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ABSTRACT 

 Chlamydia trachomatis (Ct), an obligate intracellular bacterial pathogen, is known 

for its distinctive biphasic developmental cycle. The bacteria change their developmental 

form between two forms, named the elementary body (EB) and reticulate body (RB). The 

EB is non-metabolic and infectious, which enters into the host cell for initial infection as 

well as for multiple rounds of infection after the cell lysis. The RB is metabolically active 

and replicative for cell division during the developmental life cycle. Studying the 

developmental cycle is crucial in finding evidence to unravel the mechanism involved in 

the switching of genes.  

 In this study, we sought to quantify the gene expression levels measured by the 

fluorescent intensity in the Ct developmental cycle using expansion microscopy (ExM). 

We hypothesized that the RB to EB conversion is concentration-dependent, where the gene 

expression levels increase or decrease in a gradient manner. To experimentally test this, 

developmentally specific promoters with fluorescent reporters were used to identify the 

two different body forms, the HctB enriched in EB and the Euo enriched in RB.  

 Due to the minuscule nature of individual chlamydial bodies packed in inclusion, 

the ExM protocol with the optimized setup for the Chlamydia experiment physically 

increased the sample size which led to better resolution with the use of a conventional 

microscope alone. We observed that HctB levels increased as EB was differentiated from 

RB for another round of infection. The size of individual bodies measured shows that RB 

size was largely variable as well. In addition, penicillin and resveratrol were added to 

validate the effective use of expansion microscopy. We observed that the treatment of 

penicillin led to aberrant, large RBs which led to inhibiting the HctB expression as there 
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were no detectable EBs at a later time point. On the other hand, the addition of resveratrol 

resulted in no significant decrease in both HctB and Euo at a later time point. Moreover, 

the RB sizes did not significantly change over two time points for all experiments tested. 

This suggests that the decrease in the RB size over time may not be the only signal leading 

to the differentiation of RB to EB. 

 This study was able to quantify the gene expression levels of individual chlamydial 

bodies measured in fluorescent intensities using expansion microscopy and to validate its 

effective use using penicillin and resveratrol. The change in the gene expression levels at 

different time points provides evidence for the proposed concentration-dependent gene 

expression model in RB to EB conversion. Further experiments will lead to completing the 

pieces of puzzles and solving the unknown nature of the Ct developmental cycle. To 

conclude, expansion microscopy is a suitable and easy-to-follow protocol to investigate 

infection-related research like Chlamydia.
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INTRODUCTION 

Chlamydia trachomatis as Pathogenic Bacteria 

 Chlamydia trachomatis (Ct) is a bacterial pathogen that causes chlamydial infection, 

which is the most common bacterial sexually transmitted infection (STI) in both developed 

and developing countries, posing a global public health concern with approximately 100 

million people affected each year (Mestrovic et al., 2018; WHO, 2011). Ct is an 

intracellular bacterial pathogen composed of three human biovars that result in highly 

variable conditions that affect the eyes, genitals, or lymphatic system. Serovars A to C 

cause trachoma, a prominent cause of preventable blindness in developing countries 

(Taylor et al., 2014), serovars D to K cause pelvic inflammatory disease and ectopic 

pregnancy (Haggerty et al., 2010), and serovars L1 to L3 cause lymphogranuloma 

venereum (LGV) (Alfarraj et al., 2015). 

The Ct L2 strain was chosen in this study because it is the most common strain used 

in Chlamydia research. The L2 strain, in particular, targets the lymph nodes, which are a 

key aspect of our body's defense against infections. Compared to other strains where the 

infection occurs in the epithelial cells, the L2 targets macrophages, resulting in a sexually 

transmitted infection that spreads to lymph nodes (Lausen et al., 2018). C. trachomatis is 

the most frequent sexually transmitted bacterial infection in the United States. Women aged 

14 to 19 years had the highest incidence (4.6%), whereas men aged 20 to 29 years had the 

highest frequency (3.2%). Chlamydial infection was found in 4.19% of the population, with 

women (4.74%) being more likely than men (3.6%) (Aral et al., 2007). Screening for non-

pregnant women under the age of 25 is suggested in the United States, but there appears to 

be little agreement on how to control and prevent it (Price et al., 2016). Antibiotics like 
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azithromycin and doxycycline can effectively treat the infection. Unfortunately, it is 

frequently asymptomatic, particularly in women, and hence untreated (CDC, 2010). 

According to the Centers for Disease Control and Prevention (CDC), Ct has the highest 

annual cost of $516.7 million among non-viral STIs (CDC, 2019). In 2008, men were 

projected to pay $30 and women $364 for a Ct infection (Owusu-Edusei et al., 2013). 

There are currently no human vaccinations available to treat chlamydial infection, 

and undertreatment with standard antibiotics has become a serious problem due to the 

difficulties in eradicating chronic chlamydial infections completely. As a result, 

undertreatment has the potential to lead to drug resistance and the unintentional spread of 

antibiotic-resistant bacteria (Potroz et al., 2015). In developing countries, patients suffering 

from bacterial infection are treated without proper lab testing.   

Therefore, improving current traditional antibiotics and host-directed therapies 

must be highlighted. Host-directed therapy refers to any medicine that can improve clinical 

treatment outcomes by increasing the host defense system or modulating excessive 

inflammation (Zumla et al., 2016). Host-directed therapy can increase pathogen-specific 

cellular responses, target disease-causing virulence factors, and trigger innate and adaptive 

immune responses in the host (Hancock et al., 2012). Therapeutic agents such as 

repurposed medicines, small compounds, synthetic nucleic acids, biologics, cytokines, 

cellular therapy, and others are examples of host-directed therapeutics (Zumla et al., 2016). 
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Developmental Cycle of Chlamydia trachomatis 

 Chlamydia is an obligate intracellular pathogen that is known for having a unique 

biphasic developmental life cycle. Within an infected host cell, bacteria switch between 

infectious elementary bodies (EB) and non-infectious, metabolically active reticulate 

bodies (RB) during the developmental cycle (Kunz et al., 2019). The EB is small, about 

300 nm in diameter, and metabolically repressed with extremely condensed DNA material. 

When the EB attaches to the host cell, the infection begins and secretes an effector protein 

with a type III secretion system (da Cunha et al., 2017). The EB enters the host cell by 

endocytosis and forms an inclusion vacuole. EBs differentiate within a few hours into 

larger, about 1000 nm in size, RBs that are metabolically active with uncondensed DNA 

material.   

 Over the next several hours during the mid-stage, RBs replicate and increase in 

number for about 3 to 5 cycles. RB numbers keep increasing and reach their maximum at 

18 to 24 hours. Then, RBs begin to differentiate back into EBs in an asynchronous process. 

First, RBs differentiate into the intermediate body (IB), which is a body form between EBs 

and RBs, before converting into EBs (Phillips-Campbell et al., 2012). The infectious EBs 

are released into the extracellular environment when the cell is lysed, and a new round of 

infection begins. A single developmental cycle takes approximately 40-48 hours. Figure 1 

below shows the summary of the chlamydial developmental cycle. 

 The cell division mechanism for RBs is still subject to debate between binary 

fission and polar division. RBs can be seen dividing by binary fission about 12 hours after 

infection, according to several studies, and the new RBs are smaller and more variable in  
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Figure 1: Chlamydial developmental cycle. The infection begins as the elementary body 

(EB) in blue color enters and attaches to the host cell forming an inclusion vacuole by 

endocytosis. Inside the inclusion, EB differentiates into the green-colored reticulate body 

(RB), which multiplies in quantity. After about 3 to 5 replication cycles, RBs redifferentiate 

back into EBs asynchronously, with an intermediate body (IB) existing between the two 

different bodies. Once the EBs are matured and ready to start another round of the infection 

cycle, they are released into the extracellular space by cell lysis. (Brown-Harding, 

unpublished) 
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size (Nicholson et al., 2003; Lee et al., 2018). Conversely, Ct L2 undergoes polarized 

division, which is characterized by enlargement of the polarized RB and uneven expansion 

of the RB's MOMP-enriched pole, leading to the creation of a nascent budding daughter 

cell, according to other studies. (Liechti et al., 2016; Cox et al., 2020). The cell division 

mechanism can provide evidence for finding the driving force of the conversion between 

RB to EB during the Ct developmental cycle. 

 

Concentration-dependent Gene Expression RB to EB Conversion Model 

 In the Chlamydia field, it is unknown if an intrinsic or external signal triggers the 

RB to start to differentiate into an EB. A cell-autonomous program innate to each RB that 

is independent of its surroundings is referred to as an intrinsic signal (Chiarelli et al., 2020). 

Each RB has its own signal, which eliminates RB competition. The external or 

environmental signal, on the other hand, occurs when all of the RBs in the inclusion fight 

for a single host cell or a single pool of signals (Chiarelli et al., 2020). Based on the findings 

from Chiarelli et al., an unknown intrinsic signal within RB is responsible for converting 

to an EB (Figure 2).  

 This intrinsic signal playing a role in RB to EB conversion leads to the proposed 

concentration-dependent gene expression levels in RB to EB conversion as illustrated in 

Figure 3. RB to EB formation is a multi-step process where RB starts to diminish its 

developmentally regulated protein concentrations upon cell division as the dark green color 

gets lighter. After multiple rounds of cell division, each RB is competent to differentiate 

into an EB or keep replicating. We want to test this concentration-dependent model by  
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Figure 2: RB to EB conversion by intrinsic signal. Metabolically active RB differentiates 

into metabolically repressed EB with IB between the two different body forms. Each RB 

has its intrinsic signal indicated in yellow color, which triggers the initial conversion into 

IB shown in the arrow, eventually becoming EB at the end. Figure adapted from Chiarelli 

et al., 2020. 

 

 

 

 

 

Figure 3: Concentration-dependent gene expression levels conversion of RB to EB. 

As the developmental cycle proceeds, RBs can either become IBs (blue surrounded by 

green) to convert into EBs (blue) or divide into other RBs, followed by a decrease in gene 

expression signal (dark to light green). Each body form is labeled with its associated 

promoter expression phenotypes. Figure adapted from Chiarelli et al., 2020 
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observing the gene expression patterns measured by fluorescent intensities at the individual 

chlamydial level. These changes in expression level from the literature are compared to the 

fluorescent intensity of each promoter gene designated for the individual body. This study 

measured the fluorescent intensity of fluorescent proteins controlled by the euo promotor 

for RBs and hctB for EBs. It is also important to note that euo expression is enriched in RB, 

but not specific to RB itself. Therefore, the activity of the euo promoter is used with the 

activity of the hctB promoter to determine the individual Ct body form between RB and 

EB. 

 

Gene Expression Profiles – euo, hctA, and hctB  

 Several genes expressed at distinct stages of the developmental cycle are well 

studied. For example, euo is an early-immediate gene, and is a master regulator specifically 

bound and represses the promoters of a late gene such as hctB until RB is ready to convert 

into EB preventing premature maturation of EBs. Euo is a transcription factor that can bind 

to the promoter regions of late genes, preventing them from being transcribed by RNA 

polymerase (Rosario et al., 2012; Zhang et al., 2020). This indicates that the euo expression 

level is expected to be high for the early and mid-stage developmental cycle as it binds to 

the late gene promoters and represses its activity. The two late genes used in this study are 

hctB and hctA. HctA and HctB are small histone-like proteins that aid in the condensing of 

the chlamydial genome, forming the compact nucleoid structure seen in EBs (Barry et al., 

1993; Hackstadt et al., 1993). According to the RNA-seq data, hctB expression is delayed, 

relating to the time of EB formation (Grieshaber et al., 2018). The EB formation was 

triggered by the expression of the euo promoters in RBs, whereas the hctA promoter was 
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expressed in early EBs/IBs and the promoter of the true late gene, hctB, was expressed in 

maturing EBs (Chiarelli et al., 2020). Out of the three genes mentioned, the fluorescent 

intensity of mNeonGreen (mNG) expression indicating euo expression enriched in RB and 

mKate2 expression indicating hctB in the late EB is the main focus of this study. We will 

compare the changes in the expression levels during the developmental cycle between RB 

to EB formation. 

 

Expansion Microscopy   

 The Boyden group at MIT was the first to introduce expansion microscopy (ExM), 

which allowed a preserved biological specimen to be physically magnified in an even 

manner by producing a dense and swellable hydrogel throughout the specimen (Wassie et 

al., 2019). As a result, biomolecules or labels expanded smoothly and isotropically away 

from each other. Molecules in diffraction-limited areas are separated in space after physical 

magnification (Wassie et al., 2019). This method enables resolving the diffraction-limited 

region just by using a standard conventional microscope and commercially available and 

inexpensive chemicals alone (Wassie et al., 2019; Zhang et al., 2020). The physical 

magnification of ExM enables super-resolution imaging with several fundamental new 

properties, including better axial effective resolution, use of standard fluorophores on a 

diffraction-limited microscope, and facilitating in-situ analysis (Chen et al., 2015).  

 During the actual expansion process (Figure 4), a swellable hydrogel is uniformly 

polymerized throughout a biological sample all around the cells. For example, 

biomolecules of interest such as proteins expressed in Ct are covalently anchored to the 
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polymer network using cross-linking chemicals called Acryloyl-X (Invitrogen, AcX) 

commonly available in the lab. AcX binds to the protein's primary amine groups and is 

integrated into the hydrogel polymer during the polymerization process (Asano et al., 2018). 

After incubation of the polymerized gel, the embedded sample is mechanically disrupted 

by proteinase K (ProK) digestion or denaturation. This allows isotropic expansion in 3D 

when water is added followed by swelling of the polymerized gel. As a result, biomolecules 

of interest are spatially separated from one another, resulting in improved microscope 

resolution (Zhang et al., 2020). A biological specimen can gain enhanced resolution from 

300 nm to 70 nm after a typical 4.5x linear expansion (Zhang et al., 2020). Many various 

versions of ExM protocols have been introduced since the original basic principle of ExM 

was invented (Chen et al., 2015) to improve the quality of resolution and to apply in a range 

of samples for broader applications.  

ExM is a novel approach for increasing fluorescence-based microscopy resolution 

that has yet to be widely applied to the visualization of intracellular diseases such as 

Chlamydia. As a traditional microscope cannot image individual chlamydial bodies due to 

its resolution limits, physically expanding the sample increased the effective resolution and 

allowed capturing different forms of the individual chlamydial bodies. High-resolution 3D 

imaging of expanded samples of mature inclusion was done in under 15 minutes and 

segmentation with fluorescent markers of each chlamydial body was more promising when 

compared to SEM segmentation where gene expression studies cannot be studied.  

Therefore, ExM provides a simple and straightforward way of studying infectious 

pathogens such as Chlamydia on a standard microscope with a resolution comparable to 

that of a far better super-resolution microscope (Kunz et al., 2019). 



10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Expansion microscopy workflow. This schematic shows the general workflow 

of expansion microscopy. Before gelation, a biomolecule of interest is stained and a 

hydrogel is formed uniformly across a biological specimen, attaching to the polymer. After 

gelation, the specimen undergoes a protein digestion process where proteins get denatured. 

When water is added, the specimen embedded in the polymer swells altogether in isotropic 

physical expansion. The physically magnified specimen can now be viewed under a 

conventional microscope with increased resolution. 
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Penicillin 

            The antibiotic penicillin was used to validate the utility of expansion microscopy. 

In Chlamydia, penicillin is responsible for inhibiting the division of RBs. Large aberrant 

bodies, which are a common characteristic of all Chlamydia and are generated by distinct 

stress stimuli such as β-lactam antibiotics or nutrition deprivation, arise when penicillin is 

inhibited in vitro (Vromman et al., 2014; Kintner et al., 2014). The proliferation of RBs is 

inhibited in the presence of these various stress stimuli, resulting in the formation of 

aberrant and larger bacteria (Scherler et al., 2020). Exposure to penicillin has no effect on 

chromosomal or plasmid DNA replication (Lambden et al., 2006). The normal 

developmental cycle is recovered when penicillin is removed after a short lag period; the 

aberrant large RBs, on the other hand, do not revert to normal and reduced size and instead 

remain throughout the developmental cycle (Skilton et al., 2009). Penicillin inhibition in 

2D TEM data also suggests that Chlamydia cells do not divide when exposed to penicillin 

treatment (Vromman et al., 2014). Although penicillin inhibition is well-studied for 

Chlamydia research, it has not been investigated under high-resolution microscope 

methods.  

 

Resveratrol 

 Resveratrol (RESV) was selected as a candidate compound to further validate the 

usage of expansion microscopy because of its unique ability to prevent the Ct 

developmental cycle (Petyaev et al., 2017).  RESV was first identified as a phytoalexin, a 

type of antibacterial produced by plants in response to stress or microbial infection (Yang 
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et al., 2015). RESV has been shown to have antiviral properties against a variety of animal 

and human viruses, including both DNA and RNA viruses (Zhao et al., 2017). RESV has 

a considerable detrimental influence on Ct propagation in McCoy, HeLa, and MRC5 cells, 

in addition to having an inhibitory effect on viruses (Petyaev et al, 2017, Brown-Harding, 

unpublished). In the presence of varying amounts of RESV, the chlamydial mRNAs were 

measured. RESV treatment significantly decreased the mRNA levels for genes involved in 

the early, middle, and late stages of the Chlamydia developmental cycle (Petyaev et al., 

2017). 

 

Research Aims 

 The goals of this study were 1) to quantify individual chlamydial developmental 

bodies using expansion microscopy and 2) to validate the effectiveness of expansion 

microscopy using a known Chlamydia inhibitor penicillin and another antimicrobial 

compound resveratrol. Based on the already known expansion microscopy protocol, 

optimizing the setups for this research study allowed better detection of individual 

chlamydial bodies quantified in fluorescent intensity. The optimized step-by-step 

expansion microscopy protocol for this study can be successfully utilized in future 

Chlamydia experiments. Moreover, the quantified fluorescent intensity measures of 

individual bodies inside every single inclusion of Ct can further refine the gene expression 

patterns of changes in the RB to EB conversion during the developmental cycle. Moreover, 

penicillin and resveratrol treatment using expansion microscopy can test the effectiveness 

of this optimized expansion protocol. Overall, this study provides effective use of 
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expansion microscopy in Ct experiments to quantify gene expression changes at the 

individual body level. 
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METHODS 

Bacterial strains and cell lines  

 Chlamydia trachomatis serovar L2 strains were provided by Dr. Scott Grieshaber 

(University of Idaho). Each strain was named after the genes that were transformed with 

reporter plasmid constructs. The fluorescent reporters used for expressing RB (green) to 

IB (red) or euo/hctA (EA) strain and RB (green) to EB (red) or euo/hctB (EB) strain. mNG 

is regulated by the euo promoter and mKate2 is regulated by the hctA/B promoter (Figure 

5). The green color from the tagged reporter protein, mNG was expressed by the euo 

promoter . The red color from mKate2 was controlled by the hctA/B promoter. Chlamydial 

infections were carried out in HeLa cells provided by Dr. Allen Tsang (Wake Forest School 

of Medicine). The HeLa cell lines were passaged in Dulbecco’s Modification of Eagle’s 

Medium with 1g/L glucose, L-glutamine & sodium pyruvate (DMEM, Corning), and 10% 

fetal bovine essence (FBE, Avantor). 

 

Cell culture for Ct propagation 

 All Ct L2 strains were initially propagated in HeLa cells grown in DMEM and 10% 

FBE together with 500𝜇g/ml spectinomycin (Teknova) and 1𝜇g/ml cycloheximide (Alfa 

Aesar) in a 5% CO2 incubator at 37°C. Each propagation was performed at a multiplicity 

of infection (MOI) of 1 for 48 hours. After two separate Ct propagations, cells were 

detached and lysed using glass beads and a syringe with an 18G needle. A shorter period 

centrifugation supernatant (30 minutes at 16,000 rpm at 4°C) was transferred to a longer 

period centrifugation (1 hour at 16,000 rpm at 4°C) to pellet the bacteria. The pellet was  
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Figure 5: Gene constructs used for Ct infection. The RB to IB construct was made with 

hctA promoter tagged with mKate2 and euo promoter tagged with mNG. The RB to EB 

construct was made with hctB promoter tagged with mKate2 and euo promoter with mNG. 

Transformed Ct with these constructs was selected using spectinomycin. The red color was 

expressed for mKate2 and the green color was expressed for mNG. These plasmid reporter 

constructs were created and transformed into Ct L2 by the Grieshaber lab at the University 

of Idaho. 
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then washed and resuspended in 1x SPG buffer (1.48g of succinic acid, 6.04g of sodium 

dihydrogen phosphate monohydrate, and 3.28g of glycine in 100ml water at pH 4). 

Resuspended bacteria aliquots were stored at -80°C and titers were determined by infecting 

cell monolayers with 10-fold dilutions of the thawed stock suspension. MOI of 0.3 was 

selected for further experiments to ensure that the numbers of Chlamydia and gene 

expression at time points are representative of what the developmental cycle looks like 

when a single Chlamydia enters a cell.  

 

Chlamydia infections 

 HeLa cells were incubated with C. trachomatis EBs in Hanks’ balanced salt 

solution (HBSS, Corning) for 15 minutes at room temperature with rocking followed by 

45 minutes at 37°C. The HBSS was replaced with fresh DMEM with 10% FBE and 1µg/ml 

cycloheximide. For proof of concept experiments, 10U/ml penicillin G (Alfa Aesar) or 

50µM resveratrol (Sigma Aldrich) was added separately to the media after 1 hour post 

infection (hpi). Batches of infected coverslips (12mm, Electron Microscopy Sciences) were 

fixed at 22 and 30 hpi with 4% paraformaldehyde and 1% glutaraldehyde for 10 minutes 

at room temperature. A total of two individual infections was carried out for replicates and 

a single infection refers to 2 batches of different time points of three conditions including 

untreated, penicillin, and resveratrol treatment.  
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Immunostaining  

 For primary antibody staining, fixed cells were first washed with 1x Dulbecco’s 

Phosphate Buffered Saline Without Calcium or Magnesium (DPBS, Lonza) for 10 minutes 

at room temperature. After 3 times washing, cells were then permeabilized with 0.5% 

Triton-X100 in 1x Phosphate Buffered Saline (PBS, Fisher BioReagents) for 5 minutes. 

Afterward, they were blocked using 4% Bovine Serum Albumin (BSA, Fisher BioReagents) 

in 1x PBS for 10 minutes. The cells were incubated in primary antibody 

Lipopolysaccharide (LPS) (Table 1) diluted in blocking buffer for 1 hour in a dark rocking 

shaker at 35 rpm at room temperature. After incubation with the primary antibody, each 

coverslip was washed 3 times in 1x PBS. 

 

Table 1. List of antibodies used for immunostaining 

Type Antibodies Supplier Species Type Dilution Reference 

 

 

 
Primary 

LPS Santa Cruz 

Biotechnology 

Mouse Monoclonal 1/1000 SC-101593 

MOMP Meridian 

Bioscience ® 

Goat Polyclonal 1/1000 B65266G 

HSP 60 Santa Cruz 

Biotechnology 

Mouse Monoclonal 1/1000 SC-57840 

 
 

 

 

 

 

 

 

Secondary 

Goat IgG 
(H&L) 

Antibody 

ATTO 647N 

Conjugated 

Rockland 
Immunochemicals 

Rabbit Polyclonal 1/1000 605-456-013 

RFP booster 

Alexa Fluor 

® 568 

Chromotek Alpaca Monoclonal 1/1000 AB_2827576 

FluoTag-X2 

anti-

mNeonGreen 

Atto 488 

Conjugated 

Nanotag 

Biotechnologies 

Camelid Monoclonal 1/1000 N3202-At488-L 
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 Secondary antibody staining was carried out on the cells embedded in the gel right 

after digestion of protein treatment. They were incubated in the corresponding secondary 

antibodies (Table 1) diluted in blocking buffer overnight at 4°C. Afterward, the cells were 

washed 3 times with 1x PBS. 

 

Expansion Microscopy 

 Fixed cells on coverslips stained with primary antibody were treated in diluted 

Acryloyl-X, SE (AcX, Invitrogen) stock solution in PBS for 1 hour in dark at room 

temperature. After three times washing for 5 minutes in 1x PBS, coverslips were then 

turned upside down on a drop of Stock X solution (Appendix I) mixed with fresh 

tetramethylethylenediamine (TEMED, TCI) and ammonium persulfate (APS, Thermo 

Scientific). The gel polymerization was performed for 25 minutes in a 37°C chamber. After 

gelation, the polymerized gel on a coverslip was transferred to digestion buffer (Appendix 

I) added with 8U/ml proteinase K (ProK) Solution (Promega), and digested for 2 hours at 

37°C.  

 Coverslips were then carefully detached from the digested gel and the indicated 

secondary antibody staining (Table 1) was carried out as a post-expansion staining method. 

DNA and nucleus were stained with Hoechst. The following day the gels were placed into 

a rocking shaker at 55 rpm at room temperature with distilled water to expand. The water 

was exchanged every 30 minutes interval for 2 hours. The diameter of the expanded gel 

was measured with a caliper. The expanded gel was then cut into small squares (1cm) and 
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transferred to a glass bottom dish (35mm, Ibidi). To avoid shifting, gel pieces were 

carefully dabbed with Kimwipes to remove any excess water. 

 

Confocal microscopy 

 All images were taken with the Zeiss LSM 880 inverted confocal microscope with 

the LD C-Apo 40x/1.1 NA water immersion objective for expanded gels and the Plan-Apo 

63x/1.4 NA oil immersion objective for coverslips (12mm, Electron Microscopy Sciences) 

mounted with Prolong Diamond. Lasers were set to 405 nm for Hoechst, 488 nm for mNG, 

561 nm for mKate2, and 633 nm for LPS. Image acquisition was performed under Airyscan 

Fast mode for faster speed and improved resolution. All images were acquired with z-

stacks ranging from 80 to 180 slices at 0.21m depth, 3.0x zoom, and optimal pixel number 

for frame size. Displayed confocal images were all processed in Zen Black. 

 

Data analysis 

 To segment individual bodies in inclusion, both EBs and RBs are randomly 

highlighted and numbered using Aivia software. The fluorescent intensity of mNG and 

mKate2 as well as the area of each highlighted body were quantified and recorded. 

Collected data were analyzed and presented in the graph using Graph Pad Prism 9. For 

statistics, the student’s T-test was used for untreated experiments and ANOVA for 

treatment experiments with penicillin and resveratrol.  
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RESULTS 

Optimization Procedures for Staining and Fixation of Ct before the experiment 

 First, we were asked to identify the protein that recognizes both EBs and RBs for 

the segmentation of individual bodies. Three selected proteins, namely major outer 

membrane protein (MOMP), LPS, and heat shock protein (HSP) 60 were stained with 

primary antibody before expansion at 30 hpi. Fixed cells were embedded onto the 

polymerized gel and incubated at 37°C for digestion. The digested gel was then expanded 

in water until saturation. The sliced gel was then carefully placed on the slide for imaging.  

 Merged images of MOMP, LPS, and HSP60 (Figure 6A-C) stained Ct L2 fixed at 

30 hpi along with each separate channel indicate that LPS protein was recognized in both 

EBs and RBs. The RBs in green color were shown as just green without the magenta color 

used for secondary staining for recognizing the protein of interest in the merged images 

MOMP and HSP60 (Figures 6A and 6C). However, the merged image of LPS (Figure 6B) 

shows that green-colored RBs were completely stained with magenta color, indicating that 

LPS was recognized in RBs as well. This LPS recognition in RB is more obvious when 

comparing the separated channel for the protein of interest and the euo channel. The RBs 

shown in the euo channel were only seen in the LPS channel. Although both MOMP and 

HSP60 proteins were clearly recognized in EBs, they were not captured in RBs, which was 

necessary for identifying two different individual bodies inside Ct inclusion. As a result, 

we chose LPS protein for staining Ct coverslips for identifying both individual bodies at 

the same time for experiments. 
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Figure 6: LPS recognizes both EBs (hctA) and RBs (euo). This figure shows 

immunofluorescence of A) MOMP B) LPS and C) HSP60 of confocal images of Ct L2 

fixed at 30 hpi. Fixed coverslips were embedded in the polymerized gel, incubated for 

digestion, and expanded in water to be imaged. All three proteins were detected using a 

secondary Goat IgG antibody with an Alexa Fluor label (633). hctA was detected with the 

addition of an RFP booster at 561nm and euo was detected at 488nm. Scale bars (10μm for 

A, B, and 5μm for C) are shown in the bottom right of each merged figure on the first 

column. 
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 After we chose the LPS protein for recognizing both EBs and RBs, we encountered 

a problem where its fluorescent intensity was seemingly lost after the expansion. To 

improve the preservation of the LPS and Euo fluorescent intensities, 11 different fixation 

methods (Figure 7) were tested for Ct L2 fixed at 30 hpi. Coverslip fixation method was 

varied by the percentage of PFA (2% or 4%), incubation time (10, 30, 45 minutes, or 

overnight), incubation temperature (room temperature or 37°C), different washing 

solutions (use of PBST), the addition of glutaraldehyde (GA) at different concentrations 

(0.25% or 1%) and use of pre-diluted PFA solution. After fixing the Ct infected cells with 

the combination of different fixation methods mentioned above, each coverslip was 

embedded in the polymerized gel and incubated for digestion. The digested gel was then 

expanded in water and the sliced gel was placed onto the microscope for imaging.  

 Among 11 different fixation methods, the best fixation method was the mixture of 

4% PFA and 1% GA for 10 min at room temperature. Both LPS and Euo fluorescent 

intensities were clearly improved indicating that the LPS and Euo were preserved. For 

example, using the 4% PFA only or adding PBST as a washing solution almost lost the 

Euo intensity. Higher incubation temperature or longer incubation time also seemed to 

worsen the original appearance of the individual bodies. The separated channels are shown 

for LPS and Euo (Figure 10, third row) presenting clearly recognized individual bodies 

when the best fixation method was used. Other combinations like the use of different 

washing solutions (Figure 10, fifth row) and the use of 4% PFA only at a higher 

temperature for a longer time (Figure 10, ninth row) were able to preserve both LPS and 

Euo fluorescent intensities; however, their individual bodies seemed to be aggregated  
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Figure 7: Different fixation methods for increasing LPS and Euo fluorescent intensity 

at 30hpi. Fixation methods were tested between different incubation times, the 

concentration of PFA solution, the addition of GA, and the washing method, as labeled. 

Fixed cells were embedded in the polymerized gel, digested, and expanded before imaging. 

LPS was detected with Alexa Fluor 633. hctA expression was detected with the addition 

of an RFP booster at 561nm and euo expression was detected at 488nm. Both nucleus and 

chlamydial DNA were stained with Hoechst at 405nm. Scale bars (5μm) are shown in the 

bottom right of each merged figure on the first column.  

 

together which led to the failure of maintaining their original structure. As a result, the 

mixture of 4% PFA and 1% GA was used for fixing cells for all experiments.  

To further improve the Euo fluorescent intensity, anti-mNG nanobody was added 

after post-expansion. Fixed cells were stained with primary antibodies for LPS and washed. 

Washed cells were then embedded in the polymerized gel and digested for incubation 

followed by expansion in water. After the expansion, anti-mNG nanobody was added 

together with other secondary antibodies as a post-expansion staining method. This 

experiment was performed at 22 hpi since the EUO is enriched at this time point. The 

change in the fluorescent intensity with and without anti-mNG nanobody was significant 

as there was approximately three times increase in the fluorescent intensity (Figure 8). The 

intensity with just mNG was 21.26 AU and with adding anti-mNG nanobody was 80.47AU. 

The significant difference in the use of anti-mNG nanobody and mNG only improved the 

green color intensity (p=0.015) because the background intensities for both groups were in 

a similar range of fluorescent intensities. As a result, this experiment provided evidence 

that additional use of anti-mNG nanobody improved the fluorescent intensity, which is 

critical for the segmentation of RB. 
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Figure 8: Comparison between using the mNeonGreen only and with the anti-mNG 

nanobody for increasing the Euo fluorescent intensity. Ct L2 stained with LPS 

antibodies was fixed at 22 hpi with A) mNG only and B) mNG added with the anti-mNG 

nanobody. Fixed cells were embedded in the polymerized gel, digested, and expanded 

before imaging. Both nucleus and chlamydial DNA were stained with Hoechst at 405nm. 

C) Euo fluorescent intensity was 3 times higher when anti-mNG nanobody was added 

(p=0.015). Scale bars (10μm for A and 5μm for B) are shown in the bottom right of each 

merged figure on the first column. 
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Optimized expansion microscopy for Ct experiment 

 We wanted to apply the optimized setups to the known expansion microscopy to 

confirm the improvement. First, Ct infected cells were fixed at 22 hpi with the mixture of 

4% PFA and 1% GA for 10 minutes at room temperature. Fixed cells were then stained 

with primary antibody for LPS and washed. Stained cells were embedded in the 

polymerized gel and incubated for digestion. The digested gel was expanded in water, 

stained with anti-mNG nanobody in addition to a secondary antibody and its diameter was 

measured before imaging.   

 This confirmation experiment with the optimized setups found that the physical 

expansion of the sample led to a considerable distance between individual bodies that 

allowed segmentation after expansion (Figure 9B). In contrast, individual bodies were 

packed together in the unexpanded sample (Figure 9A). The difference is apparent for EBs 

in the middle of the inclusion for both samples. Using this optimized expansion protocol 

resulted in approximately 4.2 times expansion of the physical sample when compared to 

the unexpanded sample (Figure 9C). The diameter of every unexpanded sample gel and 

expanded sample gel were measured and recorded for each experiment. The average size 

of unexpanded gel was 12.07 mm whereas the average size of expanded gel was 50.59 mm. 

The expanded gel was significantly larger, about 4.2 times than the unexpanded, which 

follows the original expansion microscopy protocol (Chen et al., 2015). In addition to 

confirming the gel size after the expansion, the entire expansion microscopy steps were 

also achieved in just two days straight compared to the expansion microscopy protocol 

introduced in the previous research (Zhang et al., 2020) which took 4 days. In specific, the 

incubation time for gelation and digestion was shortened. As a result, we used this  
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Figure 9: Difference in size of Ct using expansion microscopy. Confocal images of Ct 

L2 A) unexpanded coverslip and B) expanded sample gel at 22 hpi. C) The comparison of 

the diameter of unexpanded and expanded gel is shown. Fixed coverslip for unexpanded 

was stained and mounted on the coverslip for imaging. For the expanded, fixed coverslip 

was stained, embedded on the gel, digested, and expanded in water before imaging. The 

diameter of both gels was measured using a caliper. Cells were labeled as previously 

described. Both nucleus and chlamydial DNA were stained with Hoechst at 405nm. Scale 

bars (5μm) are shown in the bottom right. 

 

optimized expansion microscopy for the actual experiments. The best fixation method for 

Ct coverslips, the use of LPS staining to recognize both individual bodies and adding the 

anti-mNG nanobody optimized the Ct experiment setups using expansion microscopy.  

 

Studying the patterns of euo and hctB during Ct developmental cycle 

 We also asked whether we could quantify the gene expression levels and the size 

of individual chlamydial bodies during Ct developmental cycle using expansion 

microscopy. The optimized expansion microscopy protocol was carried out on the fixed Ct 

infected cells at 22 or 30 hpi (Figure 10A and 10B). Individual bodies were randomly 

highlighted using the manual segmentation tool for data collection. hctB and euo 

fluorescent intensities were recorded separately for each identified body. In this experiment, 
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two time points, 22 hpi, and 30 hpi were selected for comparison of the gene expression 

patterns from RBs to EBs. Euo enriched RBs replicate and initiate differentiation into EBs 

during the mid-stage and hctB enriched EBs appear at the late stage in the developmental 

cycle. The two time points chosen represented the stage where RBs start to asynchronously 

differentiate into EBs.  

 The changes in gene expression patterns of hctB and euo using fluorescent 

intensities found that hctB expression significantly increased from 22 to 30 hpi (p<0.001) 

(Figure 10C and E). The average hctB intensity at 22 hpi was 107.1 AU whereas at 30 hpi 

was 805.4 AU. Unlike hctB, euo intensity was found to be not significant between 22 and 

30 hpi (Figure 10C and E). The average euo intensity at 22 hpi was 101.2 AU whereas at 

30 hpi was 109.0 AU. This experiment suggests that the hctB expression gradually 

increased whereas euo expression did not show a significant change in the gene expression 

level.  

 In addition to measuring the fluorescent intensities, we also measured the area of 

the manually segmented individual bodies to compare the approximate size of the change 

in RBs to EBs. The area size of the individual body was plotted in a violin plot to indicate 

the size variability of RBs during the different time points (Figure 10D). The average size 

of EBs between 22 and 30 hpi was significant (p<0.001); however, the average size of RBs 

between two time points was not significant. The size of RBs varied from 1 to 17 µm2 

resulting in a higher standard deviation compared to the size of EBs. These results indicate 

that RBs exist in different sizes throughout different time points leading to an assumption 

that the timing of the RB division does not only pertain to the decrease in RB size. 
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Figure 10: The change in gene expression patterns of EB and RB between 22 and 30 

hpi. The fluorescent intensity of hctB and euo was measured separately for randomly 

chosen individual bodies at A) 22 hpi and B) 30 hpi. The fluorescent intensity of manually 

segmented individual bodies is represented in C) a scatter plot and E) a bar graph to show 

the change in gene expression level between two time points. D) The distribution of the 

size of EBs and RBs are compared in a violin plot. Optimized expansion microscopy was 

carried out on the fixed cells. Fluorescent intensities and area size were recorded by manual 

segmentation of the individually highlighted EBs and RBs. Scale bars (5μm) are shown in 

the merged images on the far left. 
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Ct developmental cycle with the addition of penicillin or resveratrol 

 Lastly, for the proof-of-concept experiment, we compared the gene expression 

patterns of hctB and euo fluorescent intensities when either penicillin or resveratrol was 

added after 1 hpi. Ct infected cells with either penicillin or resveratrol were fixed at 22 hpi 

and 30 hpi. Optimized expansion microscopy was carried out on the fixed cells and they 

were imaged. Randomly chosen individual bodies were then manually segmented and 

hctB/euo gene expression, as well as the area, were recorded.  

 Both EBs and RBs were identified for segmentation for untreated Ct (Figure 11A) 

and Ct added with resveratrol (Figure 11C); however, only RBs were segmented for Ct 

added with penicillin (Figure 11B) as EBs were almost non-existent. RBs were much larger 

in size and different in their shapes when penicillin was added. The fluorescent intensities 

for both hctB and euo were compared to the untreated Ct at 22 hpi and 30 hpi. At 22 hpi, 

hctB intensity significantly decreased (p < 0.0001) when penicillin or resveratrol was added 

(Figure 11D). Compared to the average hctB intensity of untreated Ct of 107.08 AU, the 

addition of penicillin resulted in 14.61 AU and 25.23 AU with resveratrol. At 30 hpi, the 

average hctB intensity significantly decreased (p < 0.0001) only when penicillin was added 

(Figure 11D). The average hctB intensity did not change when resveratrol was added. The 

average hctB intensity for untreated Ct at 30 hpi was 805.39 AU, 12.13 AU with penicillin, 

and 759.63 AU with resveratrol.  

 For average euo intensity at 22 hpi when compared to the untreated Ct, both 

penicillin and resveratrol significantly decreased (p < 0.0001, Figure 11E). At 22 hpi, the 

average euo intensity for untreated Ct was 101.22 AU, 9.99 AU for penicillin, and 50.74 

AU for resveratrol. On the other hand, for the average euo intensity at 30 hpi, Ct infected 
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with penicillin significantly decreased (p < 0.0001) but there was no significant difference 

between untreated Ct and Ct with resveratrol treatment. The average euo intensity at 30 hpi 

for untreated was 109.03 AU, 23.33 AU with penicillin, and 138.38 AU with resveratrol.  

 In addition to measuring the fluorescent intensities for hctB and euo, the area size 

of individually segmented RBs was also measured. The RB sizes were compared between 

22 and 30 hpi. It was found that none of the untreated, with penicillin or with resveratrol 

treatment to Ct was significant (Figure 11F). The RB size did not change between the 

different time points for all the conditions tested. This proof-of-concept experiment 

suggests that the addition of penicillin effectively decreased both euo and hctB fluorescent 

intensities compared to the untreated but the addition of resveratrol only decreased the hctB 

as a result. Moreover, the insignificant changes in the RB size between all conditions for 

two time points suggest that size change may not be the signal for RBs to differentiate into 

EBs. 



32 

 

Figure 11. The effect of penicillin or resveratrol on Ct. This figure shows A) untreated, B) with 

penicillin, or C) with resveratrol treatment of confocal images of Ct L2 stained with LPS antibodies 

fixed at 22 hpi. Either penicillin or resveratrol was added at 1 hpi with a final concentration of 

10U/ml or 50µM. Optimized expansion microscopy was carried out on the fixed cells and imaged 

for manual segmentation. Randomly chosen individual bodies were manually segmented and 

fluorescent intensities, as well as the area size, were extracted and recorded using the Aivia software. 

The average intensities of D) hctB and E) euo at 22 or 30 hpi were compared between untreated Ct, 

with penicillin, and with resveratrol treatment. F) The RB size was compared between 22 and 30 

hpi for untreated Ct, with penicillin, or with resveratrol treatment. Scale bars (5μm) are shown in 

the bottom right of each merged figure on the first column.  
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DISCUSSION 

 Expansion microscopy is a valuable tool for quantifying the individual chlamydial 

bodies of the developmental cycle. We found that the best fixation method for preserving 

both LPS and mNG fluorescent intensities was the mixture of 4% PFA and 1% GA for 10 

min at room temperature (Figure 7, third row). Fixation is an essential technique in cell 

biology. Cell fixation terminates biochemical reactions by denaturing proteins via cross-

linking (Kiernan, 2000). Fixation also permits cells to be permeabilized with Triton-X 

before immunofluorescence microscopy with fluorescent antibodies targeting the protein 

of interest (Zhu et al., 2021). Finding the best fixation method for this project was important 

because the gene expression patterns in the developmental cycle were quantified based on 

the fluorescent intensities measured from the channel of interest. Previous studies found 

that fixation can affect cell morphology and fluorescence levels (Zhu et al., 2021). Even 

with careful fixation, this can lead to introducing artifacts, creating autofluorescence, and 

potentially altering the sample. After manipulating incubation time, incubation temperature, 

PFA concentrations, washing solution as well as adding different concentrations of GA, 

both LPS and mNG fluorescent intensities were maintained effectively. The PFA 

penetrates the tissues much faster and GA fixes them more permanently (Huebinger et al., 

2018).  

 In addition to finding the best fixation method, we used the anti-mNG nanobody to 

further improve the mNG fluorescent intensity (Figure 8C). Nanobodies are the smallest 

known antibodies. Due to their small size and high specificity, they allow better 

performance in immunofluorescence. The decrease in mNG intensity due to fixation using 

aldehyde was improved by adding the nanobody after the expansion. The fading problems 
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during the gelation process were overcome by post-staining the sample with nanobodies 

that can recognize the mNG expressed in the transgenic Ct. Moreover, post-staining the 

LPS antibody with a secondary antibody enables the classification of individual bodies 

(Figure 6B). Despite the manual segmentation, HctB-enriched EBs and Euo-enriched RBs 

were distinguished according to the LPS detection around their bodies in addition to the 

DNA material. As LPS is found in outer membranes of both EBs and RBs (Yang et al., 

2019), the LPS detection was also important for identifying individual bodies inside Ct 

inclusion.  

  Together with the findings from the optimizing setup process, ExM can visualize 

the details of individual chlamydial bodies in a much better resolution which led to 

identifying individual bodies through manual segmentation. Individual bodies can be 

distinguished by their size differences as well as their measured fluorescent intensities in 

each body (Figure 10A-C). The EBs or the smaller bodies in size are the majority of the 

cell population at 30 hpi, which is classified as the later stage when EB prepares for another 

round of infection in the developmental cycle. As expected, this finding provides evidence 

that certain gene expression levels are turned on or off throughout the different stages in 

the Ct developmental life cycle. The chlamydial bodies at an individual level in an 

inclusion also suggest the gradient changes in the hctB expression, which is in line with the 

previous concentration-dependent gene expression model. This was also supported by 

significantly increased mKate2 fluorescent intensity at a later stage when compared to the 

mid-stage at 22 hpi (Figure 10E). As hctB is classified as one of the late genes in the 

chlamydial developmental cycle, the significant increase in the gene expression level 

measured by the fluorescent intensity at a later stage is in line with previous gene 
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expression studies (Belland et al., 2003). Euo, a transcription factor, controls the beginning 

of hctB expression. Euo inhibits transcription by binding to the operator near the promoter 

of each target gene (Zhang et al., 2020). The RB-to-EB conversion is associated with the 

repressor activity of Euo as it prevents the pre-maturation of late EBs (Rosario et al., 2012). 

The mechanism of how euo is regulated is still unknown, but euo plays a role in the 

conversion between RB to EB as a master regulator. It was also found that the euo intensity 

level was maintained constant between 22 and 30 hpi (Figure 10E) which is also in line 

with the previous gene expression studies (Belland et al., 2003).  

 Moreover, the size of the individual bodies between 22 and 30 hpi shows that both 

RB populations between two time points had a larger range compared to the EB population. 

This finding is profound whereas a larger range refers to variability in RB size for both mid 

and later stages in the developmental cycle. According to one of the conversion models, 

the RB size determines the timing of the RB-to-EB conversion without the use of an 

external signal (Lee et al., 2018). This model is based on RBs converting into EBs below 

a certain threshold size. Therefore, at a later time point, RB size should have been 

significantly smaller compared to the earlier time point. Although our data do not represent 

the entire inclusion population studied in the experiment, the variability in RB size for both 

time points rather than the size reduction between the two can be interpreted as something 

to be discussed further in the future experiment.  

 For the proof of concept experiments, either penicillin or resveratrol was added at 

1 hpi and ExM was used to observe the gene expression changes as well as the RB size 

difference between 22 and 30 hpi. When compared to the untreated Ct, the RBs detected 

in the Ct added with penicillin were aberrant, large, and different in their size at 22 hpi 
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(Figure 11B). Penicillin treatment at 1 hpi did not prevent the EBs from differentiating into 

RBs (Skilton et al., 2009). But this treatment may have initially delayed the start of 

chromosomal replication (Lambden et al., 2006), which resulted in a significant decrease 

in fluorescent intensities for both hctB and euo (Figure 11D and E). This trend can also be 

explained when RBs were manually highlighted. The DNA material as well as the euo 

fluorescent intensities were not detected entirely in the enclosed RB marked by LPS on the 

major surface of the body. When measuring the fluorescent intensity, the average was 

calculated from the entire body area highlighted. This means that the larger-sized RBs 

could have smaller DNA material which is concentrated at the one side of RBs segmented. 

The average hctB intensity was measured only from the RBs because EBs were not 

detectable at both 22 and 30 hpi.  

 Similar to the penicillin treatment, Ct with resveratrol treatment at 22 hpi showed 

a significant decrease in both hctB and euo fluorescent intensity (Figure 11D and E). The 

number of Ct infected McCoy cells decreased in a dose-dependent manner after RESV 

treatment (Petyaev et al., 2017). Looking at individual bodies segmented, it could be 

deduced that Ct infective progeny also decreased with the resveratrol treatment at 22 hpi. 

However, the average fluorescent intensities for both hctB and euo did not change 

significantly when compared to the untreated Ct at 30 hpi (Figure 11D and E). Both EBs 

and RBs could be detected with the resveratrol treatment. This indicates that resveratrol 

treatment did not prevent the conversion from RBs to EBs. The exact mechanism of 

antichlamydial activity with resveratrol treatment is still unknown; however, at higher 

concentrations of resveratrol, there was less significant euo mRNA reduction (Petyaev et 

al., 2017). It is possible that at a later stage in the Ct developmental cycle, the population 
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of individual bodies affected with resveratrol may have been overcome by the normal 

population of individual bodies unaffected. The addition of resveratrol treatment may not 

be permanent throughout the developmental cycle and the resveratrol must pass through to 

the bacterial cell of the inclusion as well as the individual bodies to inhibit the propagation 

(Jøraholmen et al., 2020). It can be possible that not all the individual bodies inside an 

inclusion are affected by the resveratrol compound, which may have led to unaffected 

individual bodies taking over the population through fitness survival. To validate the 

patterns of gene expression levels of hctB and euo using ExM, quantitative measures of 

these two mRNAs over time must be carried out for direct comparison.  

 Interestingly, when the RB area sizes were compared between two time points for 

untreated Ct, with penicillin or with resveratrol treatment, none of them resulted in 

significant change as opposed to RB sizes reducing in pattern over time (Lee et al., 2018). 

The distribution of RB size was vastly scattered out at the average value. As EBs 

asynchronously convert into RBs, the size difference in RBs was expected. The patterns of 

RB determining its fate to convert into infectious EB or to replicate into another RB can 

be possibly studied by closely monitoring the gene expression patterns measured in 

fluorescent intensities using ExM. The changes in gene expression level, as well as the area 

size of individual bodies, can be used to explain whether the RB to EB conversion is 

attributed to a certain gene level causing the initial differentiation.  

 This research study was important because ExM allowed studying the Ct 

developmental cycle at the individual body level. Almost all the previous studies were 

based on the inclusion level as individual bodies were difficult to be individually 

segmented due to their compact nature. Manually segmenting the individual bodies enabled 
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extracting the quantitative measures of fluorescent intensities of interest for studying the 

patterns of gene expression levels during the Ct developmental cycle using ExM. 

Validating the gene expression levels over time at the individual body level in the life cycle 

of Ct can be used to further investigate the possible mechanisms of how the RB changes 

into EB. The penicillin or resveratrol treatment can also be helpful leading to searching for 

a more effective inhibitory compound that can overcome the resistance.  

 For future directions, more time points and a variety of gene levels at the mid to 

late cycle should be tested to find complete evidence for the RB to EB conversion model 

based on gene expression level changes. Since all quantitative measures of fluorescent 

intensities of interest come from the image acquired, it is very important to find the optimal 

parameter when acquiring the image with the microscope. Although the parameters used 

in this experiment were sufficient to measure the fluorescent intensities of individual 

bodies, higher resolution pixel size is desirable for automated segmentation using a pixel 

classifier rather than manual segmentation of randomly chosen individual bodies. Pixel 

classifier allows automatic segmentation on the entire individual body level in a single 

inclusion. Segmented bodies in each z-stack could be represented in 3D, which possibly 

resembles the inclusion in its nature. This can lead to investigating the different shapes of 

individual bodies during Ct developmental cycle as well. To carry out successful automated 

segmentation using a pixel classifier, removing the background intensity as well as 

avoiding the autofluorescence that could come from fixation are desired for optimal quality 

in image acquisition. In particular, gel stained with antibodies should be washed thoroughly 

and it should remain fresh without contamination before image acquisition. The time it 
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takes to acquire a single image is also critical in capturing the fluorescent intensities of 

interest because of the bleaching of fluorescent signals over time.  

 In conclusion, ExM enabled identifying and quantifying the individual bodies in 

the Ct developmental cycle. The average fluorescent intensities measured between 22 and 

30 hpi led to a possible explanation supporting that RB to EB conversion is based on 

concentration-dependent patterns of gene expression level. The average hctB intensity was 

significantly higher at the later time point as EB reappeared from the differentiation of RBs. 

Both penicillin and resveratrol treatment resulted in decreasing the average hctB/euo 

intensities at the earlier time point but only penicillin was able to prolong its inhibiting 

effect to the later time point tested. Unlike penicillin, no significant change was observed 

in the average fluorescent intensity level at the later time point when resveratrol was added. 

Further investigation with more time points will lead to affirming the general gene 

expression patterns during Ct developmental cycle when resveratrol is added. As a result, 

ExM can be used widely for infection-related studies that require high resolution due to its 

low cost and easy-to-follow procedures. 
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APPENDIX  

 

Appendix I. The reagents and solutions used in expansion microscopy. Adapted from 

Zhang et al., 2020. 

Gelation = 980µl Stock X + 10µl TEMED + 10µl APS 

 Reagents Supplier Stock solution conc. 

(g/100ml) 

Amount (ml) 

 

 

 
 

Stock X 

solution 

Sodium acrylate  Sigma Aldrich 38  2.25 

Acrylamide Fisher Bioreagents 50 0.5 

N,N’ - 

Methylenebisacrylamide 

Sigma Aldrich 2 0.75 

Sodium chloride Fisher Bioreagents 29.2 (5M) 4 

PBS Fisher Bioreagents 10x 1 

Water   1.3 

Total   9.8 

APS 

stock 
solution 

APS Thermo Scientific 10 1g 

Water   9 

Total   10 

 

Digestion = 992µl Digestion buffer + 8µl PK solution 

 Reagents Supplier Stock solution 

conc. 

Amount (ml) 

 

 

 

Digestion buffer 

Triton X-100 Alfa Aesar 5% 10 

Ethylenediamine 

tetraacetic acid (EDTA) 

VWR 0.5M, Ph 8.0 0.2 

Tris-EDTA Fisher Bioreagents 1X 5 

Sodium chloride Fisher Bioreagents 5M 20 

Water   64.8 

Total   100 
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