biosensors.

- Labeling method varied; protein-based was
slightly the most common.

- Compatible with live cells.
- Capable of 3D imaging.
- Can perform full-field

imaging with a
fast-imaging speed.

- Resolution improvement
less than other methods
(~100 nm); newer
variations can go further.

- Base-method is very
sensitive to out of focus
light.

Each of the four SRM methods covered here has advantages and disadvantages that
influence the choice of method and experimental design (Table 3). STED offers improved
spatial resolution and fast imaging, but it requires intense laser power that can lead to
phototoxicity, limiting its utility in sensitive live-cell contexts [2,3]. PALM allows live-cell
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imaging with genetically encoded photoactivatable proteins but suffers from low photon
output, which can reduce signal quality [2,4]. STORM provides exceptional resolution
(~20 nm) in fixed samples but depends on specialized, often cytotoxic imaging buffers. SIM
offers the broadest compatibility with standard dyes and live-cell imaging but achieves
more modest resolution gains (~100 nm) [2–5]. Researchers should ultimately consider the
specific advantages and limitations of each SRM method and labeling strategy in relation
to their research goals, with some contexts offering more flexibility than others.

Additionally, with newer SRM methods continuing to push the boundaries of optical
resolution, techniques like MINFLUX, expansion microscopy (ExM), and lattice light sheet
(LLS) microscopy may provide new options for high-resolution studies in HIV and other
applications [2]. For instance, MINFLUX enables near-molecular (~2 nm) precision at low
excitation power, pushing the resolution boundary to lower sizes, while ExM physically
enlarges samples for nanoscale imaging on standard microscopes, widening the accessibility
of SRM [58,59]. LLS combines gentle illumination with high speed to capture dynamic
processes with reduced phototoxicity [60]. Together, these and future innovations in SRM
have the potential to enable access to even deeper insight into the nano-sized world of
viruses and other subcellular constructs.

Overall, the application of SRM to HIV research has significantly advanced our under-
standing of the structural biology of HIV and virus–host interactions. By compiling and
analyzing the methods and findings from past studies, this review aims to bring to light
current SRM applications as an aid for future research efforts directed at unraveling the
complexities of HIV and related particles through SRM. While this review has centered
on HIV structure and assembly, SRM techniques have also contributed, and will continue
to contribute, to studies of HIV in broader contexts, including virus–host interactions, im-
mune evasion, and antiretroviral drug targeting. Ultimately, the continued innovation and
application of SRM techniques will be instrumental in furthering our knowledge to assist
in the fight against HIV and other viral diseases. It may also drive future developments
of virus-like biological nanoparticles as novel therapeutics and drug delivery vehicles,
ranging from artificial lipid nanoparticles to extracellular vesicles.
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