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Abbreviations 

 

Ag   silver 

Ag-TiO2  silver- modified TiO2 

3-OS HS  3-O-sulfated heparin sulfate 

AB   aberrant body 

AIDS   acquired immune deficiency syndrome 

C. trachomatis Chlamydia trachomatis 

C. pneumoniae Chlamydia pneumoniae 

COPD   chronic obstructive pulmonary disease 

CVD   coronary vascular disease 

DNA   deoxyribonucleic acid 

DMEM  Dulbecco’s modified minimal Eagle’s medium 

EB   elementary body 

FBS   fetal bovine serum 

HBSS   Hank’s balanced salt solution 

HHV   human herpes virus 

HHSV   human herpes simplex virus 

HHSV-1  human herpes simplex virus-1 

HHSV-2  human herpes simplex virus -2 

HHV-3/VZV  varicella-zoster virus 

HHV-4/EBV  Epstein-Barr virus 

HHV-5/HCMV human cytomegalovirus 

HHV-8/KSHV Kaposi’s Sarcoma-associated herpesvirus 

IFN-γ   interferon gamma 

IFU   inclusion forming unit 

LGV   lymphogranuloma venereum 

LPS   lipopolysaccharide 

MEM   minimal essential medium 

MIC   minimal inhibitory concentration 

MOI   multiplicity of infection 

MOMP  major outer membrane protein 
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MTT assay  3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide  

assay 

MQ water  Milli-Q water 

NP   nanoparticle 

PBS   phosphate-buffered saline 

PCR   polymerase chain reaction 

p.i.   post-infection 

PID   pelvic inflammatory disease 

PLT agents  the agents of psittacosis, lymphogranuloma venereum and trachoma 

QPCR   quantitative polymerase chain reaction 

RB   reticulate body 

ROS   reactive oxygen species 

RT   room temperature 

SDS   sodium dodecyl sulfate 

SPG buffer  sucrose-phosphate-glutamic acid buffer 

STIs   Sexually transmitted infections 

TEM   transmission electron microscopy 

TiO2   titanium-dioxide 

UV light  ultraviolet light 
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1. Introduction 

 Sexually transmitted infections (STIs) are among the most common causes of illnesses 

in the world. Chlamydiae and human herpes simplex viruses (HHSV) cause infections that are 

common throughout the world.  

 The present study was designated to improve our current understanding of the 

antimicrobial treatment of Chlamydiae and antiviral therapy of HHSV and to demonstrate a 

new chlamydial quantification method. 

 

1.1 Chlamydiaceae 

 The Chlamydiaceae is a family of bacteria that belongs to the phylum Chlamydiae, 

order Chlamydiales. The Chlamydiaceae family contains Gram negative, obligate intracellular 

bacteria.  

On the basis of the taxogenomic researches, instead of the two genera of the 

Chlamydiaceae family, in 2013 the International Subcommittee for Chlamydial Taxonomy 

decided to become one genus again, namely the Chlamydia genus. The genus was expanded 

with newly discovered species (Figure 1.) [1]. Three members of the family Chlamydiaceae, 

phylum Chlamydiae; Chlamydia trachomatis, Chlamydia (former Chlamydophila) 

pneumoniae and Chlamydia psittaci are among the best known bacterial pathogens [2]. 

Chlamydia trachomatis (includes three human serotypes: serovars A-C, serovars D-K, 

serovars L1-L3) is responsible for trachoma cases worldwide and also represents the most 

frequently sexually transmitted bacterial disease. Chlamydia pneumoniae is the cause of up to 

10% of community-acquired pneumonia cases and is putatively associated with a number of 

chronic diseases such as arteriosclerosis and Alzheimer’s disease. Chlamydia psittaci is the 

pathogenic agent of ornithosis or psittacosis, a primarily avian respiratory disease which can 

manifest as a zoonotic disease in humans [2,3]. 
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Figure 1. Phylogenetic reconstruction based on almost complete 16S rRNA genes from type strains of 
established Chlamydiaceae spp., including the recently proposed new species C. avium and C. 

gallinacea. Construction of the tree was based on the RAxML algorithm without any filter removing 
hypervariable positions [1]. 
 

 Chlamydiae have a unique biphasic developmental cycle (Figure 2.). During this 

cycle the bacterium is found in two forms the extracellular elementary body (EB) and the 

reticulate body (RB). The extracellular elementary body form of the bacteria can attach and 

invade host-epithelial cells, the EBs are metabolically inert and infectious. The intracellular 

RBs are metabolically active, replicative but non-infectious form of the pathogen. The 

development cycle of the chlamydia is separated in five major steps: the EB attaches and 

enters the host cell to generate the inclusion; inside the inclusion, the EB differentiates into a 

RB; RBs divide by binary fission; increasing numbers of RBs differentiate back to EBs; 

newly formed EBs are released by cell lysis or extrusion from the host cell to infect the 

neighbor cells. The duration of the developmental cycle, ~48-72 hrs is depending of the 

chlamydial species [4]. 

 Chlamydia can enter in an atypical, intracellular and metabolically less active state 

named persistence, during which they exist in an enlarged aberrant body (AB). Several 

different stimuli can induce persistence of Chlamydiae in vitro: exposure to interferon-γ (IFN-

γ) and antibiotics; heat shock; depletion of essential nutrients. Persistence is reversible, after 

the inducer is removed Chlamydiae continue their productive replication [5]. 

Reactivation of persistent Chlamydiae in vivo showing that chlamydial recurrences were more 

probable due to the reactivations of persistent infections than to re-infections [6,7]. 
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Figure 2. General overview of the chlamydial developmental cycle N: nucleus RB: reticulate body 
EB: elementary body [5] 
 

1.1.1 Chlamydia pneumoniae 

 Chlamydia pneumoniae (C. pneumoniae) is a common respiratory pathogen and 

transmitted from human to human without zoonotic host, and responsible for 10% of 

pneumonia and 5% of bronchitis and sinusitis [8]. It is recently reported that C. pneumoniae is 

associated with asthma, atherosclerosis, multiple sclerosis and lung cancer and C. pneumoniae 

may trigger acute exacerbation of adult asthma [9–12]. Most respiratory infections caused by 

C. pneumoniae are mild or asymptomatic. Some studies have suggested a possible association 

of C. pneumoniae infection and acute exacerbations of asthma and chronic obstructive 

pulmonary disease (COPD) as well [13–15]. 

 Studies show that infectious microbial agents, such as C. pneumoniae, are important 

cause in development of the atherosclerosis. Atherosclerosis is the leading cause of coronary 

vascular disease (CVD) and acute myocardial infarction [10,16–20]. 

 

1.1.2 Chlamydia trachomatis 

 Chlamydia trachomatis (C. trachomatis) includes three human biovars and 19 serovars 

according to the antigenetic characteristic of the major outer membrane proteins. Different 

serovariants of C. trachomatis cause wide range of diseases: blinding trachoma (serovars A-

C); urethritis, pelvic inflammatory disease, ectopic pregnancy, neonatal pneumonia, and 
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neonatal conjunctivitis (serovars D-K); lymphogranuloma venereum (serovars L1-L3) 

[20,21]. C. trachomatis infections are asymptomatic in up to 90% of women and more than 

50% of men [22,23]. In symptomatic patients, the incubation period is between 1 and 3 

weeks. Non-specific symptoms such as abnormal vaginal discharge, intermenstrual bleeding, 

dysuria or pyuria can develop in women. In men, dysuria is the most common symptom [24]. 

An untreated C. trachomatis infection in women can cause serious consequences urethritis, 

cervicitis, salpingitis, pelvic inflammatory disease (PID), chronic pelvic pain, extrauterine 

pregnancy and perihepatitis [25]. In men it can cause urethritis, epididymitis and orchitis [23]. 

Chlamydial infection of the rectal mucosa can cause proctitis with rectal pain and discharge 

[24,26]. Subfertility  and infertility in men and women as well [27–29]. C. trachomatis is 

primarily associated with sexual risk behaviors: unprotected sexual contact, multiple sex 

partners, young age, and young age at the first intercourse, ethnics groups [30–32]. C. 

trachomatis prevalence may differ among ethnic groups because of differences in sexual risk 

behavior [33,34].  

 

1.1.3 Antichlamydial therapy 

 Chlamydiae are sensitive to tetracyclines, macrolides and some fluoroquinolones. 

Azithromycin and doxycycline are first-line drugs [7,35,36]. Azithromycin is given as a 

single oral dose for non-LGV C. trachomatis infection and doxycycline preferred for LGV. 

Erythromycin and fluoroquinolones are alternatives. Doxycycline is an alternative for C. 

trachomatis infection, for treating LGV. For trachoma, a single dose of azithromycin is the 

treatment of choice [35].  

 Doxycycline is the contraindication in the second and third trimester of the pregnancy. 

Ofloxacin and levofloxacin are the suggested treatment with lower risk to the fetus during 

pregnancy [37,38]. Azithromycin is safe, effective and suggested as well [39]. After 3-4 

weeks completion of the therapy another test is recommended, because severe sequelae can 

occur if the infection persists [7,40]. 

 

1.1.4 The evolution of the chlamydial diagnosis  

The detection and study of the Chlamydiae passed through an enormous evolution in 

the last hundred years. This evolution starting from the application of simple light 

microscopy, the cell culture techniques, antibiotic susceptibility, antigen and antibody 
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detection, serotyping, to the real-time nucleid acid amplification and restriction fragment 

lengths polymorphism analysis [41]. 

In the first period, until the early 1970s the following staining methods were used for 

chlamydia detection: Gram, Giemsa, staining with iodine and Castaneda as well, but none of 

them was good for the all chlamydial species [41]. Until the early 1930s, animal inoculation 

was the only mean for the cultivation of Chlamydiae, nowadays tissue and cell cultures 

(McCoy, HeLa, Hep2) are used. In 1931 a new method was described by Woodruff and 

Goodpasture, it was the method with embryonated eggs. Burnet and Rountree cultivated 

successfully the causative agent of psittacosis (chorio-allantoic membrane) and Miyagawa et 

al. cultivated for the first time the causative agent of lymphogranuloma inguinale using the 

same method of egg inoculation. 

From 1960 the evolution of the methods was faster. Nichols and McComb suggested the 

application of a fluorescent-labelled antibody method and Ross and Borman developed a new 

direct and indirect test for the PLT agents. Studies on species and serotype markers 

determination and production of monoclonal antibodies established new and specific 

diagnostic methods for antigen and antibody detection: micro-immunofluorescense assay, 

enzyme-linked immunosorbent assay. The original chlamydia count is indirectly measured by 

labeling and manual microscopy counting of inclusions on cover slides [42]. The manual 

method need around 1 to 3 hours per cover slide to count the inclusions. The laboratory 

experiments are important to determine the minimal inhibition concentration (MIC) value of 

antimicrobial compounds.  

In 1989 was performed the first successful nucleic acid amplification of C. 

trachomatis by the polymerase chain reaction (PCR) and the first C. trachomatis DNA 

hybridization probe assay was introduced into the diagnostic [41]. 

The original chlamydia count is indirectly measured by labeling and manual microscopy 

counting of inclusions [42]. The manual method need around 1 to 3 hours per cover slide to 

count the inclusions. The laboratory experiments are important to determine the minimal 

inhibition concentration (MIC) value of antimicrobial compounds.  

 

1.2 Herpesviridae 

 The Herpesviridae family contains large, enveloped, double-stranded DNA viruses. 

Eight human herpes viruses (HHVs) and a very large number of animal herpes viruses have 
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been identified. The HHVs include: human herpes simplex virus type 1 (HHSV-1) and type 2 

(HHSV-2), which cause facial and genital lesions; varicella-zoster virus (VZV/HHV-3), 

which causes chickenpox and shingles; Epstein-Barr virus (EBV/HHV-4), an infectious cause 

of mononucleosis and Burkitt lymphoma (BL); human cytomegalovirus (HCMV/HHV-5) a 

leading cause of congenital hepatosplenomegaly, anemia, thrombocytopenia, low birth 

weight, microcephaly, and chorioretinitis; HHV types 6 and 7 (HHV-6 and HHV-7), which 

cause roseola; and Kaposi Sarcoma (KS)-associated herpes virus (KSHV), also known as 

HHV-8.  

 The replication of HHSV is representative of all human herpes viruses (Figure 3.). 

HHSV generally causes lytic infection in epithelial cells and latter establishes latency in 

neuronal cells, most in the trigeminal ganglion. Following infection of a cell, a cascade of 

herpes virus proteins, called immediate-early, early and late are produced. The glycoproteins 

in the HHSV envelope interface with cellular receptors, including initial binding to heparan 

sulfate and subsequent interaction with higher affinity receptors, leading to fusion with the 

cell membrane [43]. Seroepidemiological studies shows that 90% of the population became 

infected with herpes viruses (HHV-1 and HHV-2) before the age of 30 and re-infection during 

their lifetime. 

 

 

Figure 3.: Replication cycle of the HHSV-1 [44] 
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1.2.1 Human herpes simplex virus type 2 

 Human herpes simplex virus type 2 (HHSV-2) mostly cause genital herpes, which is a 

significant sexually transmitted disease. The symptoms and sign of the acute infection are 

similar for the genital infection of HHSV-1 and HHSV-2. HHSV-2 can also cause 

encephalitis in neonates, as a primary infection acquired from the mother [45,46]. 

 There are two types of the genital herpes infection, primary genital herpes and 

recurrent genital herpes infection [47].  

 The incubation period of the primary genital HHSV disease from the sexual contact to 

the first lesions is 5 days.  The genital lesions are multiple, extensive and bilateral. The 

vesiculopustular lesions break to form painful coalesced ulcers that consequently dry, in 3-5 

days. Inguinal lymph nodes are usually present, bilateral inflamed tender and may persist for 

weeks or months. Systemic symptoms such as fever, malaise, and myalgia, and approximately 

1% increase aseptic meningitis with neck stiffness and cruel headache are showed in one-third 

of the patients. First episodes of disease are persistent an average of 12 days [48–50].  

 Recurrent genital herpes is a disease of shorter duration, usually restricted in the 

genital region and without systemic symptoms, in contrast to primary genital infection. 

Grouped vesicular lesions in the external genital region are usually presented by the recurrent 

genital herpes. Pain and itching are mild, lasting 4-5 days and lesions usually preceding 2-5 

days. Minimum 80% of patients with primary, symptomatic, genital HHSV-2 infection 

develop recurrent episodes of genital herpes in 12 months, in patients whose lesions recur, the 

median number of recurrences is 4 or 5 per year. Recurrences result from reactivation of virus 

from dorsal root ganglia [44,51]. 

 Neonatal herpes usually results from transmission of virus during delivery through 

infected genital secretions from the mother to the infant. The incubation period can last as 

long as 2 to 4 weeks. Some infants show disseminated disease with widespread internal organ 

participation and necrosis of the liver and adrenal glands, other newborns have involvement 

of the central nervous system but other`s disease limited to the skin, eyes, and/or mouth only 

[52,53].  
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1.2.2 Antiviral therapy 

 Several antiviral drugs have developed that can inhibit the HHSV infection. The 

acyclovir is the most commonly used antiviral drug. Acyclovir is a nucleoside analog, which 

is converted by a viral enzyme (thymidine kinase) to a monophosphate form and then by 

cellular enzymes to the triphosphate form, which is an affective inhibitor of the viral DNA 

polymerase through chain termination [54]. From immunocompromised patient (especially 

with AIDS) with persistent lesions, acyclovir-resistant HHSV has been recovered. Foscarnet 

is active against acyclovir-resistant HHSV [55].  

 Valacyclovir and famcyclovir have approved for the treatment of recurrent genital 

HHSV as well [56]. Valacyclovir is a prodrug of acyclovir with better bioavailability (about 

55%) than acyclovir (10-20%). Valacyclovir is not more effective than acyclovir, but can be 

given in lower doses and less frequently (500 mg twice daily) [57]. Famcyclovir is prodrug of 

pencyclovir. The bioavailability of famcyclovir is also high (77%) [58].  

 

1.3 Nanomaterials 

 The antimicrobial effects of metals like silver, zinc or coper have been known and 

these are used in medicine for infection control. In this study the titanium dioxide, silver and 

silver/titanium dioxide composites was used, against C. trachomatis and HHSV-2. 

Nanoparticles (NPs) were used in this study. 

 Titanium dioxide (TiO2) is the naturally occurring oxide of titanium. TiO2 exist in 

three most common forms: rutile, anatase and brookite. Titanium dioxide, in the anatase form, 

is a photocatalyst under ultraviolet (UV) light. The positive holes oxidizes water to create 

hydroxyl radicals, by the strong oxidative potential [59]. TiO2 NPs has a strong bactericidal 

effect. The TiO2 reacts by photocatalysis with water to release the hydroxyl radical with 

subsequent formation of superoxide [60]. The ROS can then synergistically act by attacking 

polyunsaturated phospholipids in bacteria and catalyzed site-specific DNA damage via 

generation of H2O2 [61]. 

 TiO2 nanoparticles have been used as whitening agent, food additive (E171) and a 

drug delivery vehicle [62,63]. TiO2 nanotubes are potential to be used as a drug vehicle in the 

area of nanomedicine, like for bone regeneration or cancer therapy [64]. Biocompatible titania 

nanotubes and films with large catalytic surface area are perfect as vehicles for carrying drug 
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[65,66]. A wide range of disorders can be treated by using novel nanoparticle drug delivery 

systems: cancer treatment, thrombolytic treatment, arthritis and diabetes mellitus [67] [68,69].  

 Silver ions and silver-based compounds are highly toxic to microorganisms and 

showing strong biocidal action on many species of bacteria, Gram-negative ad Gram-positive 

as well. Silver ions have an effect on the bacterial membrane respiratory electron transport 

chains and DNA replication components. The DNA loses its replication ability and cellular 

proteins become inactivated on Ag+ treatment [70]. Silver NPs were used in our study to 

inhibit the infections. 

 Silver-modified TiO2 particles (Ag-TiO2) was prepared and used in our experiment to 

check the antimicrobial efficacy without photocatalysis [71]. 
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2. Aims  

The present study was designed to address the following aims: 

Aim 1: To develop an automatic system for counting the chlamydial inclusions. 

The standard method for counting Chlamydiae is immunofluorescent staining and 

manual counting of chlamydial inclusions. High- or medium-throughput estimation of the 

reduction in chlamydial inclusions should be the basis of testing antichlamydial compounds 

and other drugs that positively or negatively influence chlamydial growth, yet low-throughput 

manual counting is the common approach. To overcome the time-consuming and subjective 

manual counting, we would like to develop an automatic inclusion-counting system based on 

a commercially available DNA chip scanner. 

 

Aim 2: To investigate the impact of novel compounds and nanomaterials on the growth 

of C. trachomatis and HHSV-2 

 Chlamydia trachomatis and herpes simplex virus are the most prevalent bacterial and 

viral sexually transmitted infections. Due to the chronic nature of their infections, they are 

able to interact with titanium-dioxide nanoparticles applied as a food additive or a drug 

delivery vehicle. We want to test their interactions with Chlamydia trachomatis and human 

herpes simplex virus-2 to develop their efficacy in non-activated form. Our study focused on 

titanium-dioxide nanoparticles, silver nanoparticles and silver decorated titanium-dioxide 

nanoparticles efficacy on C. trachomatis and human herpes simplex virus-2 infections. 
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3. Materials and Methods 

3.1 Cell strains 

 HeLa 229 (ATCC), McCoy (ATCC) and Vero cells (ATCC) were used in this study. 

The cells were cultivated on 96-well plates (Sarstedt, Nümbrecht, Germany) and chamber 

slides (Thermo Scientific™ Nunc™ Lab-Tek™, Waltham, MA, USA)  

 

3.2 Chlamydial strains 

 Two Chlamydia species were used during my experiments: C. trachomatis (serovar D, 

UW3/CX reference strain, and serovar L2, strain VR-577; ATCC) and C. pneumoniae 

(CWL029; ATCC). The Chlamydia strains were propagated and partially purified according 

to methods described previously, with modifications [72,73]. 

 Briefly, McCoy cells were treated with DEAE-dextran (45 mg/ml in Hanks’ balanced 

salt solution [HBSS]) and were infected with C. trachomatis serovar D, and after a 2-day 

incubation in culture medium (Minimal Essential Medium with Earle salts supplemented with 

10% heat-inactivated fetal bovine serum [FBS], 0.5% glucose, 2 mmol/liter L-glutamine, 1× 

nonessential amino acids, 8 mmol/liter HEPES, 25 µg/ml gentamicin) in the presence of 1 

µg/ml cycloheximide, the infected cell layers were washed with phosphate-buffered saline 

(PBS), frozen, and covered with 50 µl/cm2 sucrose-phosphate-glutamic acid buffer (SPG). 

After 2 freeze-thaw cycles, the cells were collected and separated from the cell fragments by a 

10-min centrifugation at 800 g. C. trachomatis serovar L2 and C. pneumoniae were cultured 

in HEp-2 cells and partially purified and concentrated by centrifugation at 30,000 g as 

described previously [74]. The pelleted elementary bodies (EBs) were resuspended in SPG. 

Stocks of chlamydial EBs were aliquoted and stored, until use, in SPG at -80°C. McCoy (C. 

trachomatis) or HEp-2 (C. pneumoniae) cell monolayers grown on 13-mm-diameter 

coverslips and the titer of the infectious EBs was determined by inoculation of serial dilutions 

(1:10, to 1:105) of the EB preparation on the cells. Inoculated cells were centrifuged for 1 h at 

800×g, and after 24 h (C. trachomatis) or 48 h (C. pneumoniae) of culture in cycloheximide-

containing growth medium, the cells were fixed with precooled (-20 ºC) acetone and stained 

with monoclonal anti-chlamydia lipopolysaccharide (LPS) antibody (AbD Serotec, Oxford, 

United Kingdom) and fluorescein isothiocyanate-labeled anti-mouse IgG (Sigma-Aldrich, St. 
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Louis, MO). Under a UV microscope, the number of cells containing chlamydial inclusions 

was counted, and the titer was expressed as the number of inclusion forming units (IFU)/ml. 

 

3.3 Human herpes simplex virus 

 Human herpes simplex virus type 2 reference strain (National Public Health Institute, 

Budapest) was used in this study. HHSV-2 strain was grown in Vero cells. Confluent 

monolayers of Vero cells were prepared in 6-well plates at 8×105 cells per well in RPMI 1640 

medium, supplemented with 5% calf serum. The confluent monolayers were infected with 0.1 

ml virus dilution (1:10 to 1:109) and after an adsorption period of 1 h at 37°C, the cells were 

covered with an agar overlay medium. Incubation was continued for 96 h and then the 

cultures were overlaid with an agar medium containing 0.012% neutral red. After further 

incubation at 37°C, the plaque numbers were determined on the following day. The virus titer 

was expressed in plaque forming units (PFU). [75] 

 

3.4 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 

assay 

 We determined the toxicological profile of NPs using a standard MTT assay [76,77]. 

MTT assay was performed to characterize the maximum non-toxic concentration of the NPs. 

HeLa 229 (ATCC) cells were transferred into the wells of the 96-well plate (Sarstedt, 

Nümbrecht, Germany) at a density of 6 x 104 cells/well in 100 µl of minimal essential 

medium (MEM) with Earle salts supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) (Gibco; Germany), 2 mmol/l L-glutamine, 1x MEM vitamins, 1x non-essential amino 

acids, 0.005% Na-pyruvate, 25 µg/ml gentamycin, 1 µg/ml amphotericin-B (SIGMA, St. 

Louis, MO, USA). The plates were incubated for 1 h at room temperature (RT) and then 

overnight at 37 °C, 5% CO2. The next day, when the cells reached a ~90% confluency, the 

medium was supplemented with the serial 2-fold dilutions of the NPs in three parallel wells 

for each concentration. After a 48 h incubation, 10 µl of the MTT (SIGMA) labelling reagent 

(final concentration 0.5 mg/ml) was added to each well and the plate was incubated for 4 h at 

37 °C, 5% CO2. After the incubation, 100 µl of the lysis solution (10% SDS in 1 N HCl) was 

added to each well and the plate was allowed to stand overnight in the incubator at 37 °C, 5% 

CO2. The next day, the optical density of the wells was measured by a microtiter plate reader 
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(Labsystems Multiskan Ex 355, Thermo Fisher Scientific, Waltham, MA USA). The 

absorbance of the formazan product was measured at 540 nm.  

 

3.5 Preparation of silver nanoparticles (AgNPs) 

 The AgNPs were prepared according to our previous preparation procedure [78]. 

Sodium borohydride and sodium citrate were used as reducing and stabilizing agents, 

respectively. The initial concentration of the prepared aquas AgNPs dispersion was 100 ppm 

(0.92 mM) and the average particle size determined by TEM was 20.2 ± 8.34 nm. 

 

3.6 Preparation of the silver- modified TiO2 particles (Ag-TiO2) 

 Five grams of P25 TiO2 (Degussa-Evonik) was dispersed in 100 ml of double distilled 

water; then, 40 ml of 57.9·10−3 mM AgNO3 (Reanal) solution was added to the suspension, 

and it was vigorously stirred. The pH was adjusted to 7.2, and then, 60 ml 38.6 mM NaBH4 

(Reanal) solution was added dropwise to the suspension. The obtained Ag-TiO2 suspension 

was stirred for 60 min, washed with double distilled water, centrifuged, and dried [71]. 

 

3.7 Transmission electron microscopy measurements of TiO2-, Ag- and TiO2-

Ag NPs  

The morphology and the particle size of the prepared TiO2-, Ag- and TiO2-Ag NPs were 

examined by a transmission electron microscope (TEM). The investigation was performed 

using a Tecnai G2 20 X-Twin type instrument (FEI, Hillsboro, OR, USA), operating at an 

acceleration voltage of 200 kV. The microscope was equipped with a Megaview II digital 

camera. For TEM measurements the samples were sonicated in distilled water before being 

dropped on a copper mounted lacy carbon film (200 Mesh) and dried. 

 

3.8 Surface charge measurements of the TiO2-, Ag- and TiO2-Ag NPs  

Surface charge values of the NPs were measured by means of a PCD-04 particle charge 

detector (Mütek Analytic GmbH, Herrsching, Germany) with manual titration. Under a 

titration process the surface charge of the TiO2-, Ag- and TiO2-Ag NPs were compensated 

with hexadecylpyridinium chloride (HDPCl) as opposite charged surfactants with 

concomitant streaming potential measurements. 10 ml of 100 µg/ml particle suspension in a 
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sucrose-phosphate-glutamic acid buffer (SPG, pH 7.4, 0.25 M sucrose, 10 mM sodium 

phosphate, 5 nM glutamic acid in a distilled water) medium was measured in the particle 

charge detector at pH=7.4. In view of the amount of the 0.01% surfactant solution added at 

the charge compensation point (streaming potential=0 mV), the equimolar amount of 

surfactant was calculated and specified to the amount of particles (meq/100 g). All 

experiments were repeated three times.   

 

3.9 Investigation of the impact of NPs on C. trachomatis growth in HeLa cells 

HeLa 229 (ATCC) cells were transferred into the wells of the 96-well plate (Sarstedt, 

Nümbrecht, Germany) at a density of 6 x 104 cells/well in 100 µl of minimal essential 

medium (MEM) with Earle salts supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) (Gibco; Germany), 2 mmol/l L-glutamine, 1x MEM vitamins, 1x non-essential amino 

acids, 0,005% Na-pyruvate, 25 µg/ml gentamycin, 1 µg/ml Fungisone.) 

TiO2-, Ag- and TiO2-Ag NPs were prepared in a physiological salt solution and diluted 

in SPG. C. trachomatis elementary bodies were incubated with the NPs for 1 hour at 37 °C. 

Incubations were performed in the dark in order to avoid the photocatalytic effect of TiO2. 

Concentrations ranging from 100 to 0.024 µg/ml for TiO2-, TiO2-Ag- and 0.5-0.001 µg/ml for 

Ag NPs with 4-fold dilutions were tested. Before infection the cells were washed twice with 

phosphate-buffered saline (PBS) and the cells were incubated with the treated and untreated 

C. trachomatis (multiplicity of infection (MOI) 8) for 1 hour, at 37 °C with a 5% CO2 

atmosphere. After infection the cells were washed twice with 200 µl/well of PBS, then the 

culture medium was supplemented with 1 μg/ml cycloheximide. The plates were incubated at 

37 °C, 5% CO2 for 48 h [77]. 

 

3.10 Investigation of the impact of NPs on HSV-2 growth in Vero cells 

Vero cells (ATCC) were transferred to the wells of a 96-well plate at a density of 

6×104 cells/well in 100 μl of Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma; USA) 

containing 5% fetal bovine serum (FBS) (Gibco; Germany), 0.14% sodium bicarbonate, 100 

U/mL penicillin, 100 µg/mL streptomycin sulfate, and 250 µg/mL amphotericin B. 

Preincubation was performed as described for C. trachomatis. Before infection the cells were 

washed twice with PBS, then the cells were incubated with the treated and untreated HSV-2 
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(MOI 0.1) for 1 h at 37 °C, 5% CO2. After the infection the cells were washed twice with PBS 

and the plates were incubated for 12 hours at 37 °C, 5% CO2. 

 

3.11 Monitoring the growth of C. trachomatis and HSV-2 by direct quantitative 

PCR (qPCR) 

 The supernatants of the cells were removed and the cells were washed with PBS twice. 

After the second wash 100 μl Milli-Q (MQ) water (Millipore, Billerica, MA, USA) was added 

to each well and subjected to two freeze-thaw cycle with a quick freezing (−80 °C, 15 min) 

and a quick thawing on a plate shaker at room temperature (RT). The cell lysates were 

thoroughly mixed including the edges of the wells using a multichannel pipette. The mixed 

lysates were used as a template in the qPCR [79].  

  The quantitative PCR (qPCR) was performed using the Bio-Rad CFX96 real time 

system. The SsoFast EvaGreen qPCR Supermix (Bio-Rad, Hercules, CA, USA) master mix 

and C. trachomatis pykF gene specific primer pair were used [79]. The primer sequences were 

the following:   pykF-F:5′-GTTGCCAACGCCATTTACGATGGA-3′,  

pykF-R:5′-TGCATGTACAGGATGGGCTCCTAA-3′.  

5 μl SsoFast EvaGreen supermix, 1–1 μl forward and reverse primers (10 pmol each), 1 μl 

template and 2 µl MQ water was the consistent of the PCR mixture with a 10 µl final volume. 

40 PCR cycles of 20 s at 95 °C and 1 min at 64 °C were performed with a 10 min at 95 °C 

polymerase activation for the first step. 

 The fluorescence intensity was measured at the end of the annealing-extension step. 

The melting curve analysis was used to get the specificity of amplification. For each PCR, the 

cycle threshold (Ct) corresponding to the cycle where the amplification curve crossed the base 

line was determined. For the quantitative measurement of HSV-2 growth a similar qPCR 

method was used as that applied for C. trachomatis, with HSV-2 gD2 gene specific primer 

pair:   gD2-F: 5′-TCAGCGAGGATAACCTGGGA-3′,  

gD2-R 5′-GGGAGAGCGTACTTGCAGGA-3′.  

Student's t-test was used to evaluate the statistical differences between the samples (3 

biological replicates for each condition). 
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3.12  Culture of Chlamydiae on chamber slide 

 Chamber slides with 16 wells consisting of a removable, plastic chamber attached to a 

specially treated standard glass slide were used to culture host cells for infection with 

Chlamydia. The slides were treated with 100µl/well 0.01% poly-L-lysine or Percoll 

(Pharmacia LKB, Biotechnology AB, Uppsala, Sweden) at RT for 15-20 min in order to 

optimize cell attachment. McCoy cells were transferred into the wells of the chamber slides at 

a density of 3 × 104 cells/well in 100 µl of culture medium (see above). The slides were 

incubated for 1 h at room temperature in order to reduce the edge effect [80,81] and then 

overnight at 37 °C under a 5% CO2 atmosphere to obtain a 90% confluent cell layer. For C. 

trachomatis serovar D infection, the wells were washed with 200 µl/well of HBSS, and then a 

1% DEAE-dextran solution (80 µl/well) was added to all wells and the slides were incubated 

for 15 min at RT. The DEAE-dextran solution was removed and the cells were infected at a 

MOI of 1 IFU/cell in each well or with serial 2-fold dilutions of stock in SPG starting with 1 

IFU/cell. SPG was added to similarly treated control wells. The chamber slides were 

incubated at RT in a vertical shaker (180 rpm) for 2 h. The cells were infected with C. 

trachomatis serovar L2 at MOIs ranging from 1 IFU/cell to 1:64 IFU/cell in SPG and were 

incubated at 35 °C under 5% CO2 for 2 h without DEAE-dextran pretreatment. The DEAE-

dextran treatment was used for C. pneumoniae infection or the slides with the C. pneumoniae 

stock at MOIs ranging from 1:8 to 1:512 IFU/cell were centrifuged at 400×g for 60 min at 

RT. The EB-containing inocula in the wells were replaced with a culture medium containing 1 

µg/ml cycloheximide, after the infection. The slides were incubated at 37 °C under 5% CO2 

for 24 or 48 h after infection with C. trachomatis serovars D and L2 or C. pneumoniae, 

respectively, and the cells were fixed for immunofluorescence staining. 

 

3.13  Inhibition of chlamydial growth with antibiotics and IFN-γ 

  Moxifloxacin (Avelox; Bayer Pharma AG) diluted in culture medium and tetracycline 

hydrochloride powder (Sigma-Aldrich) dissolved in distilled water were used. Concentration 

ranges of 0.25 to 0.004 µg/ml for moxifloxacin and of 0.04 to 0.0006 µg/ml for tetracycline 

with 2-fold dilutions were tested. The stock solution of antibacterial drug candidate 

PCC00213 (10 mg/ml) was prepared in dimethyl sulfoxide (DMSO) and was diluted 2-fold in 

DMSO from 0.156 mg/ml. Cycloheximide-containing culture medium was prepared by a 100-

fold dilution of the DMSO-diluted compound, resulting in a series of concentrations ranging 
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from 100 to 1.56 µg/ml with a 1% DMSO content. After infection of McCoy cells with C. 

trachomatis serovar D (MOI 1), the culture medium with cycloheximide was supplemented 

with the serial 2-fold dilutions of the respective antibiotics and was added to duplicate wells. 

Control infected wells were cultured without adding any antibiotics; for PCC00213, 1% 

DMSO-containing medium was added to the control wells. Murine IFN-γ (Peprotech, Rocky 

Hill, NJ) was reconstituted according to the manufacturer’s instructions, and the 20,000 U/ml 

stock solution was stored at -80 °C until use. On the day before infection, the cell layers were 

treated with serial 2-fold dilutions of murine IFN-γ over the concentration range of 100 to 

0.046 IU/ml. Human IFN-γ (Peprotech, Rocky Hill, NJ) was also added over a concentration 

range of 100 IU/ml to 1.5 IU/ml, as a control. After the infection procedure, IFN-γ diluted in 

cycloheximide-free medium was added at the same concentration as that used for the 

pretreatment of cells before infection. 

 

3.14  TiO2 NP treatment of HeLa cells and monitoring of C. trachomatis growth 
on a chamber slide system 

 C. trachomatis (MOI 8) was preincubated with TiO2 NPs for 1 hour at 37 °C with a 

concentration range from 100 to 3.12 µg/ml with 2-fold dilutions. Incubations were performed 

in the dark in order to avoid the photocatalytic effect of TiO2. As controls, two wells of HeLa 

cells infected with untreated C. trachomatis and two wells with uninfected but treated (100 

µg/ml TiO2, 1h, 37 °C) HeLa cells were included. After the cells were washed twice with PBS 

and were infected/incubated with C. trachomatis or NPs for 1 hour, at 37 °C, 5% CO2. After 

the infection, the cells were washed twice with 200 µl/well of PBS, and the culture medium 

was supplemented with 1 μg/ml cycloheximide. The plates were incubated at 37 °C, 5% CO2 

for 48 h. 

  

3.15  Immunofluorescent labeling and scanning 

  Cells in chamber slides infected with C. pneumoniae and C. trachomatis were 

examined after immunofluorescent staining. After removing the culture medium from the 

slides, the cells were washed twice with PBS (200 µl/well). Then, the chamber structure was 

detached from the slides and the cells were fixed with precooled 100% acetone for 10 min at  

-20 °C. Anti-chlamydia LPS antibody (AbD Serotec, Oxford, United Kingdom) was labeled 

with Alexa-647, and a 1:200 dilution was used for the detection of chlamydial inclusions. 
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After incubation for 1 h at 37 °C, the cells were washed three times with PBS for 7 min each 

time and finally with distilled water. Fluorescence signals were analyzed with an Axon 

GenePix Personal 4100A DNA chip scanner and GenePix Pro (version 6.1) software 

(Molecular Devices, Sunnyvale, CA) using the Cy5 channel and a 5-µm resolution. 

 

3.16  Image processing  

 The scanned images were about 50- to 60-MB single-image 16-bit tiff files with an 

intensity dynamic range of 4 orders of magnitude. The images were processed by 

ChlamyCount in two phases: preprocessing and analysis. In the preprocessing phase, after 

loading the image, the contrast was enhanced by performing the histogram normalization 

method of ImageJ. Afterward, the regions of interest (ROIs) containing the areas of the 16 

wells of the scanned image were cropped. The cropping method was specifically designed for 

the 16-well Lab-Tek chamber slide system. The image of each well was processed 

independently, in the following steps. To reduce noise effects, pixels of the ROI below a 

predefined threshold were eliminated using the ImageJ threshold operation. The default 

intensity threshold was set to 15,000, a value which was empirically determined. However, 

depending on the fluorescent antibody and scanner type used, the image intensity may 

change; hence, the user can manually change the inclusion intensity and area thresholds. In a 

further noise-reduction step, a grey-scale morphological opening (a morphological erosion 

followed by a dilation) was applied, using the minimum and maximum filters of ImageJ on a 

3-by-3 window. 

 In the analysis phase, the images of each well were processed independently. First, a 

binarized copy of the result of the preprocessing phase was produced. Then, the ImageJ 

analyze particles function was called to encounter and outline the particles (a potential 

inclusion or inclusions) in the well. Since confluent inclusions of various shapes could occur, 

no size or circularity constraints were set during the process. In the next step, the median area 

of the particles was computed, and particles having an area greater than the calculated median 

area were further processed. If the perimeter of the particle was less than 500 pixels, then the 

particle was decomposed by Voronoi tessellation using the local grey-scale minima as seeds 

and the Euclidean distance. However, no splitting was performed if the perimeter of the 

particle was greater than 500 pixels, because those regions were likely to represent areas of 

potentially aspecific labeling of the background and/or host cells. Setting a higher-intensity 
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threshold in the preprocessing step could reduce the occurrence of such areas. After the 

splitting step, the ImageJ analyze particles function was again called to identify the final 

number of particles and to find their boundaries, which were highlighted in red on the original 

grey-scale image. Finally, the result of the analysis was reported in txt, xls, and pdf files. The 

.pdf file contains the numerical results and the processed images of the 16 areas. It should be 

noted that for easier visibility of the inclusions on the small-scale figures in this paper, the 

images of the 16 areas were further contrast enhanced using the duotone feature of PhotoFiltre 

image-processing software. 

 

3.17  Confocal microscopy and imaging  

 Confocal laser scanning microscopy was performed using an Olympus FV1000 

confocal laser scanning microscope (Olympus Life Science Europe GmbH, Hamburg, 

Germany). The microscope configuration was the following: objective lenses, UPLSAPO×10 

(numerical aperture [NA], 0.4), UPLSAPO ×20 (NA, 0.75), and LUMPLFL×40 (NA, 0.8); 

sampling speed, 4 or 8 µs/pixel; line averaging, 2×; confocal aperture, 200 µm; image 

dimension, 512 by 512 pixels; scanning mode, sequential unidirectional; excitation, 633-nm 

HeNe laser; and laser transmissivity, 45%. Alexa Fluor 647 was detected between 645 and 

745 nm. Transmitted light images were also captured and paired with each fluorescence 

image using a 633-nm laser. Using a ×10 objective, 16 successive images were captured to 

encompass the full diameter of each well of the 16-well chamber slide. Images were stitched 

together to make an image strip of 512 by 8,192 pixels using the import image sequence and 

make montage functions of ImageJ software. Infected cells were identified and manually 

scored on these composite images. Since the area of the image strip is 12.2 times smaller than 

the area of the whole well, to estimate the approximate total number of inclusions per well, 

the counted inclusions were multiplied by 12.2. For close-up analyses, microscopy slides 

were mounted with Fluoromount-G antifade mounting solution (Southern Biotech, 

Birmingham, AL) and a ×40 immersion objective was used to capture images. 
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3.18  Transmission electron microscopy measurements of early interaction of 

TiO2 NPs with HeLa and Vero cells 

HeLa 229 and Vero cells were transferred to the wells of the 6-well plate at a density of 2 

× 106 cells/well in culture medium (see above). Before the treatment, the cells were washed 

twice with PBS. The cells were incubated with 100 µg/ml of TiO2 (1 h, 37 °C, 5% CO2). 

After the incubation, the cells were washed twice with 3 ml/well of PBS, then 300 µl of 

Trypsin-Versene (SIGMA) was added to each well. The detached cells were centrifuged and 

the cell pellets were fixed in 600 µl glutaraldehyde. Cell pellets were embedded in Embed 812 

(EMS, USA). The 70-nm thin sections were prepared with an Ultracut S ultra-microtome 

(Leica, Austria). After staining with uranyl acetate and lead citrate, the sections were 

observed with a JEM-1400 plus electron microscope (JEOL, Peabody, MA, USA). 
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4. Results 

4.1 ChlamyCount software 

  McCoy epithelial cells grown on a 16-well chamber slide were used for chlamydial 

infection. We removed the chamber at 24 or 48 h postinfection (p.i.), depending on the 

chlamydial strain, fixed the host cells, and stained the chlamydial inclusions with Cy5 

analogue Alexa 647-labeled anti-chlamydial LPS antibody. The stained inclusions were 

scanned with an Axon GenePix 4100 DNA chip scanner. The scanner is capable of scanning 

Cy3- or Cy5-labeled spots on a regular microscope glass slide with a maximum resolution of 

5 µm, which is comparable to the size of a chlamydial inclusion (Figure 4.).  

 

 

 

Figure 4. Comparison of the images produced by a DNA chip scanner and confocal microscopy. (A) 
C. trachomatis serovar D-infected McCoy cells grown in a 16-well plastic chamber attached to a glass 
slide. After fixation, chlamydial inclusions are fluorescently labeled and scanned by a DNA chip 
scanner at a 5-μm resolution. A scanned image of a well of the 16-well chamber slide is shown. (B) 
Magnified portion (boxed area of panel A) of the scanned image. (C) The same boxed area from panel 
A visualized by fluorescent confocal laser scanning microscopy. Bar = 100 μm. (D) Further 
magnification of the fluorescent structure at the lower right of panels B and C reveals a single infected 
cell. Bar = 10 μm. 
 

 The ChlamyCount software was used to process the scanned image. The thresholds for 

the minimum intensity and size of the inclusion are changeable by the user; otherwise, fixed 

threshold values are applied. The two threshold values are the only parameters that can be 

adjusted by the user; all the subsequent steps are automatic. If the user adjusts the intensity 

and/or area threshold, the effect of the adjustment can immediately be seen by a magnified 

quarter of the primary well and the well in the lowest left-hand side. In the next step, 

ChlamyCount automatically crops the 16 areas containing the host cells from the complete 

image. For each area, ChlamyCount processes the images as follows: 



29 

- the pixels with low intensity values are likely noise; therefore, they are eliminated 

by thresholding the image with an intensity and area threshold value; 

- regions having an area greater than the median of the area of all regions (the 

suspected size of a single inclusion) are split by finding the local maxima in the 

regions and then assigning each point to the same closest maximum to form 

smaller regions; 

- the identified particles are encountered and their margins are determined 

 

 After the image analysis, ChlamyCount provides a detailed .txt and .xls output of the 

16 areas with the inclusion counts; the total areas above the threshold, and, if confluent, high-

intensity areas were detected and could not be dissected to individual inclusions by the 

software; and the total area/median area ratio is also provided. The median area size is 

suspected to be the area of an individual inclusion when the MOI is not high, i.e., equal to or 

below 1. The third output file is a .pdf file with the above-mentioned numerical results and the 

processed images of the 16 areas (Figure 5.). A usual scanning time is about 10 min, and the 

image analysis time is about 1 to 5 min. 

 

 

 

Figure 5. ChlamyCount image adjustments and report. (A) Infected host cells are grown in a 16-well 
chamber slide. Chlamydial inclusions are stained by direct immunofluorescence and scanned by a 
DNA chip scanner. Before image analysis, the user can adjust the inclusion intensity and area 
thresholds for detection. (B) The effect of the applied threshold changes on the number and location of 
the detected inclusions can be readily checked by magnification of the quadrants at the left uppermost 
and lowest wells of the chamber. On the basis of the applied thresholds, ChlamyCount performs the 
image analysis. (C) ChlamyCount reports the numerical data as .txt, .xls, and .pdf files. The .pdf file 
contains the numerical data as well as the images of the 16 scanned areas. 
 



30 

4.2 Measuring the dynamic range of detection of C. trachomatis serovar D, C. 

trachomatis serovar L2, and C. pneumoniae 

 The ChlamyCount system was tested on McCoy cells infected with a 1:2 dilution 

series of C. trachomatis serovar D, C. trachomatis serovar L2, and C. pneumoniae. The C. 

trachomatis serovar D infection was performed using the DEAE-dextran method, the C. 

trachomatis serovar L2 infection was performed without DEAE dextran, and the C. 

pneumoniae infections were performed by centrifugation (400 × g, 60 min, RT). Since both C. 

trachomatis serovars have a faster developmental cycle, the inclusion counting was performed 

after 24 h p.i., while for C. pneumoniae it was performed at 48 h p.i. The highest MOI was 8, 

but between MOIs of 8 and 1, the infected areas were greatly confluent and ChlamyCount 

could not analyze these areas efficiently. For further experiments, the starting MOI was either 

1 (C. trachomatis serovars D and L2) or 1:8 (C. pneumoniae), and 6 additional 1:2 dilutions 

were performed in duplicate. The last two wells contained uninfected McCoy cells. 

 We could measure a high correlation (R2 = 0.95 to 0.98) between the measured 

Chlamydia inclusion count with all three Chlamydia species and the theoretical inclusion 

count calculated from the 1:2 dilution curve. The other two calculated values, namely, the 

total area above the intensity threshold and the total area/median area ratios, also highly 

correlated with the calculated theoretical values. The inclusion counts closely followed the 

theoretical inclusion counts between an MOI of 1 and MOIs of 1:8 to 1:16, when no 

centrifugation was used for infection (C. trachomatis serovars D and L2), resulting in an 

approximately 1-log-unit dynamic range of the ChlamyCount system. The detected inclusion 

counts did not change substantially after an MOI of 1:16, marking the lower threshold of 

detection. The centrifugation was more efficient and allowed us to use lower MOIs for C. 

pneumoniae infection. Nevertheless, we experienced leakage in about 25 to 30% of the 

chambers; therefore, this infection method was not used for other experiments (Figure 6.). 
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Figure 6. Detection of chlamydial inclusions. McCoy cells were infected with serially diluted C. 

trachomatis serovar D (A), C. trachomatis serovar L2 (B), and C. pneumoniae (C). C. pneumoniae 
infections were performed by centrifugation (400 × g, 60 min, RT). Each infection at a particular MOI 
was performed in parallel wells. MOIs are shown as simple fractions instead of decimal numbers in 
order to follow the serial dilutions more easily. The last two wells were uninfected. The images of 
scanned and ChlamyCount-processed wells and the numerical data are shown for each species and 
serovar. For easier comparison of the theoretical and measured inclusion counts, the first theoretical 
inclusion count was made the same as the first measured inclusion count. Data are means ± standard 
deviations for the parallel wells. 
 

4.3 Assessment of the minimal inhibitory concentration (MIC) of moxifloxacin, 

tetracycline, and the novel antichlamydial compound PCC00213 for C. 

trachomatis serovar D growth 

 We tested whether ChlamyCount was capable of determining the MICs of the known 

antichlamydial antibiotics moxifloxacin and tetracycline. The C. trachomatis serovar D 
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moxifloxacin MIC was previously characterized to be 0.03 to 0.05 µg/ml [82–84]. We 

performed C. trachomatis serovar D infections (MOI 1) in the presence of moxifloxacin at 

concentrations ranging from 0.25 µg/ml to 0.04 µg/ml. Our experiments showed (Figure 7. 

A) that C. trachomatis could grow in the presence of moxifloxacin up to a concentration of 

0.015 µg/ml but was inhibited at a concentration of 0.031 µg/ml, resulting in an MIC value of 

0.031 µg/ml. Tetracyclines are first-choice antibiotics for the treatment of chlamydial 

infections. The tetracycline and doxycycline MICs for C. trachomatis serovar D were 

previously characterized to be 0.03 to 0.15µg/ml [82,85,86]. We performed C. trachomatis 

serovar D infections (MOI 1) in the presence of tetracycline at concentrations ranging from 

0.04 µg/ml to 0.0006 µg/ml. Our experiments revealed (Figure 7. B) that C. trachomatis 

could grow in the presence of tetracycline up to a concentration of 0.01 µg/ml but was 

inhibited at a concentration of 0.02 µg/ml, resulting in a MIC value of 0.02 µg/ml. To 

determine the MIC of the novel antichlamydial compound PCC00213, ChlamyCount was 

used as well. C. trachomatis could grow in the presence of PCC00213 up to a concentration 

of 3.1 µg/ml but was inhibited at a concentration of 6.2 µg/ml, resulting in a MIC value of 6.2 

µg/ml (Figure 7. C). We have to note that parallel MTT-based host cell viability assays 

showed that the antichlamydial effect of PCC00213 was partially due to the inhibition of host 

cell metabolism. Parallel to the ChlamyCount-based MIC determination, we investigated the 

same slides with fluorescence microscopy and determined the inclusion counts in each 

chamber. The absolute inclusion counts were generally higher when we applied 

ChlamyCount, but there was a high correlation between the two inclusion counts (R2 = 0.94 to 

0.98) (Figure 7. A, C, D). Notably, the MIC values determined by the ChlamyCount and 

manual methods were identical for all three tested compounds. 
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Figure 7. Estimation of MICs of known and novel antimicrobial compounds. McCoy cells were 
infected with C. trachomatis serovar D (MOI 1) in the presence of various concentrations of 
moxifloxacin (A), tetracycline (B), and PCC00213 (C). Each infection with a particular antibiotic 
concentration was performed using parallel wells. The inclusion counts were enumerated by 
ChlamyCount and manual confocal microscopy on the same slide. The scanned and ChlamyCount-
processed well images and the numerical data are shown. Data are means ± standard deviations for the 
parallel wells. (D) Correlation between the inclusion numbers enumerated by the ChlamyCount 
method and manual counting. Each data point represents the inclusion number detected in a single 
well of the 16-well chamber slide. 
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4.4 Assessment of the effect of IFN-γ on C. trachomatis serovar D and DEAE-

dextran and cycloheximide on C. trachomatis serovar D and C. pneumoniae 

growth 

 The inhibitory activity of IFN-γ on chlamydial growth in human host cells via the 

degradation of the host tryptophan pool is a well-known phenomenon [87]. Byrne et al. [87] 

found that IFN-γ had concentration-dependent inhibitory activity on C. psittaci growth in the 

human uroepithelial cell line T24, resulting in an approximately 10-fold reduction of direct 

inclusion counts at a 20-ng/ml IFN-γ concentration. We performed C. trachomatis infection 

(MOI, 1) of McCoy murine fibroblastoid cells in the presence of murine and human IFN-γ. 

Despite the fact that the host species, cell line, and chlamydial species were different from 

those used by Byrne et al. [87], our experiments showed a comparable extent of inhibition, 

albeit at a lower murine IFN-γ concentration: inhibition of chlamydial propagation was 

concentration dependent, and the maximum inhibition was approximately 3.8-fold at a murine 

IFN-γ concentration of 1.5 IU/ml (approximately 0.07 ng/ml) or higher (Figure 8. A, B) The 

human IFN-γ control did not show any inhibitory effect even at a concentration of 100 IU/ml 

(Figure 8. A). It was an early observation that the pretreatment of host cells with DEAE-

dextran or treatment with cycloheximide could increase the number of chlamydial inclusions 

and the recoverable number of IFU [72],[88–90].We applied ChlamyCount to detect these 

effects during C. trachomatis serovar D and C. pneumoniae infection. We pretreated HeLa 

cells with DEAE-dextran (1% DEAE-dextran, 15 min, RT) and/or applied 1 µg/ml 

cycloheximide during the infection and compared the direct inclusion counts to those for the 

untreated cells. Our results showed partially different effects of these drugs on the growth of 

the two Chlamydia species (Figure 8. C,D). For C. trachomatis serovar D, the application of 

DEAE dextran showed only a marginal effect, but the cycloheximide treatment increased the 

direct inclusion count 1.9- to 2.2-fold largely independently of the presence of DEAE-dextran. 

For C. pneumoniae, the application of dextran or cycloheximide alone increased the direct 

inclusion count 2.4- and 3.3-fold, respectively, but the coaddition of the two drugs did not 

show a further growth-promoting effect. 
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Figure 8. Measuring the effects of IFN-γ, DEAE-dextran, and cycloheximide on the direct inclusion 
counts of C. trachomatis serovar D and C. pneumoniae. McCoy cells were infected with C. 

trachomatis serovar D (MOI 1) in the presence of various concentrations of human (A) and murine (A, 
B) IFN-γ. HeLa cells were infected with C. trachomatis serovar D (MOI 0.5) (C) and C. pneumoniae 
(MOI, 1) (D) after pretreatment with 1% DEAE-dextran (15 min, RT), and/or 1 μg/ml cycloheximide 
was applied during the infection. Each infection with a particular compound concentration was 
performed in two parallel wells. The scanned and ChlamyCount-processed well images and the 
numerical data are shown. Data are means ± standard deviations for the parallel wells. Student's t test 
was applied for statistical comparison of the treated versus the nontreated samples. *, P < 0.05; **, P < 
0.01. NT, nontreated; Dex, DEAE-dextran treated; CH, cycloheximide treated. The results of a 
representative experiment are shown. 
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4.5 Morphological and surface charge properties of the TiO2-, Ag- and TiO2-

Ag NPs 

According to the TEM images the average particle size of the initial TiO2 NPs was 18.4 ± 

5.65 nm (Figure 9. A,D). The nominal content of anatase and rutile phases in the 

commercially available Aeroxide® P25 TiO2 powder was 80:20. The citrate stabilized Ag 

NPs obtained were nearly globular in shape (Figure 9. B), and their average particle size was 

8.2 ± 3.34 nm (Figure 9. E). In the case of TiO2-Ag NPs, the globular-shaped Ag NPs 

accumulated on the surface on the TiO2 NPs were clearly seen (Figure 9. C), the average 

particle size was 21.4 ± 6.78 nm (Figure 9. F). 

Our data show, that the sizes of the NPs tested fell into the nanometer range with a high 

specific surface area. 

 

 

Figure 9. TEM images and size distribution measurements of the NPs. TEM images of the initial 
Degussa P25 TiO2 NPs (A), Ag NPs (B) and TiO2-Ag NPs (C). Bar: 20 nm. Particle size distributions 
of Degussa P25 TiO2 NPs (D), Ag NPs (E) and TiO2-Ag NPs (F).   
 

The surface charge of the NPs tested was calculated from the streaming potential data 

in each case. Figure 10. shows plots of the charge titration curves, i.e. the measured 
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streaming potential of 10 ml 100 µg/ml nanoparticle suspensions titrated with 0.01% HDPCl 

surfactant solution at pH = 7.4 in SPG media. The streaming potential values induced in the 

aqueous suspensions were negative at this pH. It is well known from the literature that the 

TiO2 has a pH-dependent surface charge with a point of zero charge (p.z.c.) value of 6.2 [91]. 

Above this pH value, the surface of TiO2 is negatively charged. Accordingly, the initial -250 

mV surface charge of the TiO2-Ag was continuously increased during the titration process due 

to the concomitant loss of surface charge. Considering the added amount of the charge 

compensating surfactant molecules (nHDPCl = 3.55x10-5 mmol) and the mass of the measured 

TiO2-Ag (mTiO2-Ag = 1 mg), the specific surface charge of TiO2-Ag NPs was -3.54 meq/100 g 

at pH = 7.4 [specific charge = cHDPCl·VHDPCl/mTiO2]. Similar to TiO2-Ag NPs, the initial P25 

TiO2- and Ag NPs were also titrated and -19.3 and -184.35 meq/100 g values were obtained, 

respectively. The results clearly showed, that the Ag NPs had the highest surface charge 

value, while the surface charge of TiO2-Ag NPs and TiO2 NPs were negligible. The 

measurements also showed that the initial surface charge of the TiO2 NPs (-19.3 meq/100 g) 

were partially compensated by the Ag NPs with high surface charge (-184.35 meq/100 g). 

This is due to the surface accumulation of Ag NPs on the surface of TiO2 NPs in the case of 

TiO2-Ag NPs. This observation is in good agreement with the previously presented TEM 

images. 

 

 

Figure 10. Charge titration curves of 10 ml 100 µg/ml aqueous TiO2-, TiO2-Ag- and Ag NPs 
suspension with 0.01% HDPCl surfactant solution. All three nanoparticles showed a negative surface 
charge at pH=7.4 and it was compensated with HDPCl as opposite charged surfactants with 
concomitant streaming potential measurements. The calculated surface NP charge values (in meq/100 
g unit) can be found in the text. 
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4.6 Cytotoxicity of the TiO2-, Ag- and TiO2-Ag NPs 

MTT assay was used to assess the cytotoxicity of the NPs applied (Fig. 3 A-B). HeLa 

cells were incubated for 48 hours with a 1:2 dilution series of the NPs or were left untreated 

as controls. We found that TiO2- and TiO2-Ag NPs did not produce significant toxicity in the 

applied concentration range. Maximum cytotoxicity was observed at concentrations of 8-2 μg 

ml-1 for Ag NPs, the viability reached its maximum at 0.5 μg ml-1. We considered 0.5 μg ml-1 

as the maximum non-toxic concentration for Ag NPs. The maximum non-toxic concentration 

of TiO2- and TiO2-Ag NPs was 100 μg ml-1. Vero cells showed similar toxicity profiles. TiO2- 

and TiO2-Ag NPs were not toxic at the concentrations applied. 0.5 μg ml-1 Ag NPs treatment 

resulted a ~70% viability, and 0.125 μg ml-1 was the maximum non-toxic concentration for 

Ag NPs. To be able to compare the two cell lines, the subsequent growth inhibitory 

experiments were started with 100 μg ml-1 TiO2- and TiO2-Ag NPs, and 0.5 μg ml-1 Ag NPs.  

 

 

Figure 11. MTT cell viability assay of the NP-treated HeLa and Vero cells. HeLa (A) and Vero (B) 
cells were treated with a 1:2 dilution series of TiO2-, Ag- and TiO2-Ag NPs for 48 h. MTT assay was 
performed as described in the Materials and Methods. Three parallel measurements were performed 
for each NP concentration. Data are means +/- standard deviation (n=3). 
 

4.7 Assessment of the impact of the TiO2-, Ag- and TiO2-Ag NPs on C. 

trachomatis and HSV-2 growth by direct qPCR 

We used direct qPCR method [79] to determine the antimicrobial activity of the NPs 

on C. trachomatis (Figure 12. A) and HHSV-2 (Figure 12. B). HeLa or Vero cells were 

infected with C. trachomatis (MOI 8) or HHSV-2 (MOI 0.1) after preincubation (1h, 37 oC) 

with serial 1:4 dilutions of the NPs, starting with the concentrations of 100 µg/ml for TiO2- 
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and TiO2-Ag NPs, and 0.5 µg/ml for Ag NPs. It should be noted, that the Ag content of the 

TiO2-Ag NPs was the same as that of the Ag NPs in all of the concentrations applied. Also, it 

should be mentioned, that in order to mimic the in vivo circumstances we did not use 

centrifugation for the chlamydial and HHSV-2 infections. QPCR measurement of the control, 

nanoparticle-free C. trachomatis growth resulted in a Ct value of 26.81 +/- 0.58. Interestingly, 

the TiO2 NPs increased the growth of C. trachomatis relative to the control. The growth 

stimulation was concentration- dependent, with a Ct value of 24.85 +/- 0.64 at the maximum 

TiO2 NP concentration. The difference of 1.96 qPCR cycles (∆Ct=26.81-24.85) DNA 

concentration between the TiO2 NP- treated and the control C. trachomatis means ~3.89 fold 

(~21.96) growth increase.  

 

 

Figure 12. Measurement of the antimicrobial activity of the TiO2-, Ag- and TiO2-Ag NPs by direct 
qPCR. HeLa cells were infected with C. trachomatis (MOI 8) preincubated with a 1:4 dilution series 
of TiO2-, Ag- and TiO2-Ag NPs for 1 h 37oC (A). Vero cells were infected with HHSV-2 (MOI 0.1) 
preincubated with a 1:4 dilution series of TiO2-, Ag- and TiO2-Ag NPs for 1 h 37oC (B). Each 
infection at a particular NP concentration was performed in three parallel wells. At 48 h post infection 
(C. trachomatis) and 12 h post infection (HHSV-2), the cells were lysed and the DNA concentrations 
of the pathogens were measured by pathogen specific direct qPCRs. Data are the average −Ct values 
+/- standard deviation (n=3). Student’s t-test were used to compare the Ct value between the treated 
and untreated infected cells (*: p<0.05). 
 

Ag NPs had a strong inhibitory activity against C. trachomatis between the 0.5-0.031 

µg/ml concentrations. On the other hand, TiO2-Ag NPs showed reduced antimicrobial activity 

compared to the Ag NPs against C. trachomatis, despite the fact that the Ag content of the 

TiO2-Ag NPs was the same as the Ag NPs’. The difference in antichlamydial activity was the 
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most pronounced at the 25 µg/ml and 6.25 µg/ml TiO2-Ag NP concentrations, where the 

growth difference between the Ag NP and TiO2-Ag NP treated Chlamydiae was 15.59 and 

27.92 fold respectively (3.96 and 4.8 qPCR cycles difference, respectively).  

 

4.8 Estimation of the time dependence of the TiO2 growth enhancing effect on 

C. trachomatis 

To identify the exact time window when the TiO2 NPs alter C. trachomatis growth, we 

performed an experiment where i, the TiO2 NPs were preincubated with the C. trachomatis 

elementary bodies one hour before infection and coincubated during the infection for an 

additional hour ii,  the TiO2 NPs were coincubated with the  C. trachomatis elementary bodies 

during the one-hour-long infection iii, the TiO2 NPs were added to the C. trachomatis infected 

HeLa cells at various time points (0-32 hours) post infection (Figure 13. A). In order to 

compare the effects of TiO2 NPs at various time points, the TiO2 NPs were applied for the 

same duration (1h) at each time point and after they were washed away. No centrifugation 

was used for the infection. Data showed that the growth enhancing effect of TiO2 NPs was 

detected at the coincubation + infection treatment (~2 qPCR cycles, 4 fold growth increase), 

and when the TiO2 was applied during the one hour infection (~2 qPCR cycles, 4 fold growth 

increase). It is worth to note, that a second, minor growth increase was detected at 10 hours 

post infection. The TEM images showed, that both HeLa and Vero cells incorporated the TiO2 

NPs (Figure 13. B-C), therefore the lack of HHSV-2 growth increasing effect in Vero cells is 

not due to the cells’ inability of TiO2 NP uptake.  

 

 

Figure 13. Measurement of the kinetics of the TiO2 NP-mediated C. trachomatis growth enhancement 
and visualization of the TiO2 NP uptake. TiO2 NPs (100 µg/ml) were applied at different timepoints 
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post infection. At 48h post infection, the infected HeLa cells were lysed and the chlamydial DNA 
concentration was measured by qPCR (n=3). (preinc.: TiO2 NPs were preincubated with the C. 

trachomatis elementary bodies (1h, 37oC) and TiO2 NPs were also present during the infection process 
(1h, 37oC); coinc.: TiO2 NPs were present only during the infection process (1h, 37oC). Data are the 
average −Ct values +/- standard deviation (n=3). TEM images of the uptake (1 h post treatment, 37oC) 
of TiO2 NPs by HeLa (B) and Vero cells (C). Bar is 10µm. Student’s t-test were used to compare the 
Ct value between the TiO2-NP-treated and untreated infected cells (*: p<0.05).  

4.9 Estimation of the direct impact of the TiO2-, Ag- and TiO2-Ag NPs on the 

qPCR 

Since the growth-related chlamydial DNA concentrations were measured by a direct 

qPCR method, we wanted to test the potential impact of the NPs on the DNA polymerase of 

the qPCR (Figure 14.). A qPCR enzyme inhibitory effect would appear as a false 

antichlamydial activity, while a stimulatory effect would appear as a false chlamydial growth 

enhancing effect. Cell lysates of HeLa cells infected with untreated C. trachomatis were 

mixed with cell lysates from uninfected cells treated with twice the maximum concentration 

of NPs used in the qPCR experiments, so that the final concentration of the NPs in this 

mixture would be the maximal concentration applied in the growth inhibition experiments. As 

controls, uninfected and untreated cell lysates were also mixed with C. trachomatis-infected 

cell lysates. If there was no direct impact of NPs on the qPCR, then the Ct levels of the 

mixture of the infected and uninfected but NP containing cell lysates would have been similar 

to the above-mentioned controls. The Ct levels of the C. trachomatis + TiO2 NP, C. 

trachomatis + TiO2-Ag NP and C. trachomatis + Ag NP mixtures were only 0.64, 0.73 and 

0.11 cycles lower, respectively than the control’s. Similar experiments were performed to test 

the impact of NPs on the HHSV-2 qPCR. The Ct levels of the HHSV-2 + TiO2 NP, HHSV-2 

+ TiO2-Ag NP and HHSV-2 + Ag NP mixtures were only 0.14, 0.143 and 0.34 cycles lower 

respectively than the control’s. These results supported the presumption that the observed 

increase or decrease of C. trachomatis and HHSV-2 growth could not be due to the 

stimulation or inhibition of the qPCR itself. 
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Figure 14. Estimation of the direct impact of TiO2-, Ag- and TiO2-Ag NPs on the qPCR. Cell lysates 
of HeLa cells infected with untreated C. trachomatis (MOI 8, 48h post infection) mixed with cell 
lysates from uninfected HeLa cells treated with 200 µg/ml TiO2 NPs, 200 µg/ml TiO2-Ag NPs and 1 
µg/ml Ag NPs, respectively (n=3). Ct values were compared to the untreated C. trachomatis infected 
cells (n=3). Cell lysates of Vero cells infected with untreated HHSV-2 (MOI 0.1, 24h post infection) 
mixed with cell lysates from uninfected Vero cells treated with 200 µg/ml TiO2 NPs, 200 µg/ml TiO2-
Ag NPs and 1 µg/ml Ag NPs respectively (n=3). Ct values were compared to the untreated HHSV-2 
infected cells (n=3). Data are the average Ct values +/- standard deviation (n=3). 

4.10  Quantitative immunofluorescent measurement of the impact of TiO2 NPs 

on C. trachomatis growth 

An independent immunofluorescent growth measurement method was used [42] to validate 

the qPCR results (Figure 15.). HeLa cells cultured on a 16-well chamber slide were infected 

with C. trachomatis (MOI 8) after preincubation at various concentrations of TiO2 NPs. No 

centrifugation was used for the infection. Infected but untreated and uninfected + TiO2 NP-

treated cells (100 µg/ml) were also included as controls. Cells were fixed at 48 h post 

infection, and the chlamydial inclusions were labeled with an Alexa-647-labelled anti-

chlamydia LPS antibody. As described previously [42], the slide was scanned with a DNA-

chip scanner, and the ChlamyCount software was used to enumerate the chlamydial 

inclusions. ChlamyCount inclusion number counts supported the qPCR results. 
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Figure 15. Measurement of the impact of TiO2 NPs on C. trachomatis growth. HeLa cells were 
infected with C. trachomatis (MOI 8) in the presence of a concentration range of TiO2 NPs. Untreated 
C. trachomatis infected wells and uninfected TiO2-NP-treated wells were included as controls. Each 
infection was performed using parallel wells. The chlamydial inclusions were enumerated by the 
ChlamyCount software 48 hours post infection. The ChlamyCount processed well images and the 
inclusion numbers counted are shown. Data are means +/- standard deviation (n=2). Student’s t-test 
were used to compare the inclusion counts between TiO2-NP-treated and untreated infected cells (*: 
p<0.05).  
 

TiO2 NP pretreatment of the chlamydial elementary bodies induced an increase in 

chlamydial inclusion numbers, with a 400%-500% increase at the 100 and 50 µg/ml TiO2 NPs 

concentrations, and a gradual, concentration-dependent decrease in growth enhancement in 

the 25-3.12 µg/ml TiO2 NPs concentration range. Uninfected but TiO2 NP treated wells 

displayed only marginal positivity, indicating that the observed increase of chlamydial 

immunofluorescence was not due to the aspecific binding of the anti-chlamydial LPS 

antibody to TiO2 NPs.  
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5. Discussion 

5.1 Aim 1: To develop an automatic system for counting the chlamydial 

inclusions: ChlamyCount Software  

 We designed a low-cost, medium-throughput method for the rapid enumeration of 

chlamydial inclusions. Chlamydial inclusions on a 16-well chamber slide were labeled by a 

fluorescently labeled genus-specific antibody and scanned by a commercial DNA chip 

scanner. In this detection system, the DNA chip scanner is the most expensive component; 

however, these scanners are easily available in core facilities, and in many cases, the new-

generation sequencing technology makes these scanners infrequently used or redundant. Our 

technology reuses these scanners in a novel role, when the high-resolution images produced 

by these scanners are used to visualize chlamydial inclusions. The images are processed either 

completely automatically or after small intensity and area threshold adjustments on a single 

desktop computer with an average or low-average year 2013 hardware configuration (Intel 

Core2 6600 CPU at 2.4 GHz, 2 GB RAM, ATI Radeon HD 3600 series video card).  

 The “gold standard” test of inclusion counting is the infection of host cells with serial 

dilutions of Chlamydia and the subsequent counting of inclusions. Our method was capable of 

counting 1:2 dilutions of inclusions of three different chlamydial species and provided a high 

correlation with the theoretical estimates. The system was capable of measuring the inclusion 

counts over a 1-log-unit range, which is comparable to or better than that of other previously 

described methods [80,92–94]. As with the other methods, a limitation of the ChlamyCount 

method at higher MOIs is the accurate dissection of the high number of confluent or nearly 

confluent fluorescent areas that originate from close inclusions. Also, ChlamyCount detects a 

higher number of inclusions than manual counting by microscopy, likely because the software 

detects smaller fluorescent areas as inclusions. Therefore, the current version of ChlamyCount 

may not be used for the absolute quantitation of inclusions. ChlamyCount was designed to 

measure the effect of various treatments on chlamydial growth, and for this task, it is enough 

to follow the changes in inclusion counts with a high degree of accuracy and it is not 

necessary to determine their absolute number.  

 Indeed, we could demonstrate that the inclusion counts detected by ChlamyCount and 

manual microscopy closely correlated and therefore could be applied to tasks where the 
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detection of changes in bacterial (inclusion) counts are important, such as MIC determination. 

We used ChlamyCount to determine the MICs of two well-characterized antichlamydial 

antibiotics with different mechanisms of action: the ribosome inhibitor tetracycline and the 

gyrase inhibitor moxifloxacin. In both cases, ChlamyCount was able to determine that the 

MIC values were identical to the MIC values determined by manual microscopy and also 

close to the previously described values. ChlamyCount was also able to reproducibly 

determine the MIC value of the novel antichlamydial compound PCC00213. Besides 

antibiotics, various chemicals and cytokines can affect chlamydial growth in a positive or a 

negative manner. ChlamyCount was also able to determine the previously described 

inhibitory effect of IFN-γ and the growth-promoting effect of DEAE-dextran and 

cycloheximide. Importantly, these data show that ChlamyCount can be used to quantitatively 

measure the fold changes in inclusion counts between treated and control samples. This type 

of relative quantitation makes our method applicable in chlamydia basic biology experiments 

where the effect of a given treatment should be quantitatively measured.  

 Considering the previously described methods [95], the rapid estimation of chlamydial 

growth can be achieved via two approaches. The first approach uses either a fluorimeter or a 

spectrophotometer to measure the total intensity of a Chlamydia-specific fluorescently labeled 

antibody [96] or indirectly measure Chlamydia growth by measuring decreased host cell 

metabolism after Chlamydia- induced lysis [93]. These methods are rapid and inexpensive but 

do not rely on counting the individual inclusions; hence, the possibility of aspecific antibody 

binding or an aspecific change in host cell metabolism cannot be excluded. The second 

approach mostly [80,94] but not exclusively [92] uses automatic microscopes to take a certain 

number of images per well, followed by computer image analysis for the specific detection 

and enumeration of inclusions. ChlamyCount relates to these methods. Compared to the 

recently described automatic microscope-based inclusion counting method [80], our method 

has certain advantages and disadvantages. The automatic microscope-based method uses 96-

well plates and obviously produces images with a higher resolution. Since analyzing the 

images requires significant computational power, the image analysis is performed by a 

computer cluster with 16 processors. In contrast, our method has a lower throughput, but the 

analysis time is significantly shorter; therefore, the processing time for 96 samples (6 × the 16 

wells in the chambers) is comparable, at least for the first 96 samples. The ChlamyCount 

system set-up cost is generally lower, and the computational support required is significantly 
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simpler. Although it has a lower resolution, ChlamyCount also preserves a major advantage 

of the automatic microscope-based methods; namely, it provides topological information 

about the inclusions. Since DNA chip scanners can scan at two different wavelengths, our 

method can potentially be applied to provide colocalization information, allowing, e.g., 

testing of the effect of anti- or prochlamydial proteins recombinantly expressed in the host 

cells.  

 

5.2 Aim 2:  To investigate the impact of novel compounds and nanomaterials 

on the growth of C. trachomatis and HHSV-2 

As the usage of TiO2 NPs is significant and the prevalence of C. trachomatis and 

HHSV-2 is high, it is important to study their interactions. Therefore we performed an in vitro 

study where we evaluated the impact of non-activated TiO2 NPs on the growth of C. 

trachomatis and HHSV-2. Since the activated TiO2 NPs have well described antimicrobial 

activity [97,98], we hypothesized, that the non-activated TiO2 NPs would not have any effect 

on the growth of these two intracellular pathogens. Indeed, TiO2- and TiO2-Ag NPs had no 

effect on HHSV-2 growth in the tested concentration range, and Ag NPs only displayed a 

minimal inhibition (about two-fold) at the highest concentration. It is worth to note, that the 

addition of TiO2 to Ag NPs eliminated completely this minimal HHSV-2 inhibitory activity. 

On the other hand, qPCR growth measurements showed that the TiO2 NPs significantly 

promoted the chlamydial growth at the 100 µg/ml concentration. Albeit not reached the 

significance threshold, the growth promoting effect could also be detected at the 50 µg/ml and 

25 µg/ml concentrations. Since the growth promoting effect of TiO2 NPs was unexpected, and 

chlamydial DNA synthesis can be observed in the absence of active growth (e.g in 

persistence), we applied an independent, immunofluorescence based method to validate the 

data. We applied the ChlamyCount system to quantitate chlamydial inclusions. ChlamyCount 

measurements supported the qPCR data with a prominent growth increasing effect at the 100 

µg/ml and 50 µg/ml TiO2 NP concentration range. The observed TiO2 growth increase of C. 

trachomatis was unexpected, but not without precedent in the literature. A recent study by Xu 

et al. showed that non-activated TiO2 NPs increased the attachment/ internalization of 

Staphylococcus aureus (S. aureus) to HeLa cells [99]. HeLa cells treated with 100 µg/ml TiO2 

NPs (the same concentration that increased the growth of C. trachomatis by about 400% in 

our study) for 24 hours resulted in a 250-350% increase of S. aureus attachment/ 
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internalization. In contrast to the chlamydial infection, TiO2 NPs did not alter HHSV-2 

growth, therefore the HHSV developmental cycle does not benefit from the cellular 

process(es) that was induced by TiO2 NPs, or the TiO2 NPs could not induce the growth 

promoting cellular effects in Vero cells. Our data support the latter: since TiO2 NPs were not 

able to increase chlamydial growth in Vero cells (data not shown), the TiO2 NP-related 

growth promoting effect had a cell-type dependent component.  

Chlamydia has a complex developmental cycle, starting with the attachment of the 

infectious form, the so-called elementary body to the plasma membrane of the target cells. 

After attachment, the elementary body enters the cell, and differentiates to the non-infectious, 

but replicating form, the reticulate body. Reticulate bodies grow in a membrane bound 

vacuole, the so-called inclusion in the cytoplasm of the host cell. The reticulate bodies then 

redifferentiate to elementary bodies and exit the host cells 48-72h post infection. 

Theoretically, this complex developmental cycle can be influenced by the TiO2 NPs at various 

stages. Our kinetic experiments revealed that the TiO2 NPs promoted chlamydial growth 

when they were added to the elementary bodies before the infection or added during the 

infection. This result indicates that TiO2 NPs facilitated the attachment/ entry of the 

chlamydial elementary bodies to the host cells. Chlamydia enters into the target cell via 

multiple mechanisms including phagocytosis, caveolae-mediated endocytosis and clathrin- 

mediated endocytosis. Among these processes, clathrin-mediated endocytosis seems to be 

important for C. trachomatis entry to epithelial cells [100]. TiO2 NPs can also enter via 

clathrin- mediated endocytosis [101], and thus there is a possibility that the TiO2 NP entry co-

stimulates the entry of the chlamydial elementary bodies. On the other hand, our TEM images 

showed TiO2 NP incorporation after 1 hour post incubation in both HeLa and Vero cells, 

while the chlamydial growth promoting effect could not be detected in Vero cells (data not 

shown), therefore a mechanistic co-uptake is not likely the source of growth promotion. The 

net charge of the C. trachomatis elementary bodies are negative [102], and the infectivity of 

the C. trachomatis urogenital serovars (D-K) can be enhanced by polycations such as DEAE-

dextrane and poly-L lysine and can be inhibited by polyanions such as dextrane-sulphate 

[103]. The observed chlamydial growth-promoting effect cannot be explained by the TiO2 

NP-mediated bridging of the negatively charged C. trachomatis elementary body and the 

negatively charged host cell plasma membrane, since the net charge of the TiO2 NPs were 

close to zero. Altogether this data indicate that the TiO2 NPs binding/ incorporation itself is 
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not a key factor in chlamydial growth promotion, rather the incorporated TiO2 NPs may 

induce a unique early signal transduction or plasma membrane alteration in HeLa cells that 

are beneficial to chlamydial growth.  

Silver-containing antimicrobials were commonly used before to treat C. trachomatis 

conjunctival infections and were shown to inhibit HHSV-2 replication [104,105]. 

Interestingly, while the pure TiO2 NPs did not influence HHSV growth, the TiO2-Ag NPs 

showed reduced antimicrobial activity against both C. trachomatis and HHSV-2 than the Ag-

NPs. The reduction of antichlamydial activity in certain concentrations was close to 30 fold. It 

is possible that the antichlamydial effect of Ag NPs –at least partially- is due to their high 

negative charge. As we showed, the TiO2-Ag NPs have a more positive net charge compared 

to Ag NPs, which may contribute to the lower antichlamydial effect.   

Our study is one of the few, where the impact of non-activated TiO2 NPs on the 

growth of intracellular pathogens has been measured. Because of the high prevalence and 

debilitating sequelae of C. trachomatis infections, the TiO2 NP- induced growth promotion is 

a significant finding which requires further animal model/epidemiology investigations. An 

important application of NPs is the drug delivery of antimicrobials. It is generally accepted 

that the antichlamydial effect of the first-choice antibiotic azithromycin is augmented by its 

intracellular accumulation [106]. Theoretically, the uptake and intracellular accumulation of 

TiO2 NPs make them particularly amenable for use as antimicrobial compound delivery 

vehicle to combat intracellular pathogens. The fact that addition of TiO2 greatly reduced the 

antichlamydial activity and reduced the antiviral activity of Ag NPs highlights the need for 

further testing of TiO2 NPs in this application. 
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6. Summary 
 

Chlamydia species are Gram-negative, obligate, intracellular pathogens. They have to use 

their host cell’s energy resources, because they are unable to synthesize their ATP. For this 

reason Chlamydiae were once considered viruses. The species of chlamydia, Chlamydia 

trachomatis and Chlamydia pneumoniae are known human pathogens and Chlamydia psittaci 

is the pathogenic agent of ornithosis or psittacosis, a primarily avian respiratory disease which 

can manifest as a zoonotic disease in humans. C. trachomatis has several serovariants based 

on the features of their major outer membrane protein. Trachoma is caused by serovars A, B 

and C. Serovars D to K infect ophthalmic, genital and rectal columnar epithelial cells 

leading to conjunctivitis, urethritis, cervicitis and proctitis, respectively. These serovars also 

infect respiratory epithelial cells and cause infant pneumonitis. Serovars L1-L3 cause 

lymphogranuloma venereum (LGV). As C. trachomatis and C. pneumoniae are frequent 

pathogens development of systems allowing high-throughput evaluation of chlamydial 

growth influencing bioactive agents is desirable. 

Discovery of novel antimicrobial compounds for treatment and possible chemoprevention 

is a medically important research task. High-throughput testing of potentially antichlamydial 

compounds is hampered by the small size and obligate intracellular propagation of the 

bacterium. After infecting the host cell, the chlamydia propagates in a distinct cellular space 

called an inclusion. Since, at a low multiplicity of infection (MOI), one chlamydia can form 

one inclusion, the original chlamydia count is indirectly measured by labeling and manual 

microscopy counting of inclusions. To circumvent the labor-intensive and subjective manual 

counting, we designed a relatively low-cost, easy-to-use system that automatically counts 

chlamydial inclusions. The system consists of a commercial DNA chip scanner and custom 

made image analysis software. We applied this system to detect fluorescently labeled 

chlamydial inclusions in host cells propagated in a 16-well chamber slide. We designed 

ChlamyCount, a custom ImageJ plug-in for the completely automatic detection of 

fluorescently labeled chlamydial inclusions on the scanned image. The image processing with 

ChlamyCount is almost fully automatic, including the extraction of the areas of the 16 wells, 

the automatic detection of inclusions in each well, dissection and counting of individual 

inclusions, and automatic reporting. ChlamyCount was successfully used to determine the 

MICs of the known antichlamydial antibiotics tetracycline and moxifloxacin and the novel 



50 

antimicrobial compound PCC00213. ChlamyCount was also applicable to evaluate of the 

effect of compounds that indirectly influence the chlamydial growth cycle, such as gamma 

interferon (IFN-γ), DEAE-dextran, and cycloheximide. 

In conclusion, we developed an easily useable, accurate system for measuring the 

antichlamydial effects of known and novel antibiotics and for measuring the effects of various 

compounds on chlamydial growth. We think that ChlamyCount has the potential to be further 

optimized. An extended dynamic range of detection and absolute inclusion number estimation 

may be achieved by applying new raw image-processing methods and an improved confluent 

area dissection algorithm, goals we are currently pursuing. 

Titanium-dioxide (TiO2) is a frequently used whitening agent and food additive (E171), 

with an average daily consumption of 0.2-2 mg/body weight (kg). E171 contains various sizes 

of TiO2 particles ranging from 60 to 300 nm. Apart from the larger particles, approximately 5-

15% of E171 and E171 containing foods contain below 100 nm diameter nano-sized TiO2 

particles. Some study showed that the orally administered TiO2 NPs could be detected in the 

liver, spleen, kidneys and lung tissues. In a study, 54-86% of the TiO2 was found in various 

organs 90 days after intravenous administration. Besides the above-mentioned applications, 

TiO2 NPs can also be used intravenously as a drug delivery vehicle. TiO2 NPs have been used 

to deliver various drugs including paclitaxel, 5-fluorouracil, doxorubicin and antisense 

oligonucleotides. Although UV-activated TiO2 NPs have a strong oxidative potential 

responsible for its well-described antimicrobial activity, the food additive and drug delivery 

application do not require activation.  

We assessed the antimicrobial effects of non-activated TiO2 NPs against C. 

trachomatis and HSV-2. We demonstrated that non-activated TiO2 NPs increased C. 

trachomatis growth in a concentration-dependent manner, with an approximately four-fold 

increase at 100 µg/ml concentration. This effect was pathogen-specific, since TiO2 NPs did 

not increase HSV-2 replication. Our above results point to the potential side effect of food or 

drug additives. 
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The following results are considered novel: 

 

• We designed ChlamyCount, a low-cost, medium-throughput Chlamydia growth-

monitoring method. ChlamyCount is based on the cultivation and infection of host 

cells in chamber-slides, immunofluorescent labeling, scanning and computer-assisted 

counting of chlamydial inclusions. The ChlamyCount method was suitable to rapidly 

determine the growth of both C. trachomatis and C. pneumonia over a 1-log-unit 

dynamic range. 

 

• ChlamyCount was also suitable to identify the MICs of the well-characterized 

antichlamydial antibiotics tetracycline, moxifloxacin and also the MIC values of novel 

antichlamydial compounds. 

 

• Based on ChlamyCount and qPCR measurements, we demonstrated that the non-

activated TiO2 NPs significantly increased the C. trachomatis growth in a 

concentration-dependent manner. The growth-promoting effect was pathogen-specific, 

since TiO2 NPs did not increase HSV-2 replication. 

 

• We found, that the incorporation of TiO2 significantly decreased the antimicrobial 

activity of TiO2-Ag NPs against both C. trachomatis and HSV-2 compared to the Ag-

NPs. 

 



52 

7. Összefoglalás 

A Chlamydia fajok Gram-negatív, obligát, intracelluláris patogének. A gazdasejt 

energiakészleteit használják fel életben maradásukhoz, mivel nem képesek az ATP 

szintézisre. Emiatt a kezdetben vírusként definiálták őket. A Chlamydia trachomatis (C. 

trachomatis) és Chlamydia pneumoniae (C. pneumoniae) ismert humánpatogén kórokozók, a 

Chlamydia psittaci (C. psittaci) az ornithozis vagy psittacosis okozója, mely egy primer 

madár légúti megbetegedés, emellett képes zoonózisként manifesztálódni humán szervezetben 

is. A C. trachomatis-nak számos szerovariánsa van, melyeket a külső membrán fehérjék 

szerint csoportosítottak. Az A, B, Ba és C szerovariánsok okozzák a trachomát, amely a 

vezető oka a megelőzhető vakságnak, és endémiás a harmadik világ országaiban. A D-K 

szerovariánsok a leggyakoribb okozói a szexuálisan átvihető genitális fertőzéseknek 

világszerte: cervicitist, endometritis/salpingitist okoznak nőkben és urethritist nőkben és 

férfiakban is. Ezek a szerovariánsok légzőszervi megbetegedéseket is képesek okozni 

csecsemőkben. Az L1-L3 szerovariánsok a lymphogranuloma venereumot okozzák. Mivel a 

C. trachomatis és a C. pneumoniae fertőzések gyakoriak, fontos egy gyors és nagy 

mennyiségű minta feldolgozására képes vizsgálati módszer kialakítása, a különböző bioaktív 

anyagok chlamydia fertőzések elleni hatásának vizsgálatára.  

Újabb antimikrobás anyagok felfedezése orvostudományi szempontból fontos kutatási 

terület, kezelések és lehetséges prevenció tekintetében. Potenciális chlamydia ellenes anyagok 

nagy mintaszámot igénylő vizsgálata nehézkes a baktérium obligát intracelluláris volta és 

kicsi mérete miatt. A vizsgálatokat sejtkultúrában végeztük. A gazdasejt megfertőzése után a 

chlamydia jól körülhatárolt zárványt hoz létre. Mivel alacsony multiplicitású fertőzés (MOI) 

esetében egy chlamydia sejt egy zárványt tud képezni, az eredeti baktérium mennyiséget 

indirekt módon, immunfluoreszcens jelölést követően, manuális mikroszkópos számolással 

tudjuk meghatározni. A munkaigényes és szubjektív kiértékelési folyamat helyett 

kifejlesztettünk egy aránylag olcsó, könnyen használható módszert, mellyel automatizáltuk a 

számolást. A rendszer DNS chip szkennerből és egy általunk fejlesztett képanalizáló 

szoftverből áll. Ezt a módszert fluoreszcensen jelölt chlamydia zárványok számolására 

használtuk, a fertőzést egy 16 szeparált mélyedéssel rendelkező szövettenyésztő tárgylemezen 

(chamber slide) végeztük. A szkennelt képek analízisét az ImageJ programba beilleszthető 

általunk létrehozott ChlamyCount bővítménnyel végeztük. A képek feldolgozása szinte teljes 
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mértékben automatikusan történt, a 16 sejtes terület kiemelését, az zárványok detektálását, 

kivágását és a számolását is beleértve. A ChlamyCount eredményesnek bizonyult 

antibiotikumok MIC értékének meghatározására is, mint például a tetraciklin, moxifloxacin és 

egy új PCC002132 jelölésű anyag esetében is. A ChlamyCount használható volt olyan 

anyagok vizsgálatára is, melyek indirekten befolyásolják a chlamydia szaporodási ciklusát, 

mint például a gamma interferon, a DEAE-dextrán vagy a cikloheximid. 

Könnyen használható és pontos rendszert fejlesztettünk ki, mellyel ismert és új 

antibiotikumok chlamydia ellenes hatását és különböző vegyületek baktériumnövekedésre 

gyakorolt hatását vizsgálhatjuk. További céljaink új nyersképfeldolgozást és javított terület 

kivágási algoritmus kifejlesztése, kiterjesztett dinamikus tartomány és abszolút 

zárványbecslés érdekében. 

A titán-dioxid (TiO2) gyakran alkalmazott fehér színt biztosító adalék (pl.: 

kozmetikumok) és élelmiszer adalékanyag (E171), átlagosan napi 0,2-2 mg/testsúly 

kilogramm bevitellel. Az E171 adalékanyag különböző méretű TiO2 részecskéket tartalmaz, 

60 és 300 nm között. Eltekintve a nagyobb részecskéktől, az E171 és az E171 adalékanyagot 

tartalmazó ételek 5-15%-a 100 nm-nél kisebb TiO2 nanorészecskéket tartalmaznak. Némely 

tanulmányok azt bizonyítják, hogy orálisan beadott TiO2-t tudtak kimutatni a máj, lép, vese és 

a tüdő szövetekből. Másik tanulmány szerint, az intravénásan beadott TiO2 90 nap után a 

szervezet számos szövetében kimutatható volt. Az említett alkalmazási területeken kívül a 

TiO2 intravénás gyógyszerek hordozóanyagaként is ismert. A TiO2 nanorészecskék számos 

gyógyszer hordozóanyagaként használatosak, mint a paclitaxel, 5-fluorouracil és az antiszensz 

oligonukleotidok. Az UV fény által aktivált TiO2 nanorészecskéknek erős az oxidációs 

potenciálja, mely a jól ismert antimikrobás hatásért felelős, az élelmiszer adalékanyagként és 

gyógyszer hordozóanyagként való alkalmazásához erre az aktivitásra nincs szüksége. 

Kísérleteink során a nem aktivált TiO2 hatásának vizsgálatát tűztük ki célul a C. 

trachomatissal és a HSV-2-vel szemben. Azt bizonyítottuk be, hogy a TiO2 nanorészecskék 

koncentrációtól függően emelik a C. trachomatis szaporodását, megközelítőleg négyszeres 

mértékben 100 µg/ml TiO2 koncentrációnál. Ez a hatás patogénfüggő, mivel a HSV-2 fertőzés 

esetében nem figyelhettünk meg ilyen hatást. Eredményeink szerint nem várt mellékhatásra 

mutatunk rá egy élelmiszeradalék és gyógyszer hordozóanyag esetében.  
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Chlamydiae are obligate intracellular bacteria that propagate in the inclusion, a specific niche inside the host cell. The standard

method for counting chlamydiae is immunofluorescent staining and manual counting of chlamydial inclusions. High- or medi-

um-throughput estimation of the reduction in chlamydial inclusions should be the basis of testing antichlamydial compounds

and other drugs that positively or negatively influence chlamydial growth, yet low-throughput manual counting is the common

approach. To overcome the time-consuming and subjective manual counting, we developed an automatic inclusion-counting

system based on a commercially available DNA chip scanner. Fluorescently labeled inclusions are detected by the scanner, and

the image is processed by ChlamyCount, a custom plug-in of the ImageJ software environment. ChlamyCount was able to mea-

sure the inclusion counts over a 1-log-unit dynamic range with a high correlation to the theoretical counts. ChlamyCount was

capable of accurately determining the MICs of the novel antimicrobial compound PCC00213 and the already known antichla-

mydial antibiotics moxifloxacin and tetracycline. ChlamyCount was also able to measure the chlamydial growth-altering effect

of drugs that influence host-bacterium interaction, such as gamma interferon, DEAE-dextran, and cycloheximide. ChlamyCount

is an easily adaptable system for testing antichlamydial antimicrobials and other compounds that influence Chlamydia-host

interactions.

C
hlamydia pneumoniae and various C. trachomatis serovars are
involved in medically important human diseases. C. pneu-

moniae is a frequent source of community-acquired pneumonia
and is suspected of participating in the pathogenesis of chronic
diseases, such as asthma and atherosclerosis (1, 2). C. trachomatis
serovars A to C are involved in trachoma pathogenesis and sero-
varsD toK induce pelvic inflammatory diseases (PIDs), infertility,
and reactive arthritis, while the LGV serovars are the pathogens
that cause lymphogranuloma venereum, a sexually transmitted
disease with systemic manifestations. The antibiotics used for
therapy of chlamydia infections include tetracyclines and macro-
lides (3–5). While antibiotic therapy is effective in the majority of
cases, tetracycline and azithromycin resistance has been reported
(6, 7).

Discovery of novel antimicrobial compounds for treatment
and possible chemoprevention is a medically important research
task. High-throughput testing of potentially antichlamydial com-
pounds is hampered by the small size and obligate intracellular
propagation of the bacterium. After infecting the host cell, the
chlamydia propagates in a distinct cellular space called an inclu-
sion. Since, at a low multiplicity of infection (MOI), one chla-
mydia can form one inclusion, the original chlamydia count is
indirectly measured by labeling and manual microscopy counting
of inclusions. To circumvent the labor-intensive and subjective
manual counting, we designed a relatively low-cost, easy-to-use
system that automatically counts chlamydial inclusions. The sys-
tem consists of a commercial DNA chip scanner and custom-
made image analysis software. DNA chip andmicroarray scanners
are devices widely used for the high-resolution scanning of glass
slides that contain a large number of DNA probes that bind fluo-

rescently labeled cDNAs or DNAs. We applied this system to de-
tect fluorescently labeled chlamydial inclusions in host cells prop-
agated in a 16-well chamber slide. We designed ChlamyCount, a
custom ImageJ plug-in for the completely automatic detection of
fluorescently labeled chlamydial inclusions on the scanned image.
ImageJ is a Java-based, platform-independent, freely available im-
age analysis software package (8). ImageJ can be specifically tai-
lored to a given application using user-made plug-ins. The image
processing with ChlamyCount is almost fully automatic, includ-
ing the extraction of the areas of the 16 wells, the automatic detec-
tion of inclusions in each well, dissection and counting of individ-
ual inclusions, and automatic reporting.

ChlamyCount was used to determine the MICs of the known
antichlamydial antibiotics tetracycline and moxifloxacin and the
novel antimicrobial compound PCC00213. ChlamyCount was
also used to measure the effect of compounds that indirectly in-
fluence the chlamydial growth cycle, such as gamma interferon
(IFN-g), DEAE-dextran, and cycloheximide. The ChlamyCount
ImageJ plug-in is available for noncommercial use at http://www
.inf.u-szeged.hu/ipcg/projects/medical.html.
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MATERIALS AND METHODS

Chlamydial strains. Two Chlamydia species were used in this study: C.
trachomatis (serovar D, UW-3/CX reference strain, and serovar L2, strain
VR-577; ATCC) and C. pneumoniae (CWL029; ATCC). The Chlamydia
strains were propagated and partially purified according to methods de-
scribed previously, with modifications (9, 10). Briefly, DEAE-dextran (45
mg/ml in Hanks’ balanced salt solution [HBSS])-treated McCoy cells
were infected with C. trachomatis serovar D, and after a 2-day incubation
in culture medium (minimal essential medium with Earle salts supple-
mented with 10% heat-inactivated fetal bovine serum [FBS], 0.5% glu-
cose, 2 mmol/liter L-glutamine, 13 nonessential amino acids, 8 mmol/
liter HEPES, 25 mg/ml gentamicin) in the presence of 1 mg/ml
cycloheximide, the infected cell layers were washed with phosphate-buff-
ered saline (PBS), frozen, and coveredwith 50 ml/cm2 sucrose-phosphate-
glutamic acid buffer (SPG). After 2 freeze-thaw cycles, the cells were col-
lected and separated from the cell debris by a 10-min centrifugation at 800 3

g. C. trachomatis serovar L2 and C. pneumoniae were cultured in HEp-2
cells and partially purified and concentrated by centrifugation at 30,000 3

g as described previously (11).The pelleted elementary bodies (EBs) were
resuspended in SPG. Stocks of chlamydial EBs were aliquoted and stored
in SPG until use at 280°C. The titer of the infectious EBs was determined
by inoculation of serial dilutions of the EB preparation onto McCoy (C.
trachomatis) or HEp-2 (C. pneumoniae) cell monolayers grown on 13-
mm-diameter coverslips. Inoculated cells were centrifuged for 1 h at 8003 g,
and after 24 h (C. trachomatis) or 48 h (C. pneumoniae) of culture in
cycloheximide-containing growth medium, the cells were fixed with ace-
tone and stained with monoclonal anti-chlamydia lipopolysaccharide
(LPS) antibody (AbD Serotec, Oxford, United Kingdom) and fluorescein
isothiocyanate-labeled anti-mouse IgG (Sigma-Aldrich, St. Louis, MO).
The number of cells containing chlamydial inclusions was counted under
a UV microscope, and the titer was expressed as the number of inclusion-
forming units (IFU)/ml.

Culture of chlamydiae on a chamber slide. Chamber slides with 16
wells (Lab-Tek chamber slide system) consisting of a removable, plastic
chamber attached to a specially treated standard glass slide were used to
culture host cells for infection with the Chlamydia strains. The slides were
treated with 0.01% poly-L-lysine at room temperature (RT) for 15 min in
order to optimize cell attachment. McCoy cells were transferred into the
wells of the chamber slides at a density of 3 3 104 cells/well in 100 ml of
culture medium (see above). The slides were incubated for 1 h at room
temperature in order to reduce the edge effect (12, 13) and then overnight
at 37°C under a 5% CO2 atmosphere to obtain a 90% confluent cell layer.
For C. trachomatis serovar D infection, the wells were washed with 200
ml/well of HBSS, and then a 1% DEAE-dextran solution (80 ml/well) was
added to all wells and the slides were incubated for 15 min at RT. After
removal of the DEAE-dextran solution, the cells were infected at an MOI
of 1 IFU/cell in each well or with serial 2-fold dilutions of stock in SPG
starting with 1 IFU/cell. SPG was added to similarly treated control wells.
The chamber slides were incubated at room temperature in a vertical
shaker (180 rpm) for 2 h. The slides infected with C. trachomatis serovar
L2 at MOIs ranging from 1 IFU/cell to 1:64 IFU/cell in SPG were incu-
bated at 35°C under 5%CO2 for 2 hwithoutDEAE-dextran pretreatment.
For C. pneumoniae infection, the DEAE-dextran treatment was used or
the slides with the C. pneumoniae stock at MOIs ranging from 1:8 to 1:512
IFU/cell were centrifuged at 400 3 g for 60 min at RT. After infection, the
EB-containing inocula in the wells were replaced with a culture medium
containing 1 mg/ml cycloheximide. The slides were incubated at 37°C
under 5%CO2 for 24 or 48 h after infectionwith C. trachomatis serovarsD
and L2 or C. pneumoniae, respectively, and the cells were fixed for immu-
nofluorescence staining.

Inhibition of chlamydial growth with antibiotics and IFN-g. Moxi-
floxacin (Avelox; Bayer Pharma AG) diluted in culture medium and tet-
racycline hydrochloride powder (Sigma-Aldrich) dissolved in distilled
water were used. Concentration ranges of 0.25 to 0.004 mg/ml for moxi-
floxacin and of 0.04 to 0.0006 mg/ml for tetracycline with 2-fold dilutions

were tested. The stock solution of antibacterial drug candidate PCC00213
(10 mg/ml) was prepared in dimethyl sulfoxide (DMSO) and was diluted
2-fold in DMSO to 0.156 mg/ml. Cycloheximide-containing culture me-
dium was prepared by a 100-fold dilution of the DMSO-diluted com-
pound, resulting in a series of concentrations ranging from 100 to 1.56
mg/ml with a 1% DMSO content. After infection of McCoy cells with C.

trachomatis serovar D (MOI, 1), the culture medium with cycloheximide
was supplemented with the serial 2-fold dilutions of the respective antibi-
otics and was added to duplicate wells. Control infected wells were cul-
tured without adding any antibiotics; for PCC00213, 1% DMSO-contain-
ing medium was added to the control wells. Murine IFN-g (Peprotech,
Rocky Hill, NJ) was reconstituted according to the manufacturer’s in-
structions, and the 20,000-U/ml stock solution was stored at 280°C until
use. On the day before infection, the established cell layers were treated
with serial 2-fold dilutions of murine IFN-g over the concentration range
of 100 to 0.046 IU/ml. As a control, human IFN-g (Peprotech, Rocky Hill,
NJ) was also added over a concentration range of 100 IU/ml to 1.5 IU/ml.
After the infection procedure, IFN-g diluted in cycloheximide-free me-
dium was added at the same concentration as that used for the pretreat-
ment of cells before infection.

Immunofluorescent labeling and scanning. Cells in chamber slides
infected with C. pneumoniae and C. trachomatis were evaluated by immu-
nofluorescent staining. After removing the culture medium from the
slides, the cells were washed twice with PBS (200 ml/well). Then, the
chamber structure was detached from the slides and the cells were fixed
with precooled 100% acetone for 10 min at 220°C. Anti-chlamydia LPS
antibody (AbD Serotec, Oxford, United Kingdom) was labeled with Al-
exa-647, and a 1:200 dilution was used for the detection of chlamydial
inclusions. After incubation for 1 h at 37°C, the cells were washed three
times with PBS for 7 min each time and finally with distilled water. Fluo-
rescence signals were analyzed with an Axon GenePix Personal 4100A
DNA chip scanner and GenePix Pro (version 6.1) software (Molecular
Devices, Sunnyvale, CA) using the Cy5 channel and a 5-mm resolution.

Image processing. The scanned images were about 50- to 60-MB sin-
gle-image 16-bit .tiff files with an intensity dynamic range of 4 orders of
magnitude. The images were processed by ChlamyCount in two phases:
preprocessing and analysis. In the preprocessing phase, after loading the
image, the contrast was enhanced by performing the histogram normal-
ization method of ImageJ. Afterward, the regions of interest (ROIs) con-
taining the areas of the 16 wells of the scanned image were cropped. The
cropping scheme was specifically designed for the 16-well Lab-Tek cham-
ber slide system. In the subsequent steps, the image of each well was
processed independently. To reduce noise effects, pixels of the ROI below
a predefined threshold were eliminated using the ImageJ threshold oper-
ation. The default intensity threshold was set to 15,000, a value which was
empirically determined. Nevertheless, depending on the fluorescent anti-
body and scanner type used, the image intensity may change; hence, the
user can manually adjust the inclusion intensity and area thresholds. In a
further noise-reduction step, a grey-scale morphological opening (a mor-
phological erosion followed by a dilation) was applied, using the mini-
mum and maximum filters of ImageJ on a 3-by-3 window.

In the analysis phase, the images of each well were processed indepen-
dently. First, a binarized copy of the result of the preprocessing phase was
produced. Then, the ImageJ analyze particles function was called to en-
counter and outline the particles (a potential inclusion or inclusions) in
the well. Since confluent inclusions of various shapes could occur, no size
or circularity constraints were set during the process. In the next step, the
median area of the particles was computed, and particles having an area
greater than the calculated median area were further processed. If the
perimeter of the particle was less than 500 pixels, then the particle was
decomposed by Voronoi tessellation using the local grey-scale minima as
seeds and the Euclidean distance. However, no splitting was performed if
the perimeter of the particle was greater than 500 pixels, because those
regionswere likely to represent areas of potentially aspecific labeling of the
background and/or host cells. Setting a higher-intensity threshold in the
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preprocessing step could reduce the occurrence of such areas. After the
splitting step, the ImageJ analyze particles function was again called to
identify the final number of particles and to find their boundaries, which
were highlighted in red on the original grey-scale image. Finally, the result
of the analysis was reported in .txt, .xls, and .pdf files. The .pdf file contains
the numerical results and the processed images of the 16 areas. It should be
noted that for easier visibility of the inclusions on the small-scale figures in
this paper, the images of the 16 areaswere further contrast enhanced using
the duotone feature of PhotoFiltre image-processing software.

Confocal microscopy and imaging. Confocal laser scanning micros-
copy was performed using an Olympus FV1000 confocal laser scanning
microscope (Olympus Life Science Europe GmbH, Hamburg, Germany).
Themicroscope configurationwas the following: objective lenses, UPLSAPO 3

10 (numerical aperture [NA], 0.4), UPLSAPO 320 (NA, 0.75), and
LUMPLFL 340 (NA, 0.8); sampling speed, 4 or 8 ms/pixel; line averaging,
23; confocal aperture, 200 mm; image dimension, 512 by 512 pixels; scan-
ningmode, sequential unidirectional; excitation, 633-nmHeNe laser; and
laser transmissivity, 45%. Alexa Fluor 647 was detected at between 645
and 745 nm. Transmitted light images were also captured and paired with
each fluorescence image using a 633-nm laser. Using a 310 objective, 16
successive images were captured to encompass the full diameter of each
well of the 16-well chamber slide. Images were stitched together to make
an image strip of 512 by 8,192 pixels using the import image sequence and
make montage functions of ImageJ software. Infected cells were identified
and manually scored on these composite images. Since the area of the
image strip is 12.2 times smaller than the area of the whole well, to esti-
mate the approximate total number of inclusions per well, the counted
inclusions were multiplied by 12.2. For close-up analyses, microscopy
slides were mounted with Fluoromount-G antifade mounting solution
(Southern Biotech, Birmingham, AL) and a 340 immersion objective was
used to capture images.

RESULTS

ChlamyCount software. McCoy epithelial cells grown on a 16-
well chamber slide were used for chlamydial infection. Depending
on the chlamydial strain, we removed the chamber at 24 or 48 h
postinfection (p.i.), fixed the host cells, and stained the chlamydial
inclusions with Cy5 analogue Alexa 647-labeled anti-chlamydial
LPS antibody. The stained inclusions were scanned with a com-
mercially available Axon GenePix 4100 DNA chip scanner. The
scanner is capable of scanning Cy3- or Cy5-labeled spots on a

regular microscope glass slide with a maximum resolution of 5
mm,which is comparable to the size of a chlamydial inclusion (Fig.
1A to D). The scanned image is processed by the ChlamyCount
software. The thresholds for theminimum intensity and size of the
inclusion are adjustable by the user; otherwise, preset threshold
values are applied (Fig. 2A). The two threshold values are the only
parameters that can be adjusted by the user; all the subsequent
steps are automatic. If the user adjusts the intensity and/or area
threshold, the effect of the adjustment can immediately be seen by
a magnified quarter of the uppermost well and the well in the
lowest left-hand side (Fig. 2B). In the next step, ChlamyCount
automatically crops the 16 areas containing the host cells from the
complete image. For each area, ChlamyCount processes the im-
ages as follows: (i) the pixels with low intensity values are likely
noise; thus, they are eliminated by thresholding the image with an
intensity and area threshold value; (ii) regions having an area
greater than the median of the area of all regions (the suspected
size of a single inclusion) are split by finding the local maxima in
the regions and then assigning each point to the same closest max-
imum to form smaller regions; and (iii) the identified particles are
encountered and their boundaries are determined. It is worth not-
ing that the splitting of high-intensity areas is not complete; larger
high-intensity areas likely to contain multiple infected cells with-
out clear boundaries between them are regarded as one particle
(inclusion). On the other hand, this effect can be observed at both
higher and lower MOIs; therefore, the correlation of detected par-
ticleswith the theoretical inclusion count remains. After the image
analysis, ChlamyCount provides a detailed .txt and .xls output of
the 16 areas with the inclusion counts; the total areas above the
threshold, and, if confluent, high-intensity areas were detected
and could not be dissected to individual inclusions by the soft-
ware; and the total area/median area ratio is also provided. The
median area size is suspected to be the area of an individual inclu-
sion when the MOI is not high, i.e., equal to or below 1. The third
output file is a .pdf file with the above-mentioned numerical re-
sults and the processed images of the 16 areas (Fig. 2C). A typical
scanning time is about 10 min, and the image analysis time is
about 1 to 5 min.

FIG 1 Comparison of the images produced by a DNA chip scanner and confocal microscopy. (A) C. trachomatis serovar D-infected McCoy cells grown in a
16-well plastic chamber attached to a glass slide. After fixation, chlamydial inclusions are fluorescently labeled and scanned by a DNA chip scanner at a 5-mm
resolution. A scanned image of a well of the 16-well chamber slide is shown. (B) Magnified portion (boxed area of panel A) of the scanned image. (C) The same
boxed area from panel A visualized by fluorescent confocal laser scanning microscopy. Bar 5 100 mm. (D) Further magnification of the fluorescent structure at
the lower right of panels B and C reveals a single infected cell. Bar 5 10 mm.
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Measuring the dynamic range of detection of C. trachomatis
serovar D, C. trachomatis serovar L2, and C. pneumoniae. The
ChlamyCount system was tested on McCoy cells infected with a
1:2 dilution series of C. trachomatis serovar D, C. trachomatis se-
rovar L2, and C. pneumoniae. The C. trachomatis serovar D
infection was performed using the DEAE-dextran method, the C.
trachomatis serovar L2 infection was performed without DEAE-
dextran, and the C. pneumoniae infections were performed by
centrifugation (400 3 g, 60 min, RT). Since both C. trachomatis
serovars have a faster developmental cycle, the inclusion counting
was performed at 24 h p.i., while for C. pneumoniae it was per-
formed at 48 h p.i. Initially, the highest MOI was 8, but between
MOIs of 8 and 1, the infected areas were highly confluent and
ChlamyCount could not dissect these areas efficiently. For further
experiments, the starting MOI was either 1 (C. trachomatis sero-
vars D and L2) or 1:8 (C. pneumoniae), and 6 additional 1:2 dilu-
tions were performed in duplicate. The last two wells contained
uninfected McCoy cells (Fig. 3A to C). With all three Chlamydia
species, we could measure a high correlation (R2

5 0.95 to 0.98)
between the measured Chlamydia inclusion count (in the report,
particle count) and the theoretical inclusion count calculated
from the 1:2 dilution curve. The other two calculated values,
namely, the total area above the intensity threshold and the total
area/median area ratios, also highly correlated with the calculated
theoretical values. When no centrifugation was used for infection
(C. trachomatis serovars D and L2), the inclusion counts closely
followed the theoretical inclusion counts between an MOI of 1
and MOIs of 1:8 to 1:16, resulting in an approximately 1-log-unit
dynamic range of the ChlamyCount system. The detected inclu-
sion counts did not change substantially after an MOI of 1:16,
marking the lower threshold of detection. The centrifugation was
more efficient and permitted us to use lower MOIs for C. pneu-
moniae infection (Fig. 3C); however, we experienced leakage in
about 25 to 30% of the chambers; hence, this infection method
was not used for other experiments.

Measuring the MICs of moxifloxacin, tetracycline, and the
novel antichlamydial compound PCC00213 for C. trachomatis
serovar D growth. We tested whether ChlamyCount was capable

of determining the MICs of the known antichlamydial antibi-
otics moxifloxacin and tetracycline. The C. trachomatis serovar
D moxifloxacin MIC was previously characterized to be 0.03 to 0.05
mg/ml (14–16).We performed C. trachomatis serovarD infections
(MOI, 1) in the presence of moxifloxacin at concentrations rang-
ing from 0.25 mg/ml to 0.04 mg/ml. Our experiments showed (Fig.
4A) that C. trachomatis could grow in the presence of moxifloxa-
cin up to a concentration of 0.015 mg/ml but was inhibited at a
concentration of 0.031 mg/ml, resulting in an MIC value of 0.031
mg/ml. Tetracyclines are first-choice antibiotics for the treatment
of chlamydial infections (5). The tetracycline and doxycycline
MICs for C. trachomatis serovar D were previously characterized
to be 0.03 to 0.15 mg/ml (14, 17, 18).We performed C. trachomatis
serovar D infections (MOI, 1) in the presence of tetracycline at
concentrations ranging from 0.04 mg/ml to 0.0006 mg/ml. Our
experiments revealed (Fig. 4B) that C. trachomatis could grow in
the presence of tetracycline up to a concentration of 0.01 mg/ml
but was inhibited at a concentration of 0.02 mg/ml, resulting in a
MIC value of 0.02 mg/ml. We also used ChlamyCount to deter-
mine the MIC of the novel antichlamydial compound PCC00213.
As Fig. 4C shows, C. trachomatis could grow in the presence of
PCC00213 up to a concentration of 3.1 mg/ml but was inhibited at
a concentration of 6.2 mg/ml, resulting in a MIC value of 6.2 mg/
ml. We have to note that parallel MTT-based host cell viability
assays showed that the antichlamydial effect of PCC00213 was
partially due to the inhibition of host cell metabolism (data not
shown). Parallel to the ChlamyCount-based MIC determination, we
investigated the same slides with fluorescencemicroscopy and deter-
mined the inclusion counts in each chamber. As Fig. 4A to C show,
the absolute inclusion counts were generally higher when we applied
ChlamyCount, but there was a high correlation between the two in-
clusion counts (R2

5 0.94 to 0.98) (Fig. 4D). Importantly, the MIC
values determined by the ChlamyCount and manual methods were
identical for all three tested compounds.

Measuring the effect of IFN-g on C. trachomatis serovar D
and DEAE-dextran and cycloheximide on C. trachomatis sero-
var D and C. pneumoniae growth. The inhibitory activity of
IFN-g on chlamydial growth in human host cells via the degrada-

FIG 2 ChlamyCount image adjustments and report. (A) Infected host cells are grown in a 16-well chamber slide. Chlamydial inclusions are stained by direct
immunofluorescence and scanned by aDNA chip scanner. Before image analysis, the user can adjust the inclusion intensity and area thresholds for detection. (B)
The effect of the applied threshold changes on the number and location of the detected inclusions can be readily checked by magnification of the quadrants at the
left uppermost and lowest wells of the chamber. On the basis of the applied thresholds, ChlamyCount performs the image analysis. (C) ChlamyCount reports the
numerical data as .txt, .xls, and .pdf files. The .pdf file contains the numerical data as well as the images of the 16 scanned areas.
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tion of the host tryptophan pool is a well-known phenomenon
(19). Byrne et al. (19) found that IFN-g had concentration-depen-
dent inhibitory activity on C. psittaci growth in the human uro-
epithelial cell line T24, resulting in an approximately 10-fold
reduction of direct inclusion counts at a 20-ng/ml IFN-g concen-
tration. We performed C. trachomatis infection (MOI, 1) of
McCoy murine fibroblastoid cells in the presence of murine and

human IFN-g. Despite the fact that the host species, cell line, and
chlamydial species were different from those used by Byrne et al.
(19), our experiments showed a comparable extent of inhibition,
albeit at a lower murine IFN-g concentration: inhibition of chla-
mydial propagation was concentration dependent, and the maxi-
mum inhibition was approximately 3.8-fold at a murine IFN-g
concentration of 1.5 IU/ml (approximately 0.07 ng/ml) or higher

FIG 3 Detection of chlamydial inclusions. McCoy cells were infected with serially diluted C. trachomatis serovar D (A), C. trachomatis serovar L2 (B), and C.
pneumoniae (C). C. pneumoniae infections were performed by centrifugation (400 3 g, 60 min, RT). Each infection at a particular MOI was performed in parallel
wells. MOIs are shown as simple fractions instead of decimal numbers in order to follow the serial dilutions more easily. The last two wells were uninfected. The
images of scanned andChlamyCount-processedwells and the numerical data are shown for each species and serovar. For easier comparison of the theoretical and
measured inclusion counts, the first theoretical inclusion count was made the same as the first measured inclusion count. Data are means 6 standard deviations
for the parallel wells.
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(Fig. 5A and B). The human IFN-g control did not show any
inhibitory effect even at a concentration of 100 IU/ml (Fig. 5A). It
was an early observation that the pretreatment of host cells with
DEAE-dextran or treatment with cycloheximide could increase
the number of chlamydial inclusions and the recoverable number
of IFU (9, 20–22).We appliedChlamyCount to detect these effects
during C. trachomatis serovar D and C. pneumoniae infection. We

pretreated HeLa cells with DEAE-dextran (1% DEAE-dextran, 15
min, RT) and/or applied 1 mg/ml cycloheximide during the infec-
tion and compared the direct inclusion counts to those for the
untreated cells. Our results showed partially different effects of
these drugs on the growth of the two Chlamydia species (Fig. 5C
and D). For C. trachomatis serovar D, the application of DEAE-
dextran showed only a marginal effect, but the cycloheximide

FIG 4 Estimation of MICs of known and novel antimicrobial compounds. McCoy cells were infected with C. trachomatis serovar D (MOI, 1) in the presence of
various concentrations of moxifloxacin (A), tetracycline (B), and PCC00213 (C). Each infection with a particular antibiotic concentration was performed using
parallel wells. The inclusion counts were enumerated by ChlamyCount and manual confocal microscopy on the same slide. The scanned and ChlamyCount-
processed well images and the numerical data are shown. Data are means 6 standard deviations for the parallel wells. (D) Correlation between the inclusion
numbers enumerated by theChlamyCountmethod andmanual counting. Each data point represents the inclusion number detected in a singlewell of the 16-well
chamber slide.
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FIG 5 Measuring the effects of IFN-g, DEAE-dextran, and cycloheximide on the direct inclusion counts of C. trachomatis serovar D and C. pneumoniae. McCoy
cells were infected with C. trachomatis serovar D (MOI, 1) in the presence of various concentrations of human (A) and murine (A, B) IFN-g. HeLa cells were
infected with C. trachomatis serovar D (MOI, 0.5) (C) and C. pneumoniae (MOI, 1) (D) after pretreatment with 1% DEAE-dextran (15 min, RT), and/or 1 mg/ml
cycloheximide was applied during the infection. Each infection with a particular compound concentration was performed in two parallel wells. The scanned and
ChlamyCount-processed well images and the numerical data are shown. Data are means 6 standard deviations for the parallel wells. Student’s t test was applied
for statistical comparison of the treated versus the nontreated samples. *, P , 0.05; **, P , 0.01. NT, nontreated; Dex, DEAE-dextran treated; CH, cycloheximide
treated. The results of a representative experiment are shown.
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treatment increased the direct inclusion count 1.9- to 2.2-fold
largely independently of the presence of DEAE-dextran. For C.
pneumoniae, the application of dextran or cycloheximide alone
increased the direct inclusion count 2.4- and 3.3-fold, respec-
tively, but the coaddition of the two drugs did not show a further
growth-promoting effect.

DISCUSSION

We designed a low-cost, medium-throughput method for the
rapid enumeration of chlamydial inclusions. Chlamydial inclu-
sions on a 16-well chamber slide were labeled by a fluorescently
labeled genus-specific antibody and scanned by a commercial
DNA chip scanner. In this detection system, the DNA chip scan-
ner is the most expensive component; however, these scanners are
easily available in core facilities, and in many cases, the new-gen-
eration sequencing technology makes these scanners infrequently
used or redundant. Our technology reuses these scanners in a
novel role, when the high-resolution images produced by these
scanners are used to visualize chlamydial inclusions. The images
are processed either completely automatically or after small inten-
sity and area threshold adjustments on a single desktop computer
with an average or low-average year 2013 hardware configuration
(Intel Core2 6600 CPU at 2.4 GHz, 2 GB RAM, ATI Radeon HD
3600 series video card).

The “gold standard” test of inclusion counting is the infection
of host cells with serial dilutions of Chlamydia and the subsequent
counting of inclusions. Our method was capable of counting 1:2
dilutions of inclusions of three different chlamydial species and
provided a high correlation with the theoretical estimates. The
system was capable of measuring the inclusion counts over a
1-log-unit range, which is comparable to or better than that of
other previously describedmethods (12, 23–25). As with the other
methods, a limitation of the ChlamyCount method at higher
MOIs is the accurate dissection of the high number of confluent or
nearly confluent fluorescent areas that originate from close inclu-
sions. Also, ChlamyCount detects a higher number of inclusions
than manual counting by microscopy, likely because the software
detects smaller fluorescent areas as inclusions. Therefore, the cur-
rent version of ChlamyCount may not be used for the absolute
quantitation of inclusions. ChlamyCount was designed to mea-
sure the effect of various treatments on chlamydial growth, and
for this task, it is enough to follow the changes in inclusion counts
with a high degree of accuracy and it is not necessary to determine
their absolute number.

Indeed, we could demonstrate that the inclusion counts de-
tected by ChlamyCount and manual microscopy closely corre-
lated and therefore could be applied to tasks where the detection
of changes in bacterial (inclusion) counts are important, such as
MIC determination. We used ChlamyCount to determine the
MICs of two well-characterized antichlamydial antibiotics with
different mechanisms of action: the ribosome inhibitor tetracy-
cline and the gyrase inhibitor moxifloxacin. In both cases, Chla-
myCountwas able to determine that theMICvalueswere identical
to the MIC values determined by manual microscopy and also
close to the previously described values. ChlamyCount was also
able to reproducibly determine the MIC value of the novel anti-
chlamydial compound PCC00213. Besides antibiotics, various
chemicals and cytokines can affect chlamydial growth in a positive
or a negative manner. ChlamyCount was also able to determine
the previously described inhibitory effect of IFN-g and the

growth-promoting effect of DEAE-dextran and cycloheximide.
Importantly, these data show that ChlamyCount can be used to
quantitatively measure the fold changes in inclusion counts be-
tween treated and control samples. This type of relative quantita-
tion makes our method applicable in chlamydia basic biology ex-
periments where the effect of a given treatment should be
quantitatively measured.

Considering the previously described methods, the rapid esti-
mation of chlamydial growth can be achieved via two approaches.
The first approach uses either a fluorimeter or a spectrophotom-
eter to measure the total intensity of a Chlamydia-specific fluores-
cently labeled antibody (26) or indirectly measure Chlamydia
growth by measuring decreased host cell metabolism after Chla-
mydia-induced lysis (25). These methods are rapid and inexpen-
sive but do not rely on counting the individual inclusions; hence,
the possibility of aspecific antibody binding or an aspecific change
in host cell metabolism cannot be excluded. The second approach
mostly (12, 24) but not exclusively (23) uses automatic micro-
scopes to take a certain number of images per well, followed by
computer image analysis for the specific detection and enumera-
tion of inclusions. ChlamyCount relates to these methods. Com-
pared to the recently described automatic microscope-based in-
clusion countingmethod (12), ourmethod has certain advantages
and disadvantages. The automaticmicroscope-basedmethod uses
96-well plates and obviously produces images with a higher reso-
lution. Since analyzing the images requires significant computa-
tional power, the image analysis is performed by a computer clus-
ter with 16 processors. In contrast, our method has a lower
throughput, but the analysis time is significantly shorter; there-
fore, the processing time for 96 samples (6 3 the 16 wells in the
chambers) is comparable, at least for the first 96 samples. The
ChlamyCount system set-up cost is generally lower, and the com-
putational support required is significantly simpler. Although it
has a lower resolution, ChlamyCount also preserves a major ad-
vantage of the automatic microscope-based methods; namely,
it provides topological information about the inclusions. Since
DNA chip scanners can scan at two different wavelengths, our
method can potentially be applied to provide colocalization infor-
mation, allowing, e.g., testing of the effect of anti- or prochlamyd-
ial proteins recombinantly expressed in the host cells.

In conclusion, we developed an easily useable, accurate system
for measuring the antichlamydial effects of known and novel an-
tibiotics and for measuring the effects of various compounds on
chlamydial growth. We think that ChlamyCount has the potential
to be further optimized. An extended dynamic range of detection
and absolute inclusion number estimation may be achieved by
applying new raw image-processing methods and an improved
confluent area dissection algorithm, goals we are currently pursu-
ing.
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Abstract

Aims: Chlamydia trachomatis and herpes simplex virus (HSV) are the most

prevalent bacterial and viral sexually transmitted infections. Due to the chronic

nature of their infections, they are able to interact with titanium-dioxide

(TiO2) nanoparticles (NPs) applied as food additives or drug delivery vehicles.

The aim of this study was to describe the interactions of these two prevalent

pathogens with the TiO2 NPs.

Methods and Results: Chlamydia trachomatis and HSV-2 were treated with

nonactivated TiO2 NPs, silver NPs and silver decorated TiO2 NPs before

infection of HeLa and Vero cells. Their intracellular growth was monitored by

quantitative PCR. Unexpectedly, the TiO2 NPs (100 lg ml!1) increased the

growth of C. trachomatis by approximately fourfold, while the HSV-2 replication

was not affected. Addition of TiO2 to silver NPs decreased their antimicrobial

activity against C. trachomatis up to 27"92-fold.

Conclusion: In summary, nonactivated TiO2 NPs could increase the replication

of C. trachomatis and decrease the antimicrobial activity of silver NPs.

Significance and Impact of the Study: The food industry or drug delivery use

of TiO2 NPs could enhance the growth of certain intracellular pathogens and

potentially worsen disease symptoms, a feature that should be further

investigated.

Introduction

Sexually transmitted infections (STIs) are the most

prevalent infectious diseases in the world. Among the

STIs, Chlamydia trachomatis-related infections are the

most common (‘WHO|Global prevalence and incidence

of selected curable sexually transmitted infections: over-

view and estimates’ 2001). Chlamydia trachomatis sero-

vars D-K cause pelvic inflammatory diseases and

infertility, while the LGV serovars are the pathogens that

cause lymphogranuloma venereum, an STI with systemic

manifestations. Chlamydia trachomatis infections have

also been linked to extra-urogenital tract diseases, such

as arthritis and spondyloarthritis (Zeidler and Hudson

2016). Herpes simplex virus-1 (HSV-1) and preferentially

HSV-2 genital infections are common viral STIs. The

number of HSV-2 seropositive people (15–49 years) was

estimated as 417 million in 2012, with a 11"3% preva-

lence in the population (Looker et al. 2015). Besides the

vesicular lesions of the urogenital and anal regions, HSV

infections may lead to severe complications including

encephalitis, meningitis and neonatal herpes infections.

Both pathogens preferentially cause persistent or latent

infections either locally (C. trachomatis) and/or farther

from the site of the primary infection, such as in the

sacral ganglia for HSV-2 and joints for C. trachomatis.
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Because of the long-term presence of the pathogens,

there is a possibility that their infectious cycles, includ-

ing the active and persistent growths, are influenced by

locally or systematically applied compounds, including

nanomaterials. Titanium-dioxide (TiO2) is a frequently

used whitening agent and food additive (E171), with an

average daily consumption of 0"2–2 mg per body weight

(kg) (Weir et al. 2012). E171 contains various sizes of

TiO2 particles ranging from 60 to 300 nm. Apart from

the larger particles, approximately 5–15% of E171 and

E171 containing foods contain below 100-nm diameter

nano-sized TiO2 particles (Peters et al. 2014). While the

primary entry of TiO2 nanoparticles (NPs) is the gas-

trointestinal tract, there are data indicating that the

TiO2 NPs can bind to abundant serum proteins/protein

fractions (Zaqout et al. 2011) and distribute to various

organs, further away from the site of the administration.

Indeed, Wang et al. (2007) showed that the orally

administered TiO2 NPs could be detected in the liver,

spleen, kidneys and lung tissues. Animal studies also

show that while the oral absorption of TiO2 is low, there

is a possibility of long-term accumulation because the

elimination of TiO2 is also limited. In a study, 54–86%

of the TiO2 was found in various organs 90 days after

intravenous administration (Geraets et al. 2014). Besides

the above-mentioned applications, TiO2 NPs can also be

used intravenously as a drug delivery vehicle. An

increasing range of disorders such as cancer, thrombosis,

arthritis and diabetes mellitus can be treated by novel

NP-based drug delivery systems (Tsapis et al. 2002). Due

to its low toxicity, TiO2 NPs can be administered in an

enteral or parenteral ways, including inhalation, intra-

venous, intramuscular, subcutaneous and transdermal

routes. TiO2 NPs have been used to deliver various

drugs including paclitaxel (Venkatasubbu et al. 2015), 5-

fluorouracil (Faria and de Queiroz 2015), doxorubicin

(Shen et al. 2015) and antisense oligonucleotides (Levina

et al. 2015). Although UV-activated TiO2 NPs have a

strong oxidative potential responsible for its well-

described antimicrobial activity, the food additive and

drug delivery application (Gy€orgyey et al. 2016) do not

require activation.

Since the daily intake of TiO2 NPs is significant, and

their elimination is limited, the long-term accumulation

of TiO2 NPs and their interaction with pathogens causing

chronic infections is a real possibility. Therefore, we mea-

sured the antimicrobial effects of nonactivated TiO2 NPs

against C. trachomatis and HSV-2. We demonstrated that

nonactivated TiO2 NPs increased C. trachomatis growth

in a concentration-dependent manner, with an approxi-

mately fourfold increase at 100 lg ml!1 concentration.

This effect was pathogen specific, since TiO2 NPs did not

increase HSV-2 replication.

Materials and methods

Preparation of silver NPs (Ag NPs) and silver-modified

TiO2 NPs (TiO2-Ag NPs)

The Ag NPs were prepared according to our previous

preparation procedure (Csap!o et al. 2012). Sodium boro-

hydride and sodium citrate were used as reducing and

stabilizing agents, respectively. The initial concentration

of the aqueous Ag NPs dispersion was 100 ppm

(0"92 mmol l!1), and the average particle size determined

by transmission electron microscopy (TEM) was

8"2 # 3"34 nm. The commercially TiO2 nanopowder

from Aeroxide! P25 (Degussa-Evonik, Essen, Germany)

was used. Because of its high purity, high specific surface

area and unique combination of anatase and rutile crystal

structure, the product has many catalytic and photocat-

alytic applications. In order to prepare the TiO2-Ag NPs,

5 g of P25 TiO2 (Degussa-Evonik) was dispersed in

100 ml of double-distilled water, then 40 ml of

57"9 9 10!3 mmol l!1 AgNO3 (Reanal, Budapest, Hun-

gary) solution was added to the suspension, and was vig-

orously stirred. The pH was adjusted to 7"2, and then,

60 ml 38"6 mmol l!1 NaBH4 (Reanal) solution was

added dropwise to the suspension. The obtained TiO2-Ag

suspension was stirred for 60 min, washed with double-

distilled water, centrifuged, and dried (Veres et al. 2014).

Transmission electron microscopy measurements of

TiO2-, Ag- and TiO2-Ag NPs

The morphology and the particle size of the prepared

TiO2-, Ag- and TiO2-Ag NPs were examined by a TEM.

The investigation was performed using a Tecnai G2 20 X-

Twin type instrument (FEI, Hillsboro, OR), operating at

an acceleration voltage of 200 kV. The microscope was

equipped with a Megaview II digital camera. For TEM

measurements, the samples were sonicated in distilled

water before being dropped on a copper mounted lacy

carbon film (200 mesh) and dried.

Surface charge measurements of the TiO2-, Ag- and

TiO2-Ag NPs

Surface charge values of the NPs were measured by

means of a PCD-04 particle charge detector (M€utek Ana-

lytic GmbH, Herrsching, Germany) with manual titra-

tion. Under a titration process, the surface charge of the

TiO2-, Ag- and TiO2-Ag NPs were compensated with

hexadecylpyridinium chloride (HDPCl) as opposite

charged surfactants with concomitant streaming potential

measurements. A 10 ml of 100 lg ml!1 particle suspen-

sion in a sucrose–phosphate–glutamic acid buffer (SPG,
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pH 7"4, 0"25 mol l!1 sucrose, 10 mmol l!1 sodium phos-

phate, 5 nmol l!1 glutamic acid in a distilled water)

medium was measured in the particle charge detector at

pH = 7"4. In view of the amount of the 0"01% surfactant

solution added at the charge compensation point

(streaming potential = 0 mV), the equimolar amount of

surfactant was calculated and specified to the amount of

particles (meq per 100 g). All experiments were repeated

three times.

Chlamydia and herpes strains

Chlamydia trachomatis serovar D reference strain (UW-3/

CX, ATCC) and HSV-2 (Bela Johan National Institute of

Hygiene, Budapest, Hungary) were used in this study.

The C. trachomatis strain was propagated and partially

purified as described previously (Sabet et al. 1984). The

HSV-2 strain was propagated as described previously

(Blaho et al. 2005).

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium

bromide assay

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium

bromide (MTT) assay was performed to characterize the

maximum nontoxic concentration of the NPs on HeLa

cells after 48 h of incubation as was described previously

(P!arducz et al. 2016).

Culture of HeLa cells and measuring the impact of NPs

on C. trachomatis growth

HeLa 229 cells were transferred into the wells of a 96-well

plate at a density of 6 9 104 cells/well in 100 ll of Dul-

becco’s modified Eagle’s medium (Sigma) containing 5%

foetal bovine serum (Gibco-Thermo Fisher Scientific,

MA, USA), 0"14% sodium bicarbonate, 100 U ml!1 peni-

cillin, 100 mg ml!1 streptomycin sulphate, and

250 mg ml!1 amphotericin-B. TiO2-, Ag- and TiO2-Ag

NPs were prepared in a physiological salt solution and

diluted in SPG. Chlamydia trachomatis elementary bodies

were incubated with the NPs for 1 h at 37°C. Incubations

were performed in the dark in order to avoid the photo-

catalytic effect of TiO2. Concentrations ranging from 100

to 0"024 lg ml!1 for TiO2-, TiO2-Ag- and 0"5–

0"001 lg ml!1 for Ag NPs with fourfold dilutions were

tested. Before infection, the cells were washed twice with

phosphate-buffered saline (PBS) and the cells were incu-

bated with the treated and untreated C. trachomatis (mul-

tiplicity of infection (MOI) 8) for 1 h, at 37°C with a 5%

CO2 atmosphere. After infection, the cells were washed

twice with 200 ll per well of PBS and the culture med-

ium was supplemented with 1 lg ml!1 cycloheximide.

The plates were incubated at 37°C, 5% CO2 for 48 h.

Culture of Vero cells and measurement of the impact of

NPs on HSV-2 growth

Vero cells (ATCC) were transferred to the wells of a 96-

well plate at a density of 6 9 104 cells per well in culture

medium (see above). Preincubation was performed as

described for C. trachomatis. Before infection, the Vero

cells were washed twice with PBS and the cells were incu-

bated with the treated and untreated HSV-2 (MOI 0"1)

for 1 h at 37°C, 5% CO2. After the infection, the cells

were washed twice with PBS and the plates were incu-

bated for 12 h at 37°C, 5% CO2.

Chlamydia trachomatis and HSV-2 growth monitoring

by direct quantitative PCR (qPCR)

After the incubation (12 h for HSV-2, 48 h for C. tra-

chomatis), the infected host cells were subjected to two

freeze-thaw cycles. The mixed cell lysates were used as tem-

plates directly in the C. trachomatis and HSV-2-specific

qPCRs, as described previously (Eszik et al. 2016; Vir!ok

et al. 2017). For each sample, the cycle threshold (Ct)

number corresponding to the cycle where the amplification

curve crossed the base line was determined. Student’s t-test

was used to evaluate the statistical differences between the

Ct values of the samples (three biological replicates for

each condition) as described previously (Yuan et al. 2006).

TiO2 NP treatment of HeLa cells and monitoring of C.

trachomatis growth on a chamber slide system

Chamber slides with 16 wells were used to culture HeLa

cells for infection with the C. trachomatis as described

previously (Bogdanov et al. 2014). Briefly, C. trachomatis

(MOI 8) was preincubated with TiO2 NPs for 1 h at

37°C with a concentration range from 100 to

3"12 lg ml!1 with twofold dilutions. Incubations were

performed in the dark in order to avoid the photocat-

alytic effect of TiO2. As controls, two wells of HeLa cells

infected with untreated C. trachomatis and two wells with

uninfected but treated (100 lg ml!1 TiO2, 1 h, 37°C)

HeLa cells were included. The cells were infected/incu-

bated with C. trachomatis or NPs for 1 h, after the cul-

ture medium was supplemented with 1 lg ml!1

cycloheximide. The cells were incubated at 37°C, 5% CO2

for 48 h. Chlamydia trachomatis inclusions were identi-

fied by anti-chlamydia LPS antibody (AbD Serotec,

Oxford, UK) labelled with Alexa-647. The slide was

scanned by an Axon GenePix Personal 4100A DNA-chip

scanner using the GenePix Pro (ver. 6.1) software

(Molecular Devices, Sunnyvale, CA) with the Cy5 channel

and a 5-lm resolution. Image processing and automatic

counting of chlamydial inclusions were performed by the
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ChlamyCount software, as described previously (Bog-

danov et al. 2014).

Transmission electron microscopy measurements of

early interaction of TiO2 NPs with HeLa and Vero cells

Pellets of HeLa 229 and Vero cells incubated with

100 lg ml!1 of TiO2 (1 h, 37°C, 5% CO2) were fixed in

600 ll glutaraldehyde. Cell pellets were embedded in

Embed 812 (EMS, PA, USA) stained with uranyl acetate

and lead citrate, and observed with a JEM-1400 plus elec-

tron microscope (JEOL, Peabody, MA).

Results

Morphological and surface charge properties of the

TiO2-, Ag- and TiO2-Ag NPs

According to the TEM images, the average particle size of

the initial TiO2 NPs was 18"4 # 5"65 nm (Fig. 1a,d). The

nominal content of anatase and rutile phases in the com-

mercially available Aeroxide P25 TiO2 powder was

80 : 20. The citrate stabilized Ag NPs obtained were nearly

globular in shape (Fig. 1b), and their average particle size

was 8"2 # 3"34 nm (Fig. 1e). In the case of TiO2-Ag NPs,

the globular-shaped Ag NPs accumulated on the surface

on the TiO2 NPs were clearly seen (Fig. 1c), the average

particle size was 21"4 # 6"78 nm (Fig. 1f). Our data show

that the sizes of the NPs tested fell into the nanometer

range with a high specific surface area.

The surface charge of the NPs tested was calculated from

the streaming potential data in each case. Figure 2 shows

plots of the charge titration curves, that is, the measured

streaming potential of 10 ml 100 lg ml!1 NP suspensions

titrated with 0"01% HDPCl surfactant solution at

pH = 7"4 in SPG media. The streaming potential values

induced in the aqueous suspensions were negative at this

pH. It is well known from the literature that the TiO2 has a

pH-dependent surface charge with a point of zero charge

value of 6"2 (Preo$canin and Kallay 2006). Above this pH

value, the surface of TiO2 is negatively charged. Accord-

ingly, the initial !250 mV surface charge of the TiO2-Ag

was continuously increased during the titration process

due to the concomitant loss of surface charge. Considering

the added amount of the charge compensating surfactant

molecules (nHDPCl = 3"55 9 10!5 mmol) and the mass of
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Figure 1 Transmission electron microscopic (TEM) images and size distribution measurements of the nanoparticles (NPs). TEM images of the ini-

tial Degussa P25 TiO2 NPs (a), Ag NPs (b) and TiO2-Ag NPs (c). Bar: 20 nm. Particle size distributions of Degussa P25 TiO2 NPs (d), Ag NPs (e) and

TiO2-Ag NPs (f).
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the measured TiO2-Ag (mTiO2-Ag = 1 mg), the specific sur-

face charge of TiO2-Ag NPs was !3"54 meq per 100 g at

pH = 7"4 (specific charge = cHDPCl"VHDPCl/mTiO2). Similar

to TiO2-Ag NPs, the initial P25 TiO2- and Ag NPs were

also titrated and !19"3 and !184"35 meq per 100 g values

were obtained, respectively. The results clearly showed that

the Ag NPs had the highest surface charge value, while the

surface charge of TiO2-Ag NPs and TiO2 NPs were negligi-

ble. The measurements also showed that the initial surface

charge of the TiO2 NPs (!19"3 meq per 100 g) were par-

tially compensated by the Ag NPs with high surface charge

(!184"35 meq per 100 g). This is due to the surface accu-

mulation of Ag NPs on the surface of TiO2 NPs in the case

of TiO2-Ag NPs. This observation is in good agreement

with the previously presented TEM images.

Cytotoxicity of the TiO2-, Ag- and TiO2-Ag NPs

MTT assay was used to assess the cytotoxicity of the NPs

applied (Fig. 3a,b). HeLa cells were incubated for 48 h

with a 1 : 2 dilution series of the NPs or were left

untreated as controls. We found that TiO2- and TiO2-Ag

NPs did not produce significant toxicity in the applied

concentration range. Maximum cytotoxicity was observed

at concentrations of 8–2 lg ml!1 for Ag NPs, the viabil-

ity reached its maximum at 0"5 lg ml!1. We considered

0"5 lg ml!1 as the maximum nontoxic concentration for

Ag NPs. The maximum nontoxic concentration of TiO2-

and TiO2-Ag NPs was 100 lg ml!1. Vero cells showed

similar toxicity profiles. TiO2- and TiO2-Ag NPs were

not toxic at the concentrations applied; 0"5 lg ml!1 Ag
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NPs treatment resulted a ~70% viability, and

0"125 lg ml!1 was the maximum nontoxic concentration

for Ag NPs. To be able to compare the two cell lines, the

subsequent growth inhibitory experiments were started

with 100 lg ml!1 TiO2- and TiO2-Ag NPs and

0"5 lg ml!1 Ag NPs.

Direct qPCR measurement of the impact of the TiO2-,

Ag- and TiO2-Ag NPs on C. trachomatis and HSV-2

growth

We used the recently published direct qPCR methods

(Eszik et al. 2016; Vir!ok et al. 2017) to determine the

antimicrobial activity of the NPs on C. trachomatis

(Fig. 4a) and HSV-2 (Fig. 4b). HeLa or Vero cells were

infected with C. trachomatis (MOI 8) or HSV-2 (MOI

0"1) after preincubation (1 h, 37°C) with serial 1 : 4 dilu-

tions of the NPs, starting with the concentrations of

100 lg ml!1 for TiO2- and TiO2-Ag NPs, and

0"5 lg ml!1 for Ag NPs. It should be noted that the Ag

content of the TiO2-Ag NPs was the same as that of the

Ag NPs in all of the concentrations applied. Also, it

should be mentioned that in order to mimic the in vivo

circumstances, we did not use centrifugation for the

chlamydial and HSV-2 infections. qPCR measurement of

the control, NP-free C. trachomatis growth resulted in a

Ct value of 26"81 # 0"58. Interestingly, the TiO2 NPs

increased the growth of C. trachomatis relative to the

control. The growth stimulation was concentration-

dependent, with a Ct value of 24"85 # 0"64 at the maxi-

mum TiO2 NP concentration. The 1"96 qPCR cycles

(DCt = 26"81–24"85) DNA concentration difference

between the TiO2 NP-treated and the control C. tra-

chomatis means ~3"89-fold (~21"96) growth increase. Ag

NPs had a strong inhibitory activity against C. trachoma-

tis between the 0"5–0"031 lg ml!1 concentrations. How-

ever, TiO2-Ag NPs showed reduced antimicrobial activity

compared with the Ag NPs against C. trachomatis, despite

that the Ag content of the TiO2-Ag NPs was the same as

the Ag NPs’. The difference in antichlamydial activity was

the most prevalent at the 25 and 6"25 lg ml!1 TiO2-Ag

NP concentrations, where the growth difference between

the Ag NP and TiO2-Ag NP-treated chlamydiae was

15"59- and 27"92-fold, respectively (3"96 and 4"8 qPCR

cycles difference, respectively).

HSV-2 replication was not influenced by the addition

of TiO2- and TiO2-Ag NPs, and only slightly inhibited by

the highest 0"5 lg ml!1 Ag NP concentration. This lim-

ited inhibition could be due to the impact of Ag NPs on

the viability of the host cells.

Measurement of the time dependence of the TiO2

growth enhancing effect on C. trachomatis

To identify the exact time window when the TiO2 NPs

alter C. trachomatis growth, we performed an experiment

where (i) the TiO2 NPs were preincubated with the C.

trachomatis elementary bodies 1 hour before infection

and coincubated during the infection for an additional

hour, (ii) the TiO2 NPs were coincubated with the C. tra-

chomatis elementary bodies during the 1-h-long infection,

(iii) the TiO2 NPs were added to the C. trachomatis-

infected HeLa cells at various timepoints (0–32 h) post

infection (Fig. 5a). In order to compare the effects of
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Figure 4 Measurement of the antimicrobial activity of the TiO2-, Ag- and TiO2-Ag NPs by direct qPCR. HeLa cells were infected with Chlamydia

trachomatis (MOI 8) preincubated with a 1 : 4 dilution series of TiO2- (●), Ag- (.) and TiO2-Ag (s) NPs for 1 h 37°C (a). Vero cells were infected

with HSV-2 (MOI 0"1) preincubated with a 1:4 dilution series of TiO2-, Ag- and TiO2-Ag NPs for 1 h 37°C (b). Each infection at a particular NP

concentration was performed in three parallel wells. At 48 h post infection (C. trachomatis) and 12 h post infection (HSV-2), the cells were lysed

and the DNA concentrations of the pathogens were measured by pathogen-specific direct qPCRs. Data are the average !Ct values # standard

deviation (n = 3). Student’s t-test was used to compare the Ct values between the treated and untreated infected cells (*: P < 0"05).
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TiO2 NPs at various timepoints, the TiO2 NPs were

applied for the same duration (1 h) at each timepoint

and after they were washed away. No centrifugation was

used for the infection. Data showed that the growth

enhancing effect of TiO2 NPs was detected at the coincu-

bation + infection treatment (~2 qPCR cycles, fourfold

growth increase), and when the TiO2 was applied during

the 1-hour infection (~2 qPCR cycles, fourfold growth

increase). It is worth to note, that a second, nonsignifi-

cant growth increase was detected at 10 h post infection.

The TEM images showed that both HeLa and Vero cells

incorporated the TiO2 NPs (Fig. 5b,c); therefore, the lack

of HSV-2 growth increasing effect in Vero cells is not

due to the cells’ inability of TiO2 NP uptake.

Estimation of the direct impact of the TiO2-, Ag- and

TiO2-Ag NPs on the qPCR

Since the growth-related chlamydial DNA concentrations

were measured by a direct qPCR method, we wanted to

test the potential impact of the NPs on the DNA poly-

merase of the qPCR (Fig. 6). A qPCR enzyme inhibitory

effect would appear as a false antichlamydial activity,

while a stimulatory effect would appear as a false
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Figure 5 Measurement of the kinetics of the TiO2 NP-mediated Chlamydia trachomatis growth enhancement and visualization of the TiO2 NP

uptake. TiO2 NPs (100 lg ml!1) were applied at different timepoints post infection. At 48 h post infection, the infected HeLa cells were lysed

and the chlamydial DNA concentration was measured by qPCR (n = 3). preinc.: TiO2 NPs were preincubated with the C. trachomatis elementary
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tion process (1 h, 37°C). Data are the average !Ct values # standard deviation (n = 3). TEM images of the uptake (1 h post treatment, 37°C) of

TiO2 NPs by HeLa (b) and Vero cells (c). Bar is 10 lm. Student’s t-test were used to compare the Ct values between the TiO2-NP-treated and
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30

C
t 
v
a
lu

e

25

20

15

10

5

0
TiO2 TiO2-Ag Ag Untreated

Figure 6 Estimation of the direct impact of TiO2-, Ag- and TiO2-Ag NPs on the qPCR. Cell lysates of HeLa cells (filled bars) infected with

untreated Chlamydia trachomatis (MOI 8, 48 h post infection) mixed with cell lysates from uninfected HeLa cells treated with 200 lg ml!1 TiO2

NPs, 200 lg ml!1 TiO2-Ag NPs and 1 lg ml!1 Ag NPs, respectively (n = 3). Ct values were compared with the untreated C. trachomatis infected

cells (n = 3). Cell lysates of Vero cells (open bars) infected with untreated HSV-2 (MOI 0"1, 24 h post infection) mixed with cell lysates from unin-

fected Vero cells treated with 200 lg ml!1 TiO2 NPs, 200 lg ml!1 TiO2-Ag NPs and 1 lg ml!1 Ag NPs, respectively (n = 3). Ct values were com-

pared with the untreated HSV-2-infected cells (n = 3). Data are the average Ct values # standard deviation (n = 3). Black bars.
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chlamydial growth enhancing effect. Cell lysates of HeLa

cells infected with untreated C. trachomatis were mixed

with cell lysates from uninfected cells treated with twice

the maximum concentration of NPs used in the qPCR

experiments, so that the final concentration of the NPs in

this mixture would be the maximal concentration applied

in the growth inhibition experiments. As controls, unin-

fected and untreated cell lysates were also mixed with C.

trachomatis-infected cell lysates. If there was no direct

impact of NPs on the qPCR, then the Ct levels of the

mixture of the infected and uninfected but NP containing

cell lysates would have been similar to the above-men-

tioned controls. The Ct levels of the C. trachoma-

tis + TiO2 NP, C. trachomatis + TiO2-Ag NP and C.

trachomatis + Ag NP mixtures were only 0"64, 0"73 and

0"11 cycles lower, respectively, than the control’s. Similar

experiments were performed to test the impact of NPs on

the HSV-2 qPCR. The Ct levels of the HSV-2 + TiO2

NP, HSV-2 + TiO2-Ag NP and HSV-2 + Ag NP mixtures

were only 0"14, 0"143 and 0"34 cycles lower, respectively,

than the control’s. These results support the presumption

that the observed increase or decrease of C. trachomatis

and HSV-2 growth could not be due to the stimulation

or inhibition of the qPCR itself.

Quantitative immunofluorescent measurement of the

impact of TiO2 NPs on C. trachomatis growth

An independent immunofluorescent growth measurement

method was used to validate the qPCR results (Fig. 7).

HeLa cells cultured on a 16-well chamber slide were

infected with C. trachomatis (MOI 8) after preincubation

at various concentrations of TiO2 NPs. No centrifugation

was used for the infection. Infected but untreated and

uninfected + TiO2 NP-treated cells (100 lg ml!1) were

also included as controls. Cells were fixed at 48 h post

infection, and the chlamydial inclusions were labelled

with an Alexa-647-labelled anti-chlamydia LPS antibody.

As described previously (Bogdanov et al. 2014), the slide

was scanned with a DNA-chip scanner, and the Chlamy-

Count software was used to enumerate the chlamydial

inclusions. ChlamyCount inclusion number counts sup-

ported the qPCR results. TiO2 NP pretreatment of the

chlamydial elementary bodies induced an increase in

chlamydial inclusion numbers, with a 400–500% increase

at the 100 and 50 lg ml!1 TiO2 NPs concentrations, and

a gradual, concentration-dependent decrease in growth

enhancement in the 25–3"12 lg ml!1 TiO2 NPs concen-

tration range. Uninfected but TiO2 NP-treated wells dis-

played only marginal positivity, indicating that the

observed increase of chlamydial immunofluorescence was

not due to the aspecific binding of the anti-chlamydial

LPS antibody to TiO2 NPs.

Discussion

As the uptake of TiO2 NPs is significant and the preva-

lence of C. trachomatis and HSV-2 is high, it is important

to study their interactions. Therefore, we performed an

in vitro study where we evaluated the impact of nonacti-

vated TiO2 NPs on the growth of C. trachomatis and

HSV-2. Since the activated TiO2 NPs have well-described
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Figure 7 Measurement of the impact of TiO2

NPs on Chlamydia trachomatis growth. HeLa

cells were infected with C. trachomatis (MOI

8) in the presence of a concentration range

of TiO2 NPs. Untreated C. trachomatis-

infected wells and uninfected TiO2-NP-treated

wells were included as controls. Each

infection was performed using parallel wells.

The chlamydial inclusions were enumerated

by the ChlamyCount software 48 h post

infection. The ChlamyCount processed well

images and the inclusion numbers counted

are shown. Data are means # standard

deviation (n = 2). Student’s t-test were used

to compare the inclusion counts between

TiO2-NP-treated and untreated infected cells

(*: P < 0"05).
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antimicrobial activity, we hypothesized that the nonacti-

vated TiO2 NPs would not have any effect on the growth

of these two intracellular pathogens. Indeed, TiO2- and

TiO2-Ag NPs had no effect on HSV-2 growth in the

tested concentration range, and Ag NPs only displayed a

minimal inhibition (about twofold) at the highest con-

centration. It is worth to note that the addition of TiO2

to Ag NPs eliminated completely this minimal HSV-2

inhibitory activity. However, qPCR growth measurements

showed that the TiO2 NPs significantly promoted the

chlamydial growth at the 100 lg ml!1 concentration.

Albeit not reached the significance threshold, the growth-

promoting effect could also be detected at the 50 and

25 lg ml!1 concentrations. Since the growth-promoting

effect of TiO2 NPs was unexpected, and chlamydial DNA

synthesis can be observed in the absence of active growth

(e.g. in persistence), we applied an independent,

immunofluorescence-based method to validate the data.

We applied the ChlamyCount system to quantitate

chlamydial inclusions. ChlamyCount measurements sup-

ported the qPCR data with a prominent growth increas-

ing effect at the 100 and 50 lg ml!1 TiO2 NP

concentration range. The observed TiO2 growth increase

of C. trachomatis was unexpected, but not without prece-

dent in the literature. A recent study by Xu et al. (2016)

showed that nonactivated TiO2 NPs increased the attach-

ment/internalization of Staphylococcus aureus to HeLa

cells. HeLa cells treated with 100 lg ml!1 TiO2 NPs (the

same concentration that increased the growth of C. tra-

chomatis by about 400% in our study) for 24 h resulted

in a 250–350% increase of S. aureus attachment/internal-

ization.

In contrast to the chlamydial infection, TiO2 NPs did

not alter HSV-2 growth; therefore, the HSV developmen-

tal cycle does not benefit from the cellular process(es)

that was induced by TiO2 NPs, or the TiO2 NPs could

not induce the growth-promoting cellular effects in Vero

cells. Our data support the latter: since TiO2 NPs were

not able to increase chlamydial growth in Vero cells (data

not shown), the TiO2 NP-related growth-promoting

effect had a cell-type dependent component.

Chlamydia has a complex developmental cycle, starting

with the attachment of the infectious form, the so-called

elementary body to the plasma membrane of the target

cells. After attachment, the elementary body enters the

cell and differentiates to the noninfectious, but replicating

form, the reticulate body. Reticulate bodies grow in a

membrane bound vacuole, the so-called inclusion in the

cytoplasm of the host cell. The reticulate bodies then red-

ifferentiate to elementary bodies and exit the host cells

48–72 h post infection. Theoretically, this complex devel-

opmental cycle can be influenced by the TiO2 NPs at var-

ious stages. Our kinetic experiments revealed that the

TiO2 NPs promoted chlamydial growth when they were

added to the elementary bodies before the infection or

added during the infection. This result indicates that

TiO2 NPs facilitated the attachment/entry of the chlamy-

dial elementary bodies to the host cells. Chlamydia enters

into the target cell via multiple mechanisms including

phagocytosis, caveolae-mediated endocytosis and clathrin-

mediated endocytosis. Among these processes, clathrin-

mediated endocytosis seems to be important for C. tra-

chomatis entry to epithelial cells (Hybiske and Stephens

2007). TiO2 NPs can also enter via clathrin-mediated

endocytosis (Gitrowski et al. 2014), and thus, there is a

possibility that the TiO2 NP entry co-stimulates the entry

of the chlamydial elementary bodies. However, our TEM

images showed TiO2 NP incorporation after 1 h post

incubation in both HeLa and Vero cells, while the

chlamydial growth-promoting effect could not be

detected in Vero cells (data not shown); therefore, a

mechanistic co-uptake is not likely the source of growth

promotion. The net charge of the C. trachomatis elemen-

tary bodies is negative (S€oderlund and Kihlstr€om 1982),

and the infectivity of the C. trachomatis urogenital sero-

vars (D-K) can be enhanced by polycations such as

DEAE-dextran and poly-L lysine and can be inhibited by

polyanions such as dextran-sulphate (Kuo et al. 1973).

The observed chlamydial growth-promoting effect cannot

be explained by the TiO2 NP-mediated bridging of the

negatively charged C. trachomatis elementary body and

the negatively charged host cell plasma membrane, since

the net charge of the TiO2 NPs was close to zero. Alto-

gether these data indicate that the TiO2 NPs binding/in-

corporation itself is not a key factor in chlamydial

growth promotion, rather the incorporated TiO2 NPs

may induce a unique early signal transduction or plasma

membrane alteration in HeLa cells that are beneficial to

chlamydial growth. It is also worth to note that in vivo

the TiO2 NPs could have additional effects that can

increase chlamydial growth, including the impairment of

tryptophan degradation and inhibition of interferon-

gamma production (Becker et al. 2014). These effects are

particularly interesting, since tryptophan degradation by

the interferon-induced indoleamine 2,3-dioxygenase

enzyme is considered to be a major mechanism in the

clearance of chlamydial infections in humans (Roshick

et al. 2006).

Silver-containing antimicrobials were commonly used

before to treat C. trachomatis conjunctival infections and

were shown to inhibit HSV-2 replication (Shimizu et al.

1976). Interestingly, while the pure TiO2 NPs did not

influence HSV growth, the TiO2-Ag NPs showed reduced

antimicrobial activity against both C. trachomatis and

HSV-2 than the Ag NPs. The reduction of antichlamydial

activity in certain concentrations was close to 30-fold. It
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is possible that the antichlamydial effect of Ag NPs—at

least partially—is due to their high negative charge. As

we showed, the TiO2-Ag NPs have a more positive net

charge compared with Ag NPs, which may contribute to

the lower antichlamydial effect.

Our study is the first, where the impact of nonacti-

vated TiO2 NPs on the growth of these two important

intracellular pathogens has been measured. Because of the

high prevalence and debilitating sequelae of C. trachoma-

tis infections, the TiO2 NP-induced growth promotion is

a significant finding which requires further animal

model/epidemiology investigations. An important appli-

cation of NPs is the drug delivery of antimicrobials. It is

generally accepted that the antichlamydial effect of the

first-choice antibiotic azithromycin is augmented by its

intracellular accumulation (Niki et al. 1994). Theoreti-

cally, the uptake and intracellular accumulation of TiO2

NPs make them particularly amenable for use as antimi-

crobial compound delivery vehicle to combat intracellular

pathogens. The fact that addition of TiO2 greatly reduced

the antichlamydial activity and reduced the antiviral

activity of Ag NPs highlights the need for further testing

of TiO2 NPs in this application.
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