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SUMMARY 

The treatment of infections caused by methicillin-resistant Staphylococcus aureus (MRSA) 

still represents a formidable global challenge. Particularly nosocomial pneumonia caused by 

MRSA is linked to increased morbidity and mortality, prolonged hospitalization, and longer 

periods of mechanical ventilation. Current treatment recommendations for MRSA pneumonia 

and inherent problems are discussed in chapter I of this thesis. Within this review it is shown 

that systemic use of antibiotics alone is occasionally insufficient for the therapy of MRSA 

pneumonia owing to the associated risk of toxic side effects and the problem of rising 

antibiotic concentrations which are required to combat multi-drug resistant pathogens. The 

increasing emergence of bacterial resistance against established antibiotics fuels the demand 

for new antimicrobial agents and innovative delivery strategies. Since the industrial 

development of novel antibiotics has declined throughout the last years, a promising 

alternative is presented by antibody-based immunotherapeutic approaches. In addition, local 

delivery of the drugs to the lung is supposed to favor pneumonia treatment since it is 

associated with enhanced drug concentration at the site of infection and low systemic drug 

exposure, both potentially reducing the risk of resistance development. Nebulization is a 

straightforward method to administer drugs to the site of infection in intubated patients and is 

well studied for both, antibiotic and antibody pulmonary delivery. Further advances in device 

technology and drug delivery have been made for nebulization of antibiotics and antibodies 

but are hardly transferred to MRSA pneumonia treatment so far. Therefore, chapter I focuses 

on reviewing the advances in local drug delivery which are potentially applicable for 

treatment of MRSA pneumonia by antibiotics and antibodies.  

Chapter II is dealing with nano-sized drug delivery systems for antibiotics circumventing 

solubility issues of poorly-water soluble drugs. Furthermore, the improved mucus penetration 

of nanoparticles can increase local drug concentrations at the site of action, thereby reducing 

the incidence of bacterial resistance. Nanoparticle complexes (nanoplexes) prepared by self-

assembly of a drug and an oppositely charged polyelectrolyte allow higher drug loading than 

ordinary nanoparticles. Chapter II describes the evaluation of an analytical setup to identify 

optimal preparation conditions for nanoplex formation using ciprofloxacin (CIP) and dextran 

sulfate (DS) as model compounds. The suitability of isothermal titration calorimetry (ITC) as 

a screening tool for rational formulation optimization was assessed along with other analytical 

methods by analyzing the influence of different salt types and ionic strengths on CIP/DS 

nanoplex formation. The presence of low amounts of salt led to smaller and more numerous 



SUMMARY 

2 

 

particles of higher uniformity but had no influence on the release of CIP from nanoplexes. 

Importantly, binding affinity correlated with particle shape and morphology, potentially 

enabling optimization of critical quality attributes based on ITC data. Altogether, ITC along 

with supplemental methods proved to be a versatile screening tool for the evaluation of 

nanoplex formulation conditions regarding mixing ratio, salt type, and ionic strength. 

In chapter III, the scope of treatment options for MRSA infections is extended to antibody-

based immunotherapy. A promising approach to promote bacterial killing presents the 

targeting of bacterial cell surface components with immunogenic characteristics by hUK-66, a 

humanized monoclonal antibody. However, during production and shelf life, therapeutic 

proteins are facing a multitude of external stress, compromising conformational stability. To 

enable efficacious drug application and prevent unwanted immune responses due to 

aggregation of the protein molecule, this study aims at a formulation for hUK-66 preserving 

its chemical and physical stability. Based on the results from characterization of this antibody, 

optimal formulation pH was evaluated in a short-term stability study. Subsequently, 

combinations of excipients and dosage forms were analyzed for their suitability in preserving 

antibody stability by comparing different liquid and lyophilized formulations in a long-term 

stability study at different storage temperatures. Lyophilization of hUK-66 in histidine buffer, 

pH 6, containing the stabilizers sucrose and polysorbate 20 proved to preserve the stability of 

this antibody throughout formulation process and long-term storage at 2-8°C. 

To deliver therapeutic proteins via the lung, generation of an inhalable aerosol is required. 

However, during the process of nebulization the air-liquid interface is substantially increased 

exposing biomolecules to interfacial stress. Therefore, in chapter IV, the previously 

developed hUK-66 formulations were studied for their suitability in stabilizing the antibody 

during air-jet nebulization. Considering the large sample volumes needed for nebulization, an 

in vitro surrogate method simulating the nebulization stress was initially developed to reduce 

drug substance consumption. The formulation of hUK-66 comprising sucrose and polysorbate 

proved to preserve the protein stability during the preliminary study as well as the actual 

nebulization process. Furthermore, it was shown that nebulization had no adverse effect on the 

chemical stability of the antibody. Finally, the immunotherapeutic efficacy of hUK-66 

formulation administered via inhalation was proven by prolonged survival of mice infected 

intranasally with S. aureus. For this in vivo study a special set up to enable aerosol delivery to 

mice being awake and breathing normally had been developed successfully. An additional 

advantage of this set up was nose-only exposure which reduced the disadvantages of whole 

body exposure like adsorption over the skin and large amount of aerosol needed.  
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Altogether, multiple nebulization and intense recirculation of the protein formulation within 

the reservoir marginally impacted conformational stability of the antibody. Hence, stability of 

this hUK-66 formulation during nebulization and its immunotherapeutic potential in treating 

S. aureus infections effectively when administered pulmonary were demonstrated in this 

study.  

A further important aspect for effective and rapid therapy of pneumonia is the immediate 

detection and identification of the pathogens which are causing the infection. The ensuing 

proper choice of medical treatment is crucial to avoid systemic spreading and persistence of 

the infection as well as emergence of antibiotic resistance. Therefore, efficient detection 

methods for pathogens and other biological specimens are in great demand in the field of 

clinical diagnostics. In chapter V, biosensors are investigated as promising alternative to 

improve pathogen detection since they permit sensitive, specific, and rapid analysis of diverse 

specimens. Selective detection of S. aureus was achieved by immobilizing target-specific 

hUK-66 antibodies on the surface of an optical planar Bragg grating sensor. Furthermore, to 

improve sensor reusability and reduce installation time, costs, as well as preparatory work we 

evaluated a sensor surface functionalization allowing the repetitive use of a sensing device for 

antibody-based detection of living bacteria. The immobilization of hUK-66, a capture 

antibody specific for Staphylococcus aureus, on the sensor surface by a cleavable linker as 

well as specific binding of S. aureus was monitored in real-time, highlighting the applicability 

of optical sensors for a specific and quick detection of large biological structures. Reusability 

of bacteria saturated sensors was successfully demonstrated by cleaving the antibody along 

with bound bacteria through reduction of disulfide bonds and subsequent re-functionalization 

with activated antibody, resulting in comparable sensitivity towards S. aureus. 





ZUSAMMENFASSUNG 

Die Behandlung von Infektionen, die durch Methicillin-resistente Staphylococcus aureus 

(MRSA)-Bakterien hervorgerufen wurden, stellt weltweit noch immer eine schwierige 

Herausforderung dar. Besonders durch MRSA ausgelöste nosokomiale Pneumonien stehen in 

direktem Zusammenhang mit erhöhter Morbidität und Mortalität sowie einer Verlängerung 

des Krankenhausaufenthaltes und der Beatmungsdauer. In Kapitel I dieser Dissertation 

werden die aktuellen Behandlungsempfehlungen für MRSA-Pneumonien und deren Nachteile 

diskutiert. Dabei wird in diesem Review aufgezeigt, dass aufgrund der drohenden Gefahr von 

schweren Nebenwirkungen und des Problems der steigenden Antibiotikakonzentrationen, die 

zur Bekämpfung von multiresistenten Krankheitserregern nötig sind, die alleinige systemische 

Anwendung von Antibiotika für eine Therapie der MRSA-Pneumonie mitunter nicht mehr 

ausreicht. Angesichts des vermehrten Auftretens von Resistenzen gegen die gängigen 

Antibiotika ist der Bedarf an neuen antimikrobiellen Mitteln sowie innovativen Strategien zur 

Wirkstoffapplikation hoch. Da die Entwicklung neuer Antibiotika in den letzten Jahrzehnten 

deutlich nachlässt, stellen Antikörper-basierte immuntherapeutische Ansätze eine 

vielversprechende Alternative dar. Darüber hinaus soll eine lokale Wirkstoffverabreichung in 

die Lunge die Pneumonie-Behandlung infolge erhöhter Wirkstoffkonzentration am Ort der 

Infektion und gleichzeitiger geringer systemischer Wirkstoffbelastung begünstigen, was das 

Risiko einer Resistenzentwicklung verringern kann. Verneblung ist hierbei ein direkter und 

einfacher Weg, Wirkstoffe bei intubierten Patienten an ihren Wirkort zu bringen und ist für 

die pulmonale Verabreichung von Antibiotika sowie Antikörpern gut erforscht. Zwar wurden 

weitere Fortschritte in der Weiterentwicklung der Gerätetechnologie und Wirkstoff-

verabreichung für die Verneblung von Antibiotika und Antikörpern gemacht, diese wurden 

aber bisher kaum in der Behandlung von MRSA-Pneumonien umgesetzt. Deshalb konzentriert 

sich das erste Kapitel auf eine Übersicht über die Fortschritte in der lokalen 

Wirkstoffapplikation, welche potentiell auf die Behandlung von MRSA-Pneumonie mittels 

Antikörpern und Antibiotika übertragbar wären. 

Kapitel II beschäftigt sich mit „Drug Delivery“-Systemen für Antibiotika in Nanometergröße, 

welche eine Umgehung des Löslichkeitsproblems von schwer wasserlöslichen Wirkstoffen 

ermöglichen. Außerdem kann eine durch Nanopartikel verbesserte Mucuspenetration die 

Wirkstoffkonzentrationen am Wirkort erhöhen, was als Möglichkeit angesehen wird, das 

Auftreten von Antibiotikaresistenz zu vermindern. Nanopartikel-Komplexe (Nanoplexe), 

welche durch Selbst-Zusammenlagerung eines Wirkstoffs und eines entgegengesetzt 
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geladenen Polyelektrolyts hergestellt werden, erlauben eine noch höhere Wirkstoffbeladung 

als herkömmliche Nanopartikel. In diesem Kapitel wurde unter Verwendung von 

Ciprofloxacin (CIP) und Dextransulfat (DS) als Modellkomponenten ein analytisches Setup 

evaluiert, das geeignet sein soll, optimale Herstellungsbedingungen für die Bildung von 

Nanoplexen zu identifizieren. Hierbei wurde die Eignung von Isothermaler 

Titrationskalorimetrie (ITC) zusammen mit anderen analytischen Methoden als Selektions-

Hilfsmittel für eine rationale Formulierungsoptimierung bewertet, indem der Einfluss von 

unterschiedlichen Salzen und verschiedenen ionischen Stärken auf die CIP/DS-

Nanoplexbildung untersucht wurde. Die Anwesenheit von Salz führte hierbei zu kleineren und 

zahlreicheren Partikeln mit größerer Einheitlichkeit, hatte aber keinen Einfluss auf die 

Freisetzung von CIP aus den Nanoplexen. Bedeutsam ist auch, dass die Bindungsaffinität mit 

Partikelform und Morphologie korrelierte, was möglicherweise eine Optimierung 

entscheidender Qualitätseigenschaften basierend auf ITC-Daten ermöglicht. Insgesamt erwies 

sich ITC zusammen mit den ergänzenden Methoden als nützliches Instrument für die 

Evaluierung von Bedingungen für Mischungsverhältnis, Art des Salzes und ionische Stärke 

für die Bildung von Nanoplexen. 

In Kapitel III wird der Rahmen der Behandlungsmöglichkeiten für MRSA-Infektionen auf 

Antikörper-basierte Immuntherapien erweitert. Einen vielversprechenden Ansatz, die 

Abtötung der Bakterien zu fördern, stellt der zielgerichtete Angriff auf Komponenten der 

Bakterienoberfläche mit immunogenen Eigenschaften durch den humanisierten monoklonalen 

Antikörper hUK-66 dar. Allerdings werden therapeutische Proteine während ihrer Herstellung 

und bis zum Ende ihrer Aufbrauchsfrist mit einer Vielzahl von externen Einflüssen 

konfrontiert, die ihre Konformation und somit Stabilität beeinträchtigen können. Um eine 

wirksame Wirkstoffverabreichung zu ermöglichen und ungewollte Reaktionen des 

Immunsystems aufgrund Aggregation des Proteinmoleküls zu vermeiden, erstrebt dieses 

Kapitel die Identifizierung einer Formulierung für hUK-66, welche dessen physikalische und 

chemische Proteinstabilität bewahrt. Mit Hilfe von Ergebnissen der Charakterisierung des 

Antikörpers wurde ein optimaler pH-Wert für die Formulierung in einer Stabilitätsstudie mit 

kurzer Laufzeit evaluiert. In direktem Anschluss wurden verschiedene Kombinationen von 

Hilfsstoffen und Darreichungsformen hinsichtlich ihrer Fähigkeit, die Antikörperstabilität zu 

bewahren, analysiert, indem unterschiedliche flüssige und gefriergetrocknete Formulierungen 

in einer Langzeitstabilitätsstudie bei verschiedenen Lagerungstemperaturen untersucht 

wurden. Eine Lyophilisierung von hUK-66 in Histidinpuffer, pH 6, zusammen mit den 

Stabilisatoren Saccharose und Polysorbat 20 konnte die Stabilität dieses Antikörpers während 
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des gesamten Formulierungsprozesses und einer Langzeit-Einlagerung bei 2-8°C nachweislich 

bewahren.  

Um therapeutische Proteine über die Lunge zu applizieren, ist es nötig, ein inhalierbares 

Aerosol zu erzeugen. Da sich jedoch während des Verneblungsprozesses die Luft-

Flüssigkeitsgrenzfläche erheblich vergrößert, werden die Biomoleküle einem Grenzflächen-

stress ausgesetzt. Deshalb werden in Kapitel IV die zuvor entwickelten hUK-66-

Formulierungen hinsichtlich ihrer Eignung untersucht, den Antikörper während der 

Verneblung durch einen Düsenvernebler zu stabilisieren. Da zum Vernebeln eine sehr große 

Probenmenge benötigt wird, wurde zuerst ein In-vitro-Ersatzverfahren entwickelt, welches 

den Verneblungsstress simuliert, um den Wirkstoffverbrauch zu reduzieren. Die hUK-66-

Formulierung mit Saccharose und Polysorbat 20 bewies, dass sie die Stabilität dieses Proteins 

sowohl im Vorversuch als auch bei der eigentlichen Verneblung bewahren konnte. Es konnte 

weiterhin gezeigt werden, dass eine Verneblung keinen nachteiligen Effekt auf die chemische 

Stabilität des Antikörpers ausgeübt hat. Zuletzt konnte die immuntherapeutische Wirksamkeit 

der vernebelten hUK-66-Formulierung bewiesen werden, da die Überlebensrate von Mäusen, 

die intranasal mit S. aureus infiziert worden waren, durch Inhalation der Antikörper-

formulierung verlängert werden konnte. Für diese In-vivo-Studie wurde ein spezieller Aufbau 

erfolgreich entwickelt, der die Applikation des Aerosols an wache und normal atmende Mäuse 

ermöglicht. Ein zusätzlicher Vorteil dieses Aufbaus war, dass die Mäuse dem Aerosol nur mit 

der Nase ausgesetzt waren, was die Nachteile einer Ganzkörperverneblung, wie Absorption 

über die Haut und Bedarf an großen Mengen an Aerosol, verringerte. Insgesamt gefährdeten 

die vielfache Verneblung und Rezirkulation der Proteinlösung innerhalb des Reservoirs die 

Konformation des formulierten Antikörpers unwesentlich. Somit konnte in dieser Arbeit die 

Stabilität von hUK-66 in einer optimierten Formulierung während einer Verneblung bewiesen 

sowie sein immuntherapeutisches Potential für eine effektive Behandlung von S. aureus 

Infektionen bei pulmonaler Verabreichung gezeigt werden. 

Ein weiterer wichtiger Punkt für eine effektive und schnelle Behandlung von Pneumonien ist 

die umgehende Detektion und Identifikation derjenigen Krankheitserreger, welche die 

Infektion auslösen. Eine anschließende geeignete Wahl der Medikation ist entscheidend, um 

eine systemische Verbreitung und Fortdauer der Infektion genauso wie das Auftreten von 

Antibiotikaresistenzen zu vermeiden. Deshalb sind effiziente Detektionsmethoden für 

Pathogene im Bereich der klinischen Diagnostik sehr gefragt. In Kapitel V wurden 

Biosensoren als vielversprechende Alternative zur Verbesserung der Pathogendetektion 

untersucht, da sie eine sensitive, spezifische und schnelle Analyse diverser Proben erlauben. 
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Durch Immobilisierung von hUK-66-Antikörpern auf der Oberfläche eines optischen planaren 

Bragg-Gitter-Sensors konnte eine selektive Detektion von S. aureus erreicht werden. Um 

weiterhin die Wiederverwendbarkeit der Sensoren zu verbessern sowie Installationszeit, 

Kosten und Vorbereitungsaufwand zu reduzieren, wurde eine Sensoroberflächen-

funktionalisierung dahingehend evaluiert, ob sie eine wiederholte Verwendung des Sensors 

für die Antikörper-basierte Detektion von lebenden Bakterien ermöglicht. Die Anbindung von 

hUK-66, einem Fänger-Antikörper spezifisch für S. aureus, auf der Sensoroberfläche mit 

Hilfe eines spaltbaren Linkers sowie die anschließende spezifische Bindung von S. aureus 

konnten in Echtzeit nachverfolgt werden, was die Anwendbarkeit von optischen Sensoren für 

eine spezifische und schnelle Detektion von großen biologischen Strukturen hervorhebt. Die 

Wiederverwendbarkeit der mit Bakterien gesättigten Sensoren konnte erfolgreich durch eine 

Abspaltung des Antikörpers zusammen mit den angebundenen Bakterien mittels Reduktion 

der Disulfidbindungen und anschließender Refunktionalisierung mit aktiviertem Antikörper 

gezeigt werden und führte zu einer vergleichbaren Sensitivität gegenüber S. aureus.  
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Abstract 

The treatment of infections caused by methicillin-resistant Staphylococcus aureus (MRSA) 

still represents a sophisticated challenge worldwide. Particularly nosocomial pneumonia due 

to MRSA is linked to increased morbidity and mortality, prolonged hospitalization and longer 

periods of mechanical ventilation. Current treatment guidelines recommend the systemic use 

of the antibiotics vancomycin and linezolid for therapy of MRSA pneumonia. However, 

standard systemic dosing of vancomycin seems no longer sufficient due to its poor lung 

penetration and increasing concentration of antibiotic that is required to treat MRSA due to 

resistance development. In addition, the required higher concentrations are associated with 

risk of toxic side effects. Likewise, linezolid is facing the problem of drug interactions and 

increased risk of resistance. Due to this increasing issue of bacterial resistance, the demand for 

new antimicrobial agents is high. Since the development of novel antibiotics has declined 

throughout the last decades, a promising alternative is emerging through antibody-based 

immunotherapeutics. In addition, local delivery of drugs to the lung is supposed to favor 

pneumonia treatment since it is associated with enhanced drug concentration at the site of 

infection and low systemic drug exposure reducing the risk of resistance development. 

Nebulization is a straightforward method to administer drugs to the site of infection in 

intubated patients and is well studied for both antibiotic and antibody pulmonary delivery. 

Further advances in device technology and drug delivery have been made for nebulization of 

antibiotics and antibodies but are hardly transferred to MRSA pneumonia treatment so far. 

Therefore, this review focuses on advances in local drug delivery potentially applicable for the 

treatment of MRSA pneumonia using antibiotics and antibodies. 
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1. Introduction 

1.1. Clinical relevance of nosocomial pneumonia due to MRSA and corresponding 

problems 

Nosocomial infections with multi-resistant pathogens represent a global and everyday 

problem in hospitals. Besides Enterococcus feacium, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species, Staphylococcus aureus is 

one of the most problematic bacteria today (called ESKAPE pathogens according to their first 

letters) [1]. Its methicillin-resistant form (MRSA) is responsible for most antimicrobial-

resistant healthcare-associated infections. In Europe, on average 18% of S. aureus isolates in 

hospitals were methicillin-resistant in 2013 [2]. Although this percentage of resistance 

generally decreased compared to 2010, the decreasing trend was less distinct compared to the 

preceding four-year period. Large variations between countries were observed across Europe. 

0% MRSA incidence are reported in Iceland compared to 64.5% in Romania reflecting a 

general north-to-south divide (Figure 1) [2]. Both facts underline that MRSA is still a 

problematic issue to be solved in Europe. However, other nations such as the USA and Japan 

are affected as well [3–5].  

Bacterial infection can originate from hospital environment or the own flora of the patient. 

Additional suppression of natural defense mechanism such as cough, mucociliary clearance, 

and immune responses by intubation of patients e.g. in the intensive care units favors 

respiratory infections [6]. When the natural barriers are challenged by intubation, the gram-

positive bacterium that usually colonizes the nasal region as well as the skin can enter the 

respiratory tract easily [7]. Due to its virulence and efficiency as respiratory pathogen, MRSA 

is a major cause of hospital-acquired pneumonia and is associated with a high morbidity and a 

mortality rate of 33% [8,9]. For patients colonized within 24 h of intubation, a risk of 30% to 

develop an early ventilator-associated pneumonia was reported in Spain [9,10]. Besides 

increased morbidity and mortality, MRSA pneumonia is linked to prolonged hospitalization 

particularly with extended temporal stay in the intensive care unit and longer periods of 

mechanical ventilation [7].  
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Figure 1: Occurrence of MRSA bacteria strains over Europe in 2013 in percentage of invasive isolates 

resistant to methicillin per country. Reproduced from [2]. 

1.2. Current treatment options for nosocomial pneumonia due to MRSA 

1.2.1. Preventive strategies 

Preventing the spread of infections and MRSA colonization is an important starting point for 

controlling the increasing resistance. As transmission of the bacteria often occurs by the hands 

of healthcare personnel [9], hygiene regulations such as hand disinfection are a mainstay for 

prevention of nosocomial infection [6,11]. With colonized inpatients being the prevalent 

reservoir of MRSA, carrier screening and appropriate isolation of patients proved to be 

effective [9,12]. Technical strategies to prevent ventilator-associated pneumonia include 

coating of the endotracheal tube with antimicrobial silver and aspiration of subglottic 

secretions to reduce oropharyngeal colonization as well as lung absorption of colonized 

secretions. Whenever possible, tracheal intubation and mechanical ventilation should be 

avoided, for example by using noninvasive ventilation instead. Furthermore, a slightly upright 

position (30 to 40 degree) of intubated patients is recommended and oral hygiene by rinsing 

with antiseptics such as chlorhexidine appeared to be effective [6,13].  
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1.2.2. Systemic treatment approaches 

If an onset of pneumonia is suspected, guidelines recommend the collection of lower 

respiratory tract samples for culture and concomitant start of empiric antimicrobial therapy 

until the microbiologic results are available and therapy can be specified. Whereas methicillin-

sensitive S. aureus strains are susceptible to a large number of antibiotics such as 

penicillinase-resistant betalactam antibiotics, macrolides, clindamycin, and fluoroquinolones 

(resistance rate < 10%), MRSA exhibits a resistance rate of above 80% against these 

antimicrobials [14]. For the treatment of MRSA pneumonia, the glycopeptide vancomycin and 

the oxazolidinone linezolid are recommend by international guidelines [13–15]. Whether one 

of these two alternatives is more effective than the other is still a matter of intensive debate 

[1,6,7,16–24]. In a recent randomized clinical trial, linezolid led to higher clinical efficacy in 

patients with MRSA nosocomial pneumonia whereas vancomycin showed more frequent 

nephrotoxicity. However, mortality rates as well as incidence of adverse events were 

comparable [16]. The inclusion criteria of this study were criticized by several other reviews 

as the vancomycin group involved more patients with MRSA bacteremia, diabetes, kidney, 

and cardiac diseases or being mechanically ventilated, potentially biasing the results. 

Additionally, the used vancomycin dosing regime was considered insufficient as too low 

levels of vancomycin in patients had been noted [1,17,21]. Nevertheless, summarizing the 

new insights into this discussion, linezolid seems to be an appropriate choice especially for 

patients with renal impairments even if superiority could not be evidenced completely and 

gastro-intestinal adverse events might be more frequent [6,7,23–27]. However, the seldom but 

severe adverse effect of myelosuppression needs to be considered since applying linezolid 

over periods longer than two weeks increases the probability of occurrence [21,28]. 

When alternatives are not suitable, a further treatment option for hospital-acquired pneumonia 

(HAP) caused by MRSA is the glycopeptide telavancin, which was brought on market in 

2011. However, it must be used with caution due to potential nephrotoxicity and QT 

prolongation  [1,26]. Another common antibiotic effective against MRSA, daptomycin, is not 

applicable for treatment of pneumonia since it is inactivated by pulmonary surfactant [1,29]. 

Novel pharmaceutical agents with activity against MRSA include the cephalosporins 

ceftobiprole and ceftaroline. Ceftobiprole was approved in 2013 for treatment of community- 

(CAP) and hospital-acquired pneumonia (HAP) but not for ventilator-associated pneumonia 

(VAP) [1]. In contrast, ceftaroline so far is approved for CAP only [18,21]. A promising 

retrospective review of data on ceftaroline treatment of patients with MRSA pneumonia was 

already published by Carreno et al [30]. Nevertheless, clinical trials studying the efficacy in 
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treating MRSA pneumonia are still required for both cephalosporins [26]. A new basis for 

hope offered the discovery of teixobactin in 2015 which showed excellent activity against 

MRSA in an animal model [31–33]. However, human clinical trials still have to prove its 

safety and efficacy.  

1.2.3. Local treatment strategies 

Local treatment of respiratory infection is regarded effective and advantageous since it 

enables high levels of drug in the lung and reduced side effects as well as toxicity compared to 

systemic application [18,34,35]. Enhanced drug levels at the site of infection are assumed to 

shorten antibiotic exposure and in turn to lower the likelihood of development of microbial 

resistance [36]. Nevertheless, so far only limited research has been done in the field of local 

treatment of MRSA nosocomial pneumonia using nebulized antibiotics. For cystic fibrosis 

already several antibiotics were approved, particularly formulated for inhalation [35,37–39], 

but for nosocomial pneumonia mostly off-label use of aerosolized antibiotics was reported 

[37,40]. Larger randomized clinical trials are required to affirm the benefit of aerosolized 

antibiotics as adjunctive therapy in pneumonia [18,41,42]. However, if intravenous antibiotic 

treatment of VAP caused by multi-drug resistant pathogens alone is ineffective, the use of 

inhaled antibiotics is already recommend by the guideline of the American Thoracic Society 

from 2005 [13].  

In the last years multiple successful studies on treatment of pneumonia caused by gram-

negative bacteria using aerosolized antibodies have been performed [34,38,41,43,44], 

providing a promising basis for gram-positive pathogens like MRSA. However, so far data 

about aerosolized antibiotics against pneumonia caused by gram-positive pathogens are sparse 

[38,45,46]. In a recent clinical trial by Palmer et al. aerosolized vancomycin was studied 

amongst several other antibiotics for its efficacy in treating VAP caused by diverse multi-drug 

resistant pathogens in combination with systemic antibiotics [47]. The inhaled antibiotics 

proved to eradicate resistant organisms in tracheal secretions of critically ill intubated patients, 

did not result in resistance to the aerosolized antibiotics, and reduced the formation of new 

resistance to systemic agents [47]. In conjunction with proceeding encouraging studies [48–

50] these results affirm the potential of aerosolized vancomycin to treat MRSA pneumonia.  

During investigation of the efficacy of nebulized fosfomycin and amikacin/tobramycin 

combinations for treatment of Pseudomonas aeruginosa infections in cystic fibrosis patients, a 

potentially positive effect was observed for patients co-infected with MRSA [51]. Based on 

these promising results, a phase 2 randomized clinical trial is planned by Cardeas Pharma to 

demonstrate the safety and efficacy of an adjunctive therapy with an Amikacin Fosfomycin 
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Inhalation System (AFIS) versus aerosolized placebo in mechanically ventilated patients with 

gram-negative and/or gram-positive bacterial colonization (including MRSA) [52]. Another 

phase 2 clinical trial investigates AeroVanc™, an inhaled dry powder form of vancomycin in 

a capsule-based device, for the treatment of persistent methicillin-resistant Staphylococcus 

aureus lung infection in cystic fibrosis patients [40,53]. 

1.2.4. Challenges and problems 

There are some concerns evolving in the standard treatment of MRSA pneumonia by 

vancomycin and linezolid. High clinical failure rates in treatment of MRSA pneumonia are 

reported for standard systemic doses of vancomycin [25]. This is presumably caused by the 

poor lung penetration of this molecule resulting in low concentrations in epithelial lining fluid 

(ELF) and alveolar macrophages, the sites of bacterial infection [8,21]. Higher dosages are 

required to increase plasma and hence ELF concentrations but are associated with enhanced 

incidence of nephrotoxicity [54]. The minimum inhibitory concentration (MIC) of 

vancomycin required to treat MRSA was observed to increase, diminishing the bactericidal 

activity of vancomycin against MRSA [8,25]. Even though linezolid in contrast achieves high 

lung ELF concentrations, it is associated with drug interaction issues causing adverse events 

such as serotonin syndrome and increased risk for development of resistance [17,21].  

1.3. Need for new therapeutic options 

Due to the increasing emergence of bacterial resistance against the conventional antimicrobial 

agents, the demand for new agents is enormous. However, the research and development on 

new antibiotics is diminishing despite availability of advanced techniques to screen new 

entities [32,33,55]. Among others, reasons for this dilemma are the high drug development 

costs for new entities as well as tedious approval procedures but low chance for profit, making 

antibiotics a disliked field of investment for the pharmaceutical industry. Furthermore, sales of 

novel antibiotics will not be that high compared to drugs for chronic diseases since they are 

only needed for short term therapies due to acute infections while being additionally restricted 

in their use in general to avoid development of resistance [8,32,56]. Particularly to circumvent 

this danger of emergence of resistant bacteria strains, the development of new antimicrobial 

treatment methods is of increasing interest.  

Owing to major achievements in biotechnology during the last four decades, monoclonal 

antibodies (mAbs) developed into efficient human therapeutics for several indications with 30 

mAbs on the market achieving revenues of approximately 18.5 billion US Dollar in 2010 

[57,58]. Antibodies offer several advantages for the treatment of infectious diseases. They are 
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not only suitable for treatment of immunocompromised patients where other antimicrobials 

are relatively inefficient but also feature low toxicity. Based on their high specificity, the 

patients’ flora remains mostly intact while only the harmful disease triggering microorganisms 

are targeted [58]. Furthermore, versatile effects beneficial for bacteria treatment can be 

initiated by antibodies such as toxin neutralization, direct antimicrobial activity, or immune 

system activation, among others (Figure 2) [58,59]. Several antibody-based immunotherapy 

approaches have been followed to combat MRSA in the last decade with S. aureus virulence 

factors or surface components providing a valuable target for the development of therapeutic 

antibodies [59,60]. For example, tefibazumab (Aurexis™), a humanized mAb against the 

clumping factor A which is said to be one of the major microbial surface components 

recognizing adhesive matrix molecules (MSCRAMM®) facilitating bacterial attachment to 

host tissues during colonization. By targeting this virulence factor the antibody is reported to 

prevent adherence and hence infection as well as endorsing rapid clearance through 

opsonophagocytosis [61,62]. Combining this mAb with vancomycin significantly enhanced 

clearing of MRSA in an animal model and reduced its seeding compared to applying the 

antibiotic only [63]. However, tefibazumab could not prove a significant benefit in a phase 2 

clinical trial so far [64]. Another promising approach presents the targeting of bacterial cell 

wall components with immunogenic characteristics such as the immunodominant 

staphylococcal antigen A (IsaA) which features a high molecular density on the surface of the 

bacteria, is a highly conserved protein and is expressed in all S. aureus strains during the 

whole growth phase [60,65]. The anti-IsaA murine antibody UK-66P already proved to 

activate phagocytes and to promote killing of bacteria ex vivo and lead to lower bacterial 

burden in vivo in an intravenous animal infection and therapy model [60]. The humanized 

mAb hUK-66 demonstrated similar binding specificity as well as biological activity to that of 

UK-66P in vitro and induced significant killing activity in blood sample tests [66]. 
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Figure 2: Versatility of potential biological effects of antibodies in treatment of infectious diseases. 

Antibody-dependent cellular cytotoxicity and opsonization involve contribution of other host cells and 

mediators of the immune system while the rest of effects functions independently. Reprinted from [58] 

with permission from Macmillan Publishers Ltd. 
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2. Pharmacokinetic and pharmacodynamic aspects  

2.1. General situation  

2.1.1. Infection pathogenesis  

The pathogenesis of pulmonary infections with Staphylococcus aureus in general is 

characterized by complex interactions of the host immune system and virulence factors of 

S. aureus. Surface adhesins enable its colonization, adherence and persistence in the lung, 

whereas leukocidins and α-toxin facilitate invasion and damage of host tissue cells by lysis 

[8,67–69]. As soon as the bacteria invade the respiratory tract, they are confronted with 

phagocytes such as alveolar macrophages which intend to clear the intruders immediately 

from the lung [8,70]. The most challenging characteristic of this pathogen is its ability to 

evade the immune response. S. aureus can produce capsular polysaccharides and biofilms to 

shelter from detection by the immune system [69,71]. Furthermore, opsonization and 

phagocytosis may be additionally alleviated through other S. aureus effectors including the 

surface component protein A. Although S. aureus is considered to be an extracellular 

pathogen, some of the bacteria can reside within a host cell including phagocytic cells such as 

macrophages and neutrophils, which in turn actually try to clear the pathogen. Hence, the 

bacteria are protected from antimicrobial drugs inside this reservoir and can spread away from 

the infection site [72]. After several days within the reservoir, viable pathogens have been 

reported to escape by host cell lysis [73,74]. 

2.1.2. Requirements for effective treatment of MRSA 

S. aureus can be found extracellularly, trying to evade opsonization and phagocytosis, as well 

as intracellularly, sheltering from the immune response [75]. For treating extracellular 

pathogens causing lung diseases, sufficient drug concentration in the epithelial lining fluid 

(ELF) is important whereas alveolar macrophages representing the intracellular infection site 

and need to be targeted to combat intracellular bacteria [25,76]. To reach the ELF from the 

blood-site, drugs need to pass through the alveolar capillary wall, interstitial fluid, and 

alveolar epithelial cells. Protein binding was reported to influence the crossing to the 

interstitial fluid as only unbound antibiotics can penetrate through the endothelial membrane 

[8,76]. Additionally, lipophilicity, diffusibility, and charge of the drugs have an impact on 

their transport route through the epithelial barriers. However, during bacterial infection and 

inflammation the permeability is enhanced [8,76]. 
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2.2. Lung penetration of aerosolized antibiotics 

Until today, few contributions on lung tissue concentrations of aerosolized antibiotics 

especially in the field of gram-positive nosocomial pneumonia are available [35,40,46]. 

Pharmacokinetic/pharmacodynamic studies are complicated by the debate whether the 

concentration of the antibiotic in the ELF or in the sputum can be predictive for therapeutic 

outcome. Since ELF needs invasive bronchioalveolar lavage (BAL) for extraction, the easier 

obtainable sputum is a common way to access drug concentration near the site of infection in 

clinical trials. However, it may not represent the concentration at the site of infection properly 

due to different patient-related variable factors as well as binding of the drug to several 

biomolecules of the sputum [40,77]. Another possibility is to access the whole lung 

parenchyma, which is only possible in animal studies or lung resection. An overall high 

variability has been detected in lung concentration of antibiotics presumably caused by 

individual patient-related factors like breathing pattern, non-homogenous distribution in lung 

or dissolution in sputum, as well as bioanalytical variations [78]. By studying ventilated pigs 

with E. coli pneumonia, Goldstein et al. demonstrated in 2002 that nebulized amikacin 

resulted in several-fold higher lung tissue deposition with more effective bactericidal activity 

than intravenous amikacin [79]. However, in healthy lungs the aerosolized antibiotic showed a 

more homogenously distributed pulmonary deposition and less systemic diffusion than in 

infected lungs. Massively infected lung segments exhibited lower amikacin concentrations 

compared to less infected areas [42,79,80]. In mechanically ventilated human patients with 

gram-negative VAP, Luyt et al. reported that administration of nebulized amikacin combined 

with intravenous therapy resulted in high concentrations in the lower respiratory tract with 

ELF concentrations of the aminoglycoside being much higher than the corresponding MIC 

[81].  

In general, inhalation of antibiotics is capable of achieving highly targeted drug deposition 

within central and peripheral lung areas exceeding the minimum inhibitory concentrations of 

the most common respiratory bacteria compared to systemic administration. Reaching deeper 

areas of the lung, the antibiotics can be absorbed through the bronchial epithelium and spread 

via the lung by a network of sub-mucosal capillaries. However, systemic diffusion is relatively 

low enabling the application of antibiotics with high systemic toxicity such as colistin 

[38,77,82,83]. 
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2.3. Lung penetration of monoclonal antibodies 

Antibodies are molecules with special pharmacokinetic and pharmacodynamic characteristics 

[84]. In infectious diseases, a rapid invasion of the drug to the site of infection is of significant 

importance for fast inactivation of the bacteria and impeding tissue damage [85]. However, 

monoclonal antibodies (mAbs) typically are administered parenterally which leads to high 

immediate systemic bioavailability but only low and delayed concentrations in the targeted 

lung tissue [84–88]. To some extent this might be due to the large size of the macromolecules 

and their hydrophilicity which impair passive diffusion across the endothelium [84]. In the 

transport of the mAbs from the bloodstream to the lung tissue the neonatal Fc receptor (FcRn) 

is believed to be involved as well as transvascular transport processes such as convection 

and/or diffusion [89,90]. However, the precise mechanism has not been clarified with 

certainty since most studies so far only examined the transport of mAb by FcRn from the lung 

into the bloodstream [91–93]. Nevertheless, after intravenous administration, concentrations 

of mepolizumab, an antibody specific for IL-5 and used for treatment of asthma, were 

reported to be 500-fold lower in the BAL fluid obtained from the lung than in plasma [94]. 

Therefore, for an adequate concentration in the lung essentially higher drug doses are required 

when administered intravenously not only exposing the body to potential toxicity and adverse 

effects such as anaphylactic reactions but also causing high treatment expenses [84,95]. Local 

delivery of antibodies to the lungs by aerosolization represents a preferred, well-tolerated, 

non-invasive route of administration for treatment of lung diseases which increases drug 

concentration at the site of action and decreases systemic drug exposure [84–86,88,89,96]. For 

cetuximab, an anti-EGFR antibody for treatment of lung cancer, twice the concentration than 

those after intravenous administration were reported to have rapidly accumulated in the lung 

tissue by aerosolized delivery at early time points (2 h to 1 day). Furthermore, it was shown 

that this antibody also reached the fringe of the lungs due to the large dose achieved by local 

delivery unlike systemically administered cetuximab [85]. The plasma concentration of 

cetuximab was reported to be 9 times lower when applied directly to the lungs compared to 

parenteral administration reducing the probability of unwanted side effect (bioavailability of 

11%). Since the maximal plasma concentration was measured after 48 h, Maillet et al. 

concluded that pulmonary delivery proved to offer a long availability of cetuximab at the site 

of action [89]. 
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3. Galenic achievements in local pulmonary drug delivery 

3.1. Antibiotics 

3.1.1. Galenic hurdles  

General requirements for an ideal inhalable formulation are absence of preservatives, neutral 

pH value, adequate osmolarity of about 300 mosmol/l while comprising some anions 

preventing cough or bronchospasm [36,43]. These criteria rule out the option to nebulize the 

available intravenous formulations but point out the need for development of special inhalable 

formulations of antibiotics [36]. For delivering drugs to the relevant lower lung regions an 

adequate size of the aerosol droplets is needed. Only particles with an aerodynamic diameter 

of 1 to 5 µm feature a suitable fine particle fraction for deposition in peripheral lung, while 

larger particles are depositing in mouth or throat, and smaller particles probably are exhaled 

[70,96,97]. There are three main mechanisms by which particles can deposit in the lungs: 

impaction, sedimentation, and diffusion. The irregular movement of sufficiently small 

particles (< 0.5 µm) due to collisions with gas molecules (Brownian motion) can cause 

particles to hit the airway wall and hence deposit in the lung. According to the Stokes-Einstein 

equation, the diffusion is correlated to the particle size: 

𝐷 =
𝑘𝐵 ∙ 𝑇

3𝜋 ∙ 𝜂 ∙ 𝑑
 (1) 

Where D is the diffusion coefficient, kB is the Boltzmann’s constant, T is the absolute 

temperature, η is the viscosity and d the diameter of the particle. Therefore, the deposition by 

diffusion is inversely related to the particle size and hence decreasing particle size increases 

the probability to deposit due to Brownian motion [98,99]. Particles of medium size 

(0.5-3 µm) prevalently settle by sedimentation due to the influence of gravity. Sedimentation 

is time dependent and the settling velocity v is given by Stokes’ law: 

𝑣 =
(𝜌𝑝 − 𝜌𝑎) ∙ 𝑑2 ∙ 𝑔

18 ∙ 𝜂
 (2) 

where g is the acceleration due to gravity and ρp the density of the particle being higher than 

the density of air ρa [98,99]. In contrast, particles > 3 µm display inertia and hence deposit in 

the branched respiratory tract due to collision with the walls (impaction). Deposition due to 

impaction increases with enhanced particle diameter and enhanced airflow velocity whereas 

breath-holding prolongs time for particle sedimentation [99].  
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Hence, using the appropriate device for targeted pulmonary delivery of antibiotics is 

indispensable [18,100]. During treatment of mechanically ventilated patients, loss of drug due 

to adsorption to ventilator tubes must be considered and humidification of the ventilated air 

should be reduced since it is influencing the particle size negatively [43]. 

3.1.2. Recent developments in local pulmonary antibiotic delivery 

Improvements in the administration of aerosolized antibiotics have been made by 

development of new delivery devices during the last years. The new generation of vibrating 

mesh nebulizers demonstrated enhanced pharmacokinetic and application features such as 

minor residual volume and rapid output [101]. Shorter application time and a trend to higher 

sputum concentrations of tobramycin were detected using a PARI eFlow® rapid vibrating 

mesh nebulizer compared to a jet nebulizer when administered to cystic fibrosis patients in a 

two-period crossover study [78]. 

Another approach to enhance pharmacokinetic/pharmacodynamic properties of antibiotics and 

decrease toxic side effects is based on liposomal drug delivery systems [102]. Advantages are 

a decrease of dosing intervals due to sustained drug release as well as prolonged presence at 

infection site and targeted delivery [101]. It could be shown that encapsulation of vancomycin 

into liposomes enhanced uptake into macrophages and increased subsequent intracellular 

killing of “hiding” MRSA bacteria in vitro [8,103,104]. Furthermore, PEGylation of 

vancomycin liposomes prolonged plasma circulation time and increased lung tissue 

concentrations after systemic application [105]. After nebulization of vancomycin liposomes 

modified with chitosan as well as of conventional liposomes in a recent animal study, higher 

available drug amount and pulmonary tissue concentration were detected compared to 

nebulized vancomycin solution [106]. 

In addition, nanoparticles as well as microparticles present further promising alternatives. 

Encapsulation of antibiotics into nanoparticles enables higher local drug concentrations, may 

improve mucus penetration, and circumvent solubility problems [107–109]. Nanoplexes 

prepared by polyelectrolyte-drug self-assembly showed a high drug loading and may enhance 

the bioavailability of poorly soluble drugs such as ciprofloxacin, an effective antibiotic against 

the respiratory pathogen Pseudomonas aeruginosa [110,111]. Complexes of the poorly 

soluble rifampicin with cyclodextrins were shown in vitro to represent a further potential drug 

delivery system for pulmonary nebulization which increases local delivery of active 

antibiotics [112]. In an animal study nebulization of antibiotics encapsulated in alginate 

nanoparticles enhanced relative bioavailability and prolonged the presence of drug over MIC 
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in the lung compared to the free drug representing a feasible controlled drug release system 

[113]. 

3.2. Antibodies 

3.2.1. Challenges in pulmonary delivery of antibodies 

Effective pulmonary delivery of antibodies is far more demanding than aerosolization of small 

molecules. The therapeutic activity of proteins depends on the individual conformational 

structure, which is endangered by a multitude of external influences. The pH value, 

mechanical stress, and temperature represent the most important factors to consider 

[70,114,115]. Therefore, preserving the stability and hence bioactivity of proteins during 

manufacture, shelf life, and application is the most important challenge in formulation 

development. 

Since nebulizers are the devices of choice to deliver aerosolized drugs to intubated patients, 

nebulization is a promising way of treating pneumonia. Furthermore, nebulization enables 

direct application of drugs in solutions. This is beneficial since liquid protein formulations are 

easier, cheaper, and faster to develop than dry powder formulations since no further 

potentially detrimental process steps like drying are needed [84,116]. However, during 

dispersion of the drug solution into numerous small liquid droplets, the antibody is exposed to 

an enormous air-liquid interface which can lead to protein adsorption at the interface, partial 

unfolding, and aggregation [84,117]. Protein aggregation in turn impairs bioactivity and can 

lead to unwanted immunogenicity [118–120]. Ultrasonic and jet-nebulizers cause additional 

stress onto the biomolecule due to recirculation of protein molecules inside the devices until 

droplets of appropriate sizes are generated. Furthermore, ultrasonic as well as vibrating mesh 

devices endanger protein stability by warming during the nebulization process [84,117,121]. 

Nevertheless, cooling of the vibrating mesh device during nebulization as well as addition of 

formulation excipients can reduce detrimental effects and preserve protein stability 

[87,116,121–126]. Surfactants are the most feasible excipient for protection against interfacial 

stress [127–129]. Further potential stabilizing excipients compatible for pulmonary delivery 

are polyols like PEG [125,126], sugars such as cyclodextrins [121], and small amino acids 

[84,96]. However, no general rule for stabilization can be applied to all proteins but individual 

formulation development combined with choosing the most suitable nebulization device is 

required for every single protein [87].  
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3.2.2. Recent developments in delivery of antibodies to the lung 

Recently, research is focusing on overcoming the drawbacks of protein delivery to the airways 

considering their sensitive conformational stability as well as fast clearance by macrophages, 

the mucociliary escalator, and proteolysis [130].  

For the nebulization of antibodies the development of a novel promising device was reported. 

Surface acoustic waves generate an aerosol while preserving the proteins stability and 

bioactivity. Advantages of the Respite™ system are its small size, low costs, battery 

operation, and portability [131]. 

Koussoropolis et al. reported that the therapeutic efficacy of inhaled biopharmaceuticals may 

be increased by PEGylation. The pulmonary presence of the otherwise rapidly cleared 

antibody fragments could be prolonged through mucoadhesion and escape from alveolar 

macrophages by PEGylation [132]. 

Furthermore, nebulization of proteins or peptides encapsulated into liposomes presents a 

promising alternative for local pulmonary delivery by enabling longer residence time while 

lowering unwanted side effects in the lungs [133]. Cyclosporine, a peptide drug for treatment 

of transplant rejection, could be aerosolized as liposomal formulation overcoming its poor 

water solubility and led to high and prolonged concentrations at the site of action while 

reducing the risk of drug related site effects [134]. Hajor et al. reported that the short half-life 

of vasoactive intestinal peptides (VIP), which is due to enzymatic degradation in the lung, 

could be sustained by unilamellar VIP-loaded liposomes in an ex vivo vasorelaxation model. 

These liposomes also proved to be stable during nebulization [135]. 

In a very recent study, antibodies were used as a drug delivery system for antibiotics to defeat 

intracellular hiding bacteria which is of particular interest with regard to treatment of MRSA 

pneumonia. An antibody directed against specific sugar modifications on wall-teichoic acids 

produced by all S. aureus strains which is engineered to contain unpaired cysteine residues 

(THIOMAB) was covalently linked to an antibiotic able to kill intracellular bacteria 

(rifalogue). By the help of these specialized antibody-drug conjugates the antibiotics were 

attached to the bacteria and taken up inside the respective cells. Intracellular proteases 

activated the antibiotic by cleavage of the linkage to the antibody. This antibody-antibiotic 

conjugate was demonstrated to be more efficient in treating bacteremia in mice than 

vancomycin [72]. Similar antibody drug conjugates have also been applied to deliver 

cytotoxic drugs to tumors or virus-synthesizing cells to increase their potency [57,58,84]. 
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4. Conclusion 

The challenge of antibiotic resistance is gaining increasing importance in treatment of 

infectious diseases. Even the up to now reliable antibiotic vancomycin appears to reach its 

limits in treating infections caused by MRSA. Development of new antibiotics alone cannot 

handle this serious problem. Instead, innovative and efficient delivery strategies for the 

available drugs as well as application of appropriate immunotherapeutic options are a 

promising approach. Especially, local delivery of the drugs to the site of infection proved to be 

a valuable tool for therapeutic improvement. Inhalation of aerosolized antibiotics or antibodies 

seems to enable increased local drug levels and shorter application times. Furthermore, 

pulmonary delivery appears to improve clinical efficacy especially when combined with 

systemic antimicrobial therapy. Numerous different drug delivery possibilities for aerosol 

inhalation to the lungs have been successfully studied so far reaching from advances in device 

technology over encapsulation into nanoparticles or particularly liposomes to drug targeting. 

This research progress opens a very promising future for the development of more effective 

treatment options for MRSA pneumonia by local drug delivery of antibiotics, 

immunotherapeutic drugs or combinations of both. Yet, further studies particularly directed to 

combat MRSA pneumonia are desperately needed. 
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Abstract 

We evaluated an analytical setup to identify optimal preparation conditions for nanoplex 

formation of small molecule drugs and polyelectrolytes using Ciprofloxacin (CIP) and dextran 

sulfate (DS) as model compounds. The suitability of isothermal titration calorimetry (ITC) as 

a screening tool for rational formulation optimization was assessed. Besides ITC, static and 

dynamic light scattering, zeta potential measurements, and scanning electron microscopy were 

applied to analyze the influence of different salt types and ionic strengths on CIP/DS nanoplex 

formation. The addition of low amounts of salt, especially 0.1 M NaCl, improved the 

formation of CIP/DS nanoplexes. The presence of low amounts of salt led to smaller and more 

numerous particles of higher uniformity but had no influence on the release of CIP from 

nanoplexes. Furthermore, the molar range, within which efficient complexation was achieved, 

was broader in the presence of 0.1 M NaCl than in the absence of salt with overall comparable 

complexation efficiency. Importantly, binding affinity correlated with particle shape and 

morphology, potentially enabling optimization of critical quality attributes based on ITC data. 

Altogether, ITC along with supplemental methods is a versatile screening tool for the 

evaluation of nanoplex formulation conditions regarding mixing ratio, salt type, and ionic 

strength. 
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1. Introduction 

Ciprofloxacin (CIP) is one of the few potent antibiotics against Pseudomonas aeruginosa, a 

bacterial pathogen common in severe respiratory diseases like chronic obstructive pulmonary 

disease (COPD) [1–3]. A major obstacle to efficient treatment of P. aeruginosa infections is 

its ability to form biofilms in which bacteria are protected from defensive attacks by the 

immune system as well as xenobiotics. Moreover, biofilm colonies are entrapped in the 

pulmonal mucus layer, which most free drugs cannot penetrate readily due to interactions with 

anionic and hydrophobic mucus components [4,5]. Another major drawback in the treatment 

of lung infections is ciprofloxacin’s poor solubility in aqueous media at physiological 

conditions [6,7]. Hence, the main therapeutic challenge is to reach sufficient CIP 

concentration at the site of action. 

An approach to overcome these problems is encapsulation of the antibiotic into nanoparticles 

enabling higher local concentrations of CIP and circumventing solubility issues [8]. Further 

advantages of this drug delivery system could be improved mucus penetration to the site of 

action as well as slower and less effective clearance from the lung by phagocytosis through 

alveolar macrophages due to its small size [4,9]. Enhanced delivery to the site of action 

increases the therapeutic efficacy and is even considered to reduce occurrence of bacterial 

resistance against antibiotics [4,10]. However, common nano-carriers often suffer from low 

drug loading, limiting their use for pulmonary delivery of antibiotics [11]. In contrast, 

nanoparticle complexes (nanoplexes) prepared by self-assembly of a drug and an oppositely 

charged polyelectrolyte allow higher drug loading [11,12]. Self-assembly of complexes has 

already been used in diverse pharmaceutical applications such as cancer therapy and to 

improve bioavailability of drugs with adverse biopharmaceutical properties [12–14]. Polymer-

drug complexes may also increase the solubility of poorly water-soluble drugs and stabilize 

the drug in the amorphous state [6,15,16]. Since CIP is well soluble at a pH of about 6 as a 

cation, it can be used herein for complex formation [6,7]. Dextran sulfate (DS), a natural 

biodegradable polyanion, readily forms complexes by ionic interactions when mixed with CIP 

at low pH [17]. Additionally, hydrophobic interactions of the drug molecules presumably 

contribute to nanoplex formation and stabilization [6]. The presence of salt is thought to be a 

key parameter [18], as it may increase flexibility of the polyanion DS through reduction of 

intramolecular repulsion, in turn increasing complexation efficiency [6,19]. Consequently, the 

type of cation, its valency, and ionic strength were varied during formulation optimization in 

this study to analyze their influence on nanoplex formation.  
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The overall aim of this study was the evaluation of an analytical setup to identify optimal 

preparation conditions for nanoplexes using CIP and DS as model compounds. Isothermal 

titration calorimetry (ITC) is a convenient method for the investigation of interactions during 

complex formation [20,21] and may serve as a tool for rational formulation optimization [22]. 

Furthermore, complex stability in the presence of salt [21] and the origin of polyelectrolyte 

interactions may be analyzed by ITC [23]. However, if calorimetric methods are applied to 

complex systems often complicated thermograms are obtained, which are difficult to interpret 

in isolation. Therefore, ITC data was supplemented by additional analytical methods such as 

static and dynamic light scattering (SLS and DLS), zeta potential measurements, and scanning 

electron microscopy (SEM) helping to clarify the cause and the way of interaction of 

molecules [24,25]. 
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2. Materials and methods 

2.1. Materials 

Sodium dextran sulfate (DS) with an average molecular weight of 5 kDa was purchased from 

Wako Pure Chemical Industries Ltd. (Osaka, Japan). Ciprofloxacin (CIP) (≥ 98% (HPLC)) 

was obtained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). All other chemicals 

were at least of analytical grade. Purified water was used in all experiments (Milli-Q Synthesis 

Ultrapure Water Purification System, EMD Millipore Corporation, Billerica, USA). 

 

2.2. Preparation of polyelectrolyte-drug nanoplexes 

The nanoplexes were prepared as described before [6] with slight modifications. CIP was 

dissolved in a 2% (V/V) aqueous acetic acid solution and subsequently diluted tenfold with 

water to a final concentration of 18.29 µM. The CIP solution was added to an aqueous DS 

solution of 0.1 µM at varying molar ratios of CIP to DS in absence or presence of salt. To 

identify optimal conditions for complex formation, the salt type and ionic strength were 

varied. Hence, nanoplexes were prepared in absence (0 M) and presence of NaCl, KCl, or 

CaCl2 each at an ionic strength of 0.1, 0.3, and 1 M. Immediately upon addition of CIP to DS, 

the solution turned cloudy and/or formed white precipitates depending on the amount of CIP 

used. Therefore, the prepared nanoplex suspensions were centrifuged at 13 000 g and the 

pellet was resuspended in water three times to remove non-complexed CIP, DS, and salt. 

 

2.3. Characterization of polyelectrolyte-drug nanoplexes 

2.3.1. Determination of CIP complexation efficiency (CE) 

The optimal CIP/DS molar ratio for nanoplex preparation at the different ionic strengths was 

evaluated with regards to CIP complexation efficiency (CE) by addition of increasing volumes 

of CIP (18.29 µM) to 2 ml of aqueous DS solution (0.1 µM) in presence of NaCl at 0, 0.1, 0.3, 

and 1 M ionic strength. CE was also determined in the presence of different salt types and 

ionic strengths. CE was calculated based on the amount of non-complexed CIP after 

preparation of the CIP/DS nanoplexes and the amount of CIP initially added. The amount of 

non-complexed CIP was determined after the first centrifugation step by UV absorption 

measurement of the supernatant at λ = 277 nm (Genesys 10s UV-Vis spectrophotometer, 

Thermo Fisher Scientific Corporation, Waltham, USA). The amount of CIP complexed within 

the nanoplexes represented the absolute CE whereas the relative CE was calculated by 
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dividing the amount of complexed CIP by the total amount of CIP initially used for 

preparation. 

 

2.3.2. Static light scattering (SLS) 

The time-averaged intensity of scattered light was used to analyze the extent of nanoplex 

formation depending on CIP/DS mixing ratio, salt type, and ionic strength. Dependence of 

scattering intensity on mixing ratio during the actual nanoplex formation process was 

analyzed in 0.1 M NaCl prior to centrifugation. In addition, SLS intensity was determined at a 

fixed CIP/DS molar ratio of 31 depending on ionic strength and salt type after washing of the 

nanoplexes. Light scattering was measured using a LS 50B luminescence spectrometer 

(Perkin Elmer, Waltham, USA) at a fixed angle of 90° for 60 s using a data interval of 1.2 s, 

an integration time of 0.1 s at λ = 638 nm and slit width of 2.5 nm.  

 

2.3.3. Dynamic light scattering (DLS) 

The particle size distributions of the CIP/DS nanoplexes were measured using a Delsa Nano 

HC Particle Analyzer (Beckman Coulter, Inc., Fullerton, CA, USA) at 25°C. To prevent 

disturbance from larger agglomerates, the samples were left to settle down overnight before 

analyzing the supernatant. Each run consisted of three individual measurements comprising 

70 accumulations each, and size distribution by intensity, average hydrodynamic diameter, 

and polydispersity index (PdI) were determined.  

 

2.3.4. Electrophoretic light scattering (ELS) 

Zeta potential measurements were performed by ELS using a Delsa Nano HC Particle 

Analyzer (Beckman Coulter, Inc., Fullerton, CA, USA) using laser light at λ = 658 nm and a 

scattering angle of 15° at a temperature of 25°C. Each measurement consisted of 

10 accumulations and 3 repetitions. The applied voltage was set to 60 V. System performance 

was checked using polystyrene latex particles (Otsuka Electronics Co., Ltd., Osaka, Japan, 

P/N A50695). 

 

2.3.5. Scanning electron microscopy (SEM) 

For SEM, nanoplex suspensions prepared using different salt types and ionic strengths were 

lyophilized (primary drying: -10°C, 0.16 mbar; secondary drying: 5°C and later 30°C, 

0.06 mbar) in a laboratory freeze-dryer alpha 1-4 (Martin Christ GmbH, Osterode, Germany) 

without addition of additional excipients. Subsequently, samples were sputter-coated with 
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gold-palladium (SSCD 005, Bal-Tec AG, Liechtenstein) and examined using a JSM-7500F 

field emission scanning electron microscope (Jeol, Tokyo, Japan) at an acceleration voltage of 

5 kV by secondary electron imaging (SEI). Obtained nanoplex images were analyzed using 

ImageJ 1.44p (National Institutes of Health, USA). The size of 20-30 particles per image was 

manually determined and mean size as well as standard deviations were calculated for each 

sample.  

 

2.4. Isothermal titration calorimetry (ITC)  

ITC was performed using a MicroCal iTC200 (GE Healthcare, Buckinghamshire, GB). ITC 

monitors the electrical power (µcal/sec) required to maintain a constant temperature in a 

sample cell filled with the substrate (DS) when the titrant (CIP) is added gradually over time. 

To analyze the influence of salt during nanoplex formation, DS solution was supplemented 

with NaCl, KCl, or CaCl2 at an ionic strength of 0, 0.1, 0.3, and 1 M, respectively. The cell 

was filled with 200 µl 0.1 mM DS or DS/salt solution (polyelectrolyte) and 38.2 µl of 

18.29 mM CIP in 0.2% (V/V) aqueous acetic acid (counterion) were injected into the cell in 

steps of 2 µl, each lasting 4 s with a spacing of 150 s between injections at 25°C under stirring 

at 400 rpm. The first injection consisted of 0.2 µl, lasted 0.4 s and was omitted to minimize 

the impact of equilibration artifacts, according to the manufacturer’s recommendations. 

Positive peaks indicated endothermic reactions and vice versa. All titrations were corrected by 

a blank titration, performed by titrating CIP solution into salt solutions at the respective ionic 

strengths without DS. 

 

2.5. Release study 

Nanoplex suspension was added into a quartz cuvette containing 2 mL PBS (pH 7.4, ionic 

strength 150 mM) to give a suspension concentration of 0.1 mg/mL. The concentration of free 

CIP was obtained by continuously monitoring absorbance at λ = 324 nm and was calculated 

using a standard curve (UV-mini 1240, Shimadzu, Kyoto, Japan). The contribution from 

suspension turbidity to absorbance measurements was corrected by determining absorbance at 

λ = 600 nm and deducting the absorbance value from the absorbance at λ = 324 nm. The 

development of free CIP concentration is reported for up to 15 minutes of incubation, beyond 

this time point no significant change of concentration was observed for up to 24 hours after 

start of the experiment. 
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2.6. Statistical analysis 

Data were analyzed for statistically significant differences in size, polydispersity indices, and 

zeta potential between the different salt types or between varying ionic strength, respectively, 

by one-way analysis of variance (ANOVA) using multiple comparisons versus control by the 

Holm−Sidak method for comparison of multiple groups. The Brown-Forsyth method was used 

to test for equal variances. Overall significance level of 0.05 was applied (OriginPro 9, 

OriginLab Corporation, Northampton, MA, USA and Prism 6, GraphPad Software, La Jolla, 

CA, USA).  
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3. Results 

3.1. Evaluation of optimal CIP/DS molar ratio for nanoplex preparation 

The first step towards optimized preparation conditions of drug-polyelectrolyte nanoplexes 

was the identification of the optimal molar ratio of CIP to DS at which maximum drug loading 

could be achieved at various ionic strengths. CE was evaluated depending on molar ratio of 

CIP to DS and ionic strength of NaCl in terms of both, relative CE in relation to CIP amount 

used to prepare the nanoplexes (amount of CIP complexed divided by total amount of CIP 

used for preparation) and absolute CE of CIP (amount of CIP in mg complexed within the 

nanoplexes) (Figure 1).  

 

Figure 1: Relative [A] and absolute [B] CIP complexation efficiency (CE) at increasing CIP/DS molar 

ratios and at different ionic strength from NaCl as assessed photometrically (n=3, ± S.D.). 

Overall, maximum relative CE of 84.5% ± 2.3% was achieved at a molar ratio of 

approximately 31 in the absence of salt whereas in the presence of 0.1 M NaCl the maximal 

CE was shifted to lower molar ratios, reaching a plateau at about 80% relative CE at a molar 

ratio of 17 with a drop of CE above a molar ratio of 30 (Figure 1A). These results corroborate 

earlier findings for the relative CE at 0.1 M ionic strength [1]. Regarding absolute CE 

(Figure 1B), the incorporated mass of CIP is increasing with the mass of CIP introduced 

during nanoplex formation, reaching saturation at approximately 1.9 mg encapsulated CIP in 

the absence of salt at a molar ratio of 31.  

Analysis of both, relative and absolute CE revealed that at molar ratios up to approximately 29 

presence of NaCl at a low ionic strength of 0.1 M enhanced the quantity of incorporated CIP 

compared to nanoplexes prepared in the absence of salt. However, at higher ionic strength of 
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0.3 and 1 M complexation efficiency was decreased. As a compromise between high relative 

and absolute CE at various ionic strengths, a molar ratio of 31 was selected for further 

experiments.  

 

3.2. Influence of different salts on nanoplex formation at optimal CIP/DS molar 

ratio 

3.2.1. Analysis of CIP complexation efficiency and extent of nanoplex formation 

After definition of the optimal molar ratio for preparation of drug–polyelectrolyte complexes, 

the influence of varying salt types at increasing ionic strengths on nanoplex formation was 

examined in terms of relative CE and extent of particle formation determined by static light 

scattering, at a fixed molar ratio of 31. While increasing ionic strength resulted in decreasing 

CE (Figure 2A) for all salt types, the magnitude of nanoplex formation as detected by static 

light scattering intensity was significantly increased at 0.1 M NaCl compared to the condition 

without salt (Figure 2B). Among the several salt types, the neutral salt NaCl and kosmotropic 

CaCl2 showed only slightly differing results. In contrast, both, CE and extent of particle 

formation were significantly reduced in the presence of the chaotropic salt KCl compared to 

NaCl and CaCl2 at ionic strength above 0.1 M. At an ionic strength of 1 M KCl nanoplex 

formation was completely suppressed.  

 

Figure 2: Effect of salt type and ionic strength on relative complexation efficiency [A] and static light 

scattering intensity [B] of CIP/DS nanoplexes prepared at a CIP/DS molar ratio of 31 (n=3, ± S.D.). 

  



CHAPTER II – Influence of salt type and ionic strength on self-assembly of nanoplexes 

47 

 

3.2.2. Determination of nanoplex size and surface charge 

In the absence of salt, addition of CIP to DS resulted in drug-polyelectrolyte particles with 

hydrodynamic diameters of 629 ± 130 nm (Figure 3A). The addition of NaCl and KCl at low 

ionic strength of 0.1 and 0.3 M during nanoplex preparation resulted in a significant particle 

size reduction compared to particles in the absence of salt. In addition, particle size 

distributions appeared to be more uniform at higher ionic strength based on both reduced 

standard deviations as well as lower PdIs (Figure 3A). The smallest and most uniform 

particles were obtained using 0.1 M (403 ± 27 nm) and 0.3 M NaCl (383 ± 19 nm). Despite 

the fact that nanoplex formation was abolished at 1 M KCl (see Figure 2), addition of KCl 

had a similar impact like NaCl on the nanoplex size at lower ionic strength (420 ± 44 nm at 

0.1 M and 458 ± 36 nm at 0.3 M, respectively). In contrast, hydrodynamic diameters of 

approximately 550 nm were observed in the presence of 0.1 and 0.3 M CaCl2 being similar to 

particle size at 0 M ionic strength. All samples exhibited polydispersity indices in the range of 

0.2-0.25 indicating fairly monodisperse size distribution of the samples (Figure 3A).  

 

Figure 3: Effect of salt type and ionic strength on hydrodynamic diameter (bars, left y-axis) as well as 

polydispersity index (PdI, squares, right y-axis) [A] and zeta potential [B] of CIP/DS nanoplexes 

prepared at molar ratio of 31 (asterisks indicate significance level: * p < 0.05; ** p < 0.01). 

All nanoplexes had a negative surface charge (Figure 3B). In salt-free conditions, drug-

polyelectrolyte complexes exhibited a surface charge of - 47 mV whereas significantly higher 

surface charge of - 50 to - 55 mV was observed in the presence of NaCl and KCl. In contrast, 

particles prepared in the presence of CaCl2 showed significantly lower surface charge between 

approximately - 25 and - 35 mV compared to the other salt types and salt-free conditions.  
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3.2.3. Characterization of morphology by SEM 

CIP/DS nanoplexes exhibited an almost spherical shape and smooth surface in absence of salt 

and in the presence of 0.1 M NaCl (Figure 4). No significant differences in size were 

observed for the nanoplexes prepared without salt and with 0.1 M and 0.3 M NaCl or KCl, all 

having diameters of approximately 100 nm. An increase of particle size of nanoplexes was 

observed in presence of CaCl2 with 118 ± 31 nm at 0.1 M and 121 ± 35 nm at 0.3 M ionic 

strength, the latter being significantly larger than diameters of nanoplexes prepared with NaCl, 

KCl, or in the absence of salt. In the presence of KCl, elliptical, plate-like, and curl-shaped 

particles where observed in addition to spherical particles. For all salt types the percentage of 

spherical particles appeared to decrease with increasing ionic strength and no spherical 

particles were observed at 1 M ionic strength. Overall, 0.1 M NaCl showed the most 

homogenous distribution with regards to particle shape and size. 

 

Figure 4: Scanning electron micrographs of CIP/DS nanoplexes shown as function of salt type 

(vertical) and ionic strength (horizontal). For clarity of presentation, only particles prepared in the 

presence of NaCl are shown at all ionic strengths whereas nanoplexes prepared with KCl and CaCl2 

were compared to NaCl at the ionic strength of 0.1 M. 
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3.3. Characterization of interactions of CIP and DS during nanoplex formation 

The interactions of the oppositely charged drug and polyelectrolyte during formation of the 

complexes were analyzed using isothermal titration calorimetry (ITC). The electrical power 

(µcal/sec) required to maintain a constant temperature in a sample cell filled with the substrate 

(DS) was monitored when the titrant (CIP) was added gradually over time. (Figure 5, upper 

graphs) [20]. 

 

Figure 5: ITC titration data of the binding reaction of CIP to DS in presence of NaCl at 0 M (A), 0.1 M 

(B), 0.3 M (C), and 1 M (D) ionic strength. Raw data of electrical power is depicted in the upper 

graphs and lower graphs show the corresponding enthalpy curves. The heats evolving for the 

references (dilution of injectant in salt solutions) are corrected for in the enthalpy curves but not in the 

thermograms.  

To obtain the corresponding thermodynamic parameters, several fitting models may be 

applied to the enthalpy curves. However, the suitability of the common models for the 

analysis of polyelectrolyte complexes is discussed intensively [20,23,26]. Priftis et al. as well 

as Feng et al. [20,23] point out that the one set of sites model cannot properly describe the 

complicated curves obtained during interaction of macromolecules. Therefore, fitting was 

solely used to compare the sigmoidal parts of the binding enthalpy curve. Hence, the 

calculated entropy and enthalpy values were omitted but the binding affinities and the 

stoichiometry obtained for nanoplexes prepared under varying conditions were compared, as 

these are calculated from the slope and the inflexion point of the sigmoidal curves. All 

enthalpy curves except the ITC data of 1 M ionic strength could be fitted using this model. In 

the case of 1 M ionic strength no sigmoidal curve shape was found, preventing application of 

the model (Figure 5D). The highest binding affinity constant K was achieved in presence of 

0.1 M NaCl, with similar K values for 0 M and 0.1 M CaCl2 and 0.1 M KCl (Table 1). 
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Regarding the stoichiometry, the analysis revealed CIP to DS mole ratios of approximately 20 

to 27 in presence of salt and approximately 34 in the absence of salt (Table 1). 

Table 1: Binding affinity and stoichiometry of representative samples of the different formulations 

ordered by binding affinity value. 

Formulation Binding affinity K [M
-1

] Stoichiometry N 

0.1 M NaCl 1.2·10
5 
± 5.6·10

4
 21.4 

0 M salt 7.7·10
4 
± 2.1·10

4
 33.6 

0.1 M CaCl2 6.3·10
4 
± 1.9·10

4
 20.4 

0.1 M KCl 6.0·10
4 
± 2.8·10

4
 20.0 

0.3 M NaCl 4.7·10
4 
± 9.7·10

3
 22.3 

0.3 M CaCl2 3.1·10
4 
± 5.7·10

3
 22.3 

0.3 M KCl 2.0·10
4 
± 3.4·10

3
 26.9 

 

ITC data of the binding reaction of CIP to DS at constant ionic strength but with variation of 

salt type resembled each other closely (Figure 6). Altogether, the extent of the enthalpy signal 

of the nanoplex formation was quite small in presence of all salt types and ionic strengths 

which is already known for polyelectrolyte complex formation [23]. 

 

Figure 6: ITC titration data of the binding reaction of CIP to DS at 0.1 M ionic strength of NaCl (A), 

KCl (B), and CaCl2 (C). 

To characterize the nanoplex formation process in more detail, ITC data was supplemented 

with results from static light scattering as well as complexation efficiency for nanoplex 

preparation in presence of 0.1 M NaCl (Figure 7). Up to a molar ratio of approximately 2.5, 
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the reaction was found to be endothermic by ITC. Above a molar ratio of 2.5, the reaction 

became exothermic and heat signal decreased to a value of approximately -4 kcal/mol of 

injectant and stayed constant until molar ratio of 17. Afterwards, exothermicity of the reaction 

decreased until a plateau at an enthalpy value of 0 was reached at a ratio of 30 and above. 

Light scattering intensity steadily increased starting at a molar ratio above 2 and leveling off 

above molar ratio of approximately 35. The complexation efficiency in presence of 0.1 M 

NaCl increased up to a molar ratio of approximately 17, followed by a plateau up to a molar 

ratio of approximately 30, and decreased at higher molar ratios.  

 

 

Figure 7: Light scattering intensity (circles) and heat of reaction (kcal/mol of injectant, squares) during 

titration of CIP into DS in 0.1 M NaCl at increasing molar ratios. Complexation efficiency (triangles) 

at respective molar ratios was determined after complex formation and washing of nanoplexes. 
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3.4. Release study 

The nanoplexes prepared using the different salt types were compared with regard to their 

release behavior at ionic strength of 0.1 M as this ionic strength was regarded most relevant 

with regards to CIP release from nanoplexes prepared with and without salt. 

After 15 min almost all CIP was released from all nanoplexes and only negligible additional 

release of approximately 2% was observed between 15 min and 24 h. In terms of absolute 

release of CIP, nanoplexes prepared in presence of NaCl and CaCl2 showed a significantly 

higher release of 0.09 mg/ml and 0.08 mg/ml after 15 minutes, respectively than particles 

prepared without salt or in presence of KCl (0.05 mg/ml) (Figure 8A). In terms of relative 

release, no significant differences were observed between the different preparations 

(Figure 8B). 

 

Figure 8: Release of CIP from nanoplexes over time in PBS buffer plotted as absolute concentration of 

CIP (A) and amount of released CIP relative to released amount of CIP after 24 h (B).  
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4. Discussion 

Nanoplex formation between small molecule drugs and polyionic polymers is an emerging 

method to improve solubility and to overcome delivery challenges associated with numerous 

drugs. However, the effect of excipients such as salts of different type and varying ionic 

strength has not been studied in detail. Furthermore, formulation development of 

drug/polyelectrolyte complexes is complicated due to a lack of predictive screening methods 

allowing to assess the effect of excipients on nanoplex formation. Herein, CIP and DS were 

employed as model drug and polyanionic polymer, respectively, to study nanoplex formation 

using a panel of analytical methods. ITC enthalograms obtained for the titration of CIP into 

DS were correlated with static light scattering intensity and complexation efficiency and 

allowed interpretation of the process with regards to events leading to and affecting particle 

formation. Interaction of negatively charged polyelectrolyte and positively charged drug was 

reflected in a steep increase of the exothermic signal above a molar ratio of 2.5 accompanied 

by increasing light scattering intensity at an ionic strength of 0.1 M NaCl pointing to colloidal 

complex formation (Figure 7) [27]. The subsequent plateau from molar ratio 8 to 17 at 

negative enthalpy (exothermic reaction) as well as the concurrent further increase of light 

scattering intensity indicated further progress of the complexation reaction with binding of 

additional CIP to DS [22,27]. From molar ratio 17 onwards, the exothermic signal decreased 

and finally, at a molar ratio of 30, resulted in a plateau at enthalpy values of approximately 0 

suggesting a saturation of binding sites up to an equilibrium state where the addition of CIP 

did not result in interaction with DS. However, the light scattering intensity increased above a 

molar ratio of 30 indicating aggregation of the primary nanoplexes to form precipitates, which 

were visually observed when removing the sample after the measurement. The onset of the 

saturation of the DS binding sites at a molar ratio of about 17 as observed by ITC correlated 

with the start of the plateau of maximum complexation efficiency in presence of 0.1 M NaCl 

(Figure 7). Above this molar ratio not all added CIP could bind to DS resulting in decreasing 

CE. In summary, by combining ITC, SLS, and CE determination it was shown that addition of 

CIP to DS in presence of 0.1 M NaCl resulted in nanoplex formation above a molar ratio of 

2.5 and up to a molar ratio of approximately 30, whereas further addition of CIP resulted in 

aggregation and precipitation. However, the beginning of aggregation could not be determined 

exactly and most likely paralleled complex formation. 

ITC, CE, and SLS data obtained at 0.1 M ionic strength allowed interpretation of enthalpy 

curves generated in absence of salt and in the presence of alternative salt types at varying 

ionic strength (Figure 5 and Figure 6). Variation of the salt type at constant ionic strength did 
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not substantially affect the binding reaction, signified by similar curve shape and maximal 

exothermic signal value (Figure 6). The plateau at negative enthalpy which marked the very 

strong binding was more pronounced with regards to molar ratio range and uniformity of 

enthalpy values for NaCl compared to the other salt types (Figure 6A). Similarly, binding 

affinity was higher in the presence of NaCl than KCl or CaCl2 (Table 1). In the absence of 

salt, binding of CIP to DS occurred from the very beginning of the titration and resulted in 

higher stoichiometry value of approximately 34 (Figure 5A and Table 1). This finding 

correlated with the fact that the maximal complexation efficiency in absence of salt was 

reached at a molar ratio of approximately 30 (Figure 1). Moreover, the calculation of the 

stoichiometry revealed that considerably more CIP molecules could bind to DS in a salt-free 

system (Table 1). Furthermore, applying the same experimental conditions as used for the 

titrations in presence of salt no equilibrium was achieved at the highest molar ratio tested 

(Figure 5A).  

In contrast, at high ionic strength (e.g. 1 M NaCl; Figure 5D), the binding reaction was 

attenuated, requiring higher molar ratios to initiate interaction between CIP and DS. Huang 

and Lapitsky noticed that at higher NaCl concentrations the time required to reach the 

equilibrium increased and hence the binding becomes too slow to cause significant enthalpic 

signals [27,28]. Suppressed binding at high ionic strength as observed by ITC correlated well 

with very low complexation efficiency of 20% at 1 M NaCl (Figure 1 and Figure 2). We 

hypothesize that charge screening at high ionic strength inhibited complex formation [29]. 

However, some large particles were detected in presence of 1 M NaCl and CaCl2 (Figure 3A 

and Figure 4), presumably representing self-aggregates of either DS and/or CIP. At high 

ionic strength, DS can form inter-chain aggregates due to the preponderance of hydrophobic 

interactions when ionic interactions were effectively screened by salt [30]. CIP may aggregate 

in a similar fashion at sufficiently high ionic strength [24].  

Interestingly, in other studies maximum enthalpy observed during titration decreased in the 

presence of low amount of salt [21,26]. However, this effect was not pronounced for CIP/DS 

nanoplex formation. Almost the same maximum enthalpy was observed in the absence and 

presence of 0.1 M salt, suggesting that in addition to electrostatic interactions alternative 

forces, e.g. hydrophobic interaction of the amphiphilic CIP, contribute to complex formation 

[11]. Only a slight trend of decreasing maximum enthalpy with increasing ionic strength was 

observed but the presence of salt in excess (1 M ionic strength) resulted in a distinct reduction 

of the enthalpy signal (Figure 5D). Additionally, high ionic strength was associated with loss 

of spherical shape of particles (Figure 4; 1 M NaCl). In contrast, 0.1 M NaCl as well as no 
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salt led to spherical particles and featured high binding affinities (Figure 4 and Table 1). We 

observed that within the dataset some correlation existed between particle shape and binding 

affinity, with high binding affinities leading to highly spherical particles whereas low binding 

affinities were related to irregular particles or suppressed particle formation. Therefore, 

optimization of binding affinity as determined by ITC through variation of the formulation 

may allow optimization of critical particle quality attributes.  

At all tested conditions CIP/DS nanoplexes revealed smaller sizes in SEM than in DLS 

measurements which is attributed to shrinking of nanoplexes during lyophilization prior to 

SEM imaging [11,12]. For both DLS and SEM, addition of CaCl2 during preparation yielded 

the largest nanoplexes whereas the use of NaCl and KCl led to smaller nanoplex sizes. In 

contrast, comparing the preparation without salt and with 0.1 M NaCl, particles formed in 

presence of 0.1 M NaCl were significantly smaller than under salt free conditions by DLS, but 

after freeze-drying no size difference was observed by SEM (Figure 3A and Figure 4). This 

effect was most likely caused by a reduction of the electrostatic repulsion within the 

nanoplexes themselves due to shielding of surplus charges of DS in the presence of salt at low 

ionic strength [31–33]. Hence, particles could coil more densely whereas in salt free 

surroundings the polyelectrolyte chains were less flexible due to intra- and inter-chain 

repulsion resulting in larger nanoplexes [33]. In addition, the nanoplexes appeared to be more 

uniform in terms of particle size as well as shape distribution when 0.1 M NaCl was added 

relative to salt-free systems (Figure 3A and Figure 4). The improved particle size uniformity 

hypothetically was an effect of deceleration of the particle formation process by addition of 

low amounts of salt which allowed the added drug to homogenously mix with the 

polyelectrolyte and form nanoplexes by ionic interactions before aggregation could occur 

[34].  

Another important aspect were the deviating results in size and zeta potential observed in 

presence of CaCl2 compared to the other salt types. The larger particle sizes could be 

explained by cross-linking by CaCl2 (Figure 3 and Figure 4). Unlike monovalent Na
+
 and 

K
+
, Ca

2+
, as a bivalent ion, could physically cross-link the oppositely charged DS chains [35] 

but did not feature the hydrophobic interactions which were exhibited by CIP, further 

stabilizing the particle. Furthermore, the presence of CaCl2 led to a diminished surface charge 

of the nanoplexes compared to particles prepared in presence of NaCl and KCl (Figure 3B) as 

the bivalent ion could probably shield the surface charges of the negatively charged particles 

more effectively than monovalent ions [36]. However, all nanoplexes revealed a highly 

negative surface charge which could be attributed to the negatively charged polyelectrolyte 
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DS and supported the hypothesis that DS acts as colloidal stabilizer of the complex [11]. 

Although the particles were prepared at a molar ratio of 31 CIP to DS, DS can be regarded as 

major component of the complexes due to the higher molecular weight and the numerous 

charge bearing groups in DS compared to CIP. Hence, DS potentially formed a stabilizing 

shell around the complexes [18]. 

Comparing the different applied salt types regarding their influence on the release behavior of 

the CIP/DS-nanoplexes revealed that nanoplexes prepared in presence of NaCl and CaCl2 

released more CIP than using KCl or salt free conditions (Figure 8A). However, nanoplexes 

prepared without salt featured the highest loading followed by nanoplexes prepared with NaCl 

(Figure 2). Relative release from CIP/DS nanoplexes were not influenced by the type of salt 

(Figure 8B), which might be explained by the presence of PBS being used as release buffer, 

significantly changing the environment with regards to ionic strength. 

Overall, applying ITC in combination with other analytical methods enabled the definition of 

the formulation conditions at which the complexation of CIP and DS was most efficient for 

example regarding mixing ratio and salt type amongst other things. Moreover, with the help of 

other analytical methods like SEM, SLS, and DLS it could be shown that ITC may even be 

suitable to predict shape and morphology of the complexes. 
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5. Conclusion 

Isothermal titration calorimetry proved to be a versatile screening tool for the evaluation of 

nanoplex formulation conditions. Results of additional physicochemical characterization 

methods correlated well with the ITC measurements and revealed that the addition of salt in 

low amounts improved the formulation of CIP/DS nanoplexes by causing more coordinated 

particle formation, especially in the presence of 0.1 M NaCl. Furthermore, the presence of salt 

at 0.1 M was favorable compared to salt-free systems with regards to the molar ratio range 

within which efficient complexation could be achieved.  
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Abstract 

During production and shelf life, therapeutic proteins are facing a multitude of external stress 

factors potentially compromising their conformational stability. To enable efficacious drug 

application and prevent unwanted immune responses due to aggregation of the protein 

molecule, the development of tailor made protein formulations preserving protein’s chemical 

and physical stability is required. Therefore, this study aimed at the development of a 

stabilizing formulation for hUK-66, a humanized monoclonal antibody directed against 

S. aureus. Based on the results of antibody characterization, optimal formulation pH was 

evaluated in a short-term stability study. Subsequently, combinations of excipients and dosage 

forms were analyzed for their suitability in preserving antibody stability by comparing 

different liquid and lyophilized formulations in a long-term stability study at different storage 

temperatures. Lyophilization of hUK-66 in histidine buffer, pH 6, containing the stabilizers 

sucrose and polysorbate 20 proved to preserve stability of this antibody throughout 

formulation process and long-term storage at 2-8°C. 
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1. Introduction 

Maintaining protein stability of therapeutic antibodies during manufacture and throughout 

shelf life of a biopharmaceutical product is a significant challenge in formulation development 

since changes in protein structure can cause loss of therapeutic activity as well as unwanted 

immune responses [1,2]. The conformation of a protein is sensitive to external stress factors. 

However, during manufacturing and distribution, therapeutic proteins experience numerous 

production steps such as fermentation, purification, formulation, filtration, filling, shipment, 

and storage where they are exposed to a variety of stresses. In addition, during all these steps 

the protein gets into contact with a multitude of materials and surfaces, i.e., glass, steel, 

various plastics, silicone, or rubbers which may affect protein stability [3–8].  

A successful formulation of therapeutic proteins depends on knowledge about their physico-

chemical characteristics, chemical and physical stability, and immunogenicity [1,5]. Physical 

and chemical protein instability can result from a multitude of factors such as pH, ionic 

strength, temperature, protein concentration, purity, surface adsorption, mechanical stress, 

excipients, freezing, thawing, drying, etc. and manifest as unfolding, precipitation, adsorption, 

and aggregation of the protein. Aggregates can be distinguished by their size (soluble and 

insoluble), their type of bond (covalent and noncovalent), their conformation (native or 

nonnative structure) and reversibility (reversible and irreversible) [3–5,7,9]. Compared to the 

native protein, aggregates have no or reduced activity, are less soluble and have greater 

immunogenicity potential [2,5,7,10–12]. Major chemical protein degradation reactions include 

deamidation, isomerization, oxidation, hydrolysis, succinimidation, disulfide bond shuffling as 

well as deglycosylation which may compromise conformation and biologic activity [5,13,14]. 

Since every protein has unique physical and chemical stabilization requirements, the final 

dosage form and formulation strongly depends on the respective protein as well as indication 

and the target patient population [15].  

Liquid formulations are advantageous regarding easy manufacturing, handling and application 

but lyophilized protein formulations are often found to be more stable. Lyophilized products 

are also less sensitive to mechanical stress and chemical degradation due to reduced reaction 

rates, restricted protein mobility and decreased conformational flexibility in a dried state. 

However, the process of freeze-drying can impair protein stability, requires additional 

expensive equipment and reconstitution is needed before application generating a potential 

source of errors but also enabling an elegant way to increase protein concentration [5,9,15–

20].  
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Especially in case of lyophilized formulations, excipients protecting the protein against the 

stresses that emerge during freezing and dehydration are required. In the field of freeze-drying 

cryoprotectants (stabilization during freezing only) or lyoprotectants (stabilization during 

both, freezing and drying) are commonly employed [15,21]. In the case of liquid formulations 

excipients are essential for protein stabilization against stresses occurring during processing, 

transportation, and storage.  

Surfactants are frequently used for liquid and lyophilized formulations. Since protein 

molecules are surface-active, they tend to accumulate at interfaces like water/air and to adsorb 

to solid/water interfaces like the storage container, often leading to unfolding and subsequent 

aggregation during all process steps, transportation, and storage. Surfactants are able to 

prevent these unwanted adsorption and aggregation by replacing the protein molecules at the 

interfaces and blocking hydrophobic sites on the protein surface susceptible to aggregation 

[4,8,17,22,23]. Particularly nonionic surfactants such as polysorbate (Tween
®

) are important 

excipients to formulate a protein for lyophilization since they are capable of inhibiting 

unfolding during the freezing step and subsequent aggregation during rehydration. They are 

supposed to accelerate the reconstitution of the lyophilizates as wetting agents and protect 

proteins from unfolding by replacing protein molecules at the air-ice interface. Polysorbate 20 

is considered as one of the most effective surfactants and only low concentrations are needed 

[5,6,10,15,21,24]. However, it has to be considered that surfactants can also induce oxidation 

and aggregation of the therapeutic protein during storage due to contamination by residual 

peroxides [25,26].  

Furthermore, sugars or polyols are frequently used as stabilizers in protein formulations. 

These stabilizers are known to be preferentially excluded from the surface of the protein 

molecule in liquid formulations and to be substituted by water molecules resulting in 

hydration of the protein molecule. However, preferential exclusion usually causes an increase 

in chemical potential of the protein which is thermodynamically unfavorable. Since the extent 

of this increase presumably depends on the surface area of the protein, unfolded protein 

molecules result in a larger change in free energy compared to the natural compact state. 

Therefore, addition of sugars to protein solution lead to stabilization of the more compact 

folded form and hence mitigation of aggregation [5,9,22,27–30]. Among these, non-reducing 

disaccharides like sucrose and trehalose are the most efficient stabilizers during lyophilization 

since they protect the native state of the protein during freezing and inhibit unfolding as well 

as aggregation during the drying step by forming an amorphous phase with the protein. These 

lyoprotectants are able to compensate the loss of the hydration shell surrounding the protein 
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during dehydration by hydrogen-bonding interaction with the protein (water 

replacement/substitution) [17,21,31]. Furthermore, disaccharides like trehalose are said to 

immobilize protein molecules in a glassy matrix (vitrification) and hereby prevent protein 

unfolding and aggregation [17,32–34].  

In addition, glycine and mannitol are commonly used crystallizing bulking agents in 

lyophilized formulations to improve cake appearance [10,15,21]. 

The overall goal of this study was the development of a pharmaceutical formulation for the 

humanized monoclonal antibody hUK-66 ensuring stability and bioactivity of the protein 

during processing, storage, and transportation. Initially, formulation pH was optimized. An 

adequate pH-value as starting point for the pH screening was chosen based on analysis of 

isoelectric point (pI) and pH-dependent unfolding temperatures. The stability of hUK-66 in 

relation to pH and elevated temperature was evaluated using different analytical methods for 

structural characterization in a short-term storage stability study under accelerated and 

stressed conditions.  

For the selected optimal formulation pH, a long-term stability study was conducted evaluating 

the impact of different excipients (polysorbate, sucrose, mannitol, trehalose, and glycine) on 

the formation of aggregates and degradation products. In this context, the influence of the 

dosage form on stability of hUK-66 was assessed, as well. 
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2. Materials and methods 

2.1. Materials 

hUK-66, a humanized monoclonal antibody (mAb) of the IgG1 subclass, targeting the 

immunodominant staphylococcal antigen A (IsaA) on the surface of Staphylococcus aureus 

[35], was provided at a concentration of 2.8 mg/ml or 9.81 mg/ml in PBS buffer, pH 7.4, by 

the Institute for Molecular Infection Biology (University of Wurzburg, Germany). It was 

diafiltrated using an Amicon
®
 stirred ultrafiltration cell 8010 (EMD Millipore Corporation, 

Billerica, MA, USA) equipped with a 50 kDa ultrafiltration membrane disk filter (25 mm, 

PALL
®

 Life Sciences Corporation, Ann Arbor, MI, USA) against the buffer needed for 

respective experiments.  

L-Histidine Reagent Plus
®
 ≥ 99% (TLC) and bovine serum albumin were purchased from 

Sigma-Aldrich Co. (St. Louis, USA). Sucrose, D-mannitol, trehalose, and polysorbate 20 from 

Sigma-Aldrich (Steinheim, Germany) were employed as formulation excipients. 0.01 M HCl 

and 0.01 M KOH were used to adjust the pH of protein samples. The fluorescent dye 

SYPRO
®
 Orange (SYPRO

®
 Orange Protein gel stain, Sigma-Aldrich, Steinheim, Germany) 

was provided in a 5000x concentrated stock solution in DMSO and diluted to a stock solution 

1:10 with DMSO. Ultrapure water was used throughout the study (Milli-Q Synthesis 

Ultrapure Water Purification System, EMD Millipore Corporation, Billerica, USA). 

2.2. Sample preparation for formulation screening 

2.2.1. Short-term storage stability study of minimally formulated drug substance 

The drug substance hUK-66 was formulated in PBS buffer at pH 7.4. It was stored at 

refrigerated conditions (2-8°C) at a concentration of approximately 1.35 mg/ml over a period 

of 4 months to analyze the storage stability of the bulk solution of this humanized antibody. 

After defined intervals, samples were stored at -80°C and analyzed regarding aggregation and 

formation of degradation products using size exclusion chromatography. Additionally, the 

concentration was monitored using UV-Vis spectroscopy. To prove that freezing at -80°C did 

not lead to structural changes, the drug substance was analyzed regarding stability after one 

freeze-thaw cycle.  

 



CHAPTER III – Development of a stable formulation for hUK-66 

67 

 

2.2.2. pH screening under accelerated and stressed storage conditions 

hUK-66 was dialyzed against a 50 mM histidine buffer, pH 6, and diluted to a concentration 

of approximately 1 mg/ml. Subsequently, the samples were sterile filtered using sterile syringe 

filter units (0.2 µm, PES membrane, 13 mm diameter, Nalge Nunc International Corporation, 

Rochester, USA) and divided into aliquots of 550 µl each under laminar air flow (LAF). The 

aliquots were adjusted to one of the five chosen pH-values (5, 5.5, 6, 6.5, and 7) each and 

incubated at 25°C (accelerated conditions) as well as 40°C (stressed conditions) for 4 and 

8 weeks (Table 1) in a climate chamber KBF 115 and a heating oven ED 115 (Binder GmbH, 

Tuttlingen, Germany). After these defined time periods, the samples were stored at -80°C and 

analyzed side-by-side using the described analytical methods after thawing and gentle mixing. 

Due to limited availability of mAb material, for this pre-study no triplicates were 

manufactured. 

Table 1: Overview of storage periods and conditions for the accelerated pH screening study of 

hUK-66. 

Period initial 4 weeks 8 weeks 

Condition  25°C 40°C 25°C 40°C 

pH 6 5 5.5 6 6.5 7 5 5.5 6 6.5 7 5 5.5 6 6.5 7 5 5.5 6 6.5 7 

 

2.2.3. Formulation screening for liquid and lyophilized dosage forms under long-term 

storage conditions 

To evaluate the best stabilizer and dosage form for formulation of hUK-66, a formulation 

screening was conducted in liquid and lyophilized state. 

2.2.3.1. Preparation of liquid formulations 

For the liquid dosage form, hUK-66 was dialyzed against a 50 mM histidine buffer, pH 6, and 

concentrated to approximately 50 mg/ml using an Amicon
®
 stirred ultrafiltration cell 8010 

(EMD Millipore Corporation, Billerica, MA, USA). Three formulations were prepared 

varying the type of polyol (mannitol, sucrose, or trehalose) each containing 34 mg/ml hUK-66 

along with 0.04% polysorbate 20 (PS 20) and 270 mM polyol. For this purpose, 1% PS 20 and 

1 M sugar stock solutions in 50 mM histidine were prepared in advance. The formulations 

were sterile filtered using sterile syringe filter units (0.2 µm, PES membrane, 13 mm diameter, 

Nalge Nunc International Corporation, Rochester, USA) and divided into aliquots of 

approximately 100 µl each under LAF. The liquid formulations were incubated in autoclaved 
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2R glass vials at 2-8°C as well as 25°C for 3, 6, and 9 months (Table 2). After the defined 

time periods, the samples were stored at -80°C. For side-by-side analysis using the described 

analytical methods the samples were thawed in a water bath at 37°C and gently mixed. Only 

single samples were prepared due to limited availability of hUK-66.  

Table 2: Overview of the liquid formulations of hUK-66, their storage conditions, and periods for the 

long-term stability study.  

Formulation Mannitol Trehalose Sucrose 

Composition hUK-66, PS 20, mannitol hUK-66, PS 20, trehalose  hUK-66, PS 20, sucrose  

Condition initial 2-8°C 25°C initial 2-8°C 25°C initial 2-8°C 25°C 

Incubated 

months 
0 3 6 9 3 6 9 0 3 6 9 3 6 9 0 3 6 9 3 6 9 

 

2.2.3.2. Preparation of lyophilized formulations 

For the lyophilized formulations, hUK-66 was diafiltrated into a 10 mM histidine buffer and 

concentrated to approximately 13 mg/ml. Using stock solutions of 1% PS 20, 1 M sucrose, 

glycine, or mannitol in histidine buffer, formulations were prepared yielding 0.01% PS 20 and 

90 mM sucrose, respectively. To analyze the stabilization effect of glycine and mannitol, both 

were added supplementary to sucrose resulting in three formulations: (1) sucrose only, (2) 

20 mM glycine, and (3) 60 mM mannitol (Table 3). An additional sample without protein was 

prepared as a reference for the temperature measurement during lyophilization. The samples 

were sterile filtered into autoclaved 2R vials in aliquots of 200 µl and frozen at -80°C. 

Lyophilization was performed using a VirTis adVantage Plus freeze-drier (SP scientific, 

Gardiner, NY, USA) starting with equilibrating the samples at -5°C for 10 min and freezing to 

-40°C with a temperature ramp of 0.7°C/min at 0.53 mbar. After 3 h at -40°C, the samples 

were annealed at -20°C for 30 min before the temperature was reduced to -40°C for another 

30 min. Subsequently, the pressure was reduced to 0.20 mbar and the shelf temperature 

increased to -20°C for 3 h. After primary drying, the temperature was increased to -10°C for 

2 h, before secondary drying was conducted at 10°C for 6 h. The pressure was reduced to 

0.13 mbar for the last 4 h. The vials were stoppered and tightly sealed before incubation at 

2-8°C for 3, 6, and 9 months. At the defined time points, the samples were stored at -80°C and 

analyzed after reconstitution with purified water to result in a volume of 50 µl. The amount of 

water which had to be added for reconstitution was identified by analyzing the density of a 

surrogate formulation containing bovine serum albumin (BSA) instead of hUK-66 and 
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subtracting the mass of protein and excipients from the calculated mass for the formulations. 

Only single samples were prepared due to limited availability of hUK-66.  

Table 3: Composition, storage conditions, and periods of the lyophilized hUK-66 formulations. 

Formulation Sucrose only Glycine Mannitol 

Composition hUK-66, PS 20, sucrose 
hUK-66, PS 20, sucrose, 

glycine 

hUK-66, PS 20, sucrose, 

mannitol 

Condition initial 2-8°C initial 2-8°C initial 2-8°C 

Incubated 

months 
0 3 6 9 0 3 6 9 0 3 6 9 

 

2.3. Analytical methods 

2.3.1. UV-Vis spectroscopy 

UV-visible absorbance spectroscopy was performed using a Genesys 10s UV-Vis 

spectrophotometer (Thermo Fisher Scientific Corporation, Waltham, USA). Volumes of 

200-400 µl of each sample were analyzed in a 0.5 ml disposable cuvette (UVette
®
, Eppendorf 

AG, Hamburg, Germany) with a path length of 10 mm at 25°C. UV-visible absorbance spectra 

were recorded from 200 to 800 nm using intervals of 1 nm. To determine the antibody 

concentration of the samples, an extinction coefficient of 1.475 ml∙mg
-1

∙cm
-1

 for absorption at 

280 nm was used which was calculated based on the amino acid sequence using ExPASy [36]. 

If necessary, the samples were diluted to a concentration which guaranteed a measurement in 

the linear range. 

2.3.2. Electrophoretic mobility assay 

For the determination of the isoelectric point (pI) of the antibody, zeta potential measurements 

were performed by electrophoretic light scattering (ELS) using a Delsa™ Nano HC Particle 

Analyzer (Beckman Coulter
®
, Inc., Fullerton, CA, USA). Each measurement consisted of 

3 repetitions with 10 accumulations each. The applied voltage was set to 60 V and 

temperature was held at 25°C. The system was calibrated using an aqueous suspension of 

polystyrene latex as mobility control (Otsuka Electronics Co., Ltd., Osaka, Japan, P/N 

A50695).  

To analyze the zeta potential of hUK-66 at different pH values, the mAb was dialyzed against 

a 5 mM Britton-Robinson buffer (H3BO3, H3PO4, CH3COOH) and adjusted to the defined pH 

values of 6, 7, and 8 using 0.1 M NaOH [37]. In this process, the mAb concentrations were set 

to a final concentration of 0.5 mg/ml. 
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A 10 mM Britton-Robinson buffer was prepared by dissolution of 0.62 g boric acid, 0.61 g 

acetic acid, and 1.15 g phosphoric acid (85%) in 1 l of water and diluted 1:2 to obtain a 5 mM 

Britton-Robinson buffer.  

2.3.3. Dynamic scanning fluorimetry (DSF) 

The unfolding temperatures of the two domains of hUK-66 at different pH values were 

analyzed by dynamic scanning fluorimetry (DSF) using a 7900HT Fast Real-Time PCR 

System (Applied Biosystems, life technologies, Thermo Fisher Scientific, Darmstadt, 

Germany). Thermal unfolding of proteins can be detected by an increase of fluorescence of a 

non-covalent extrinsic dye that binds to the hydrophobic regions of a protein exposed during 

unfolding [38,39]. Samples were prepared by diluting hUK-66 with 5 mM Britton-Robinson 

buffer of different pH values to a final concentration of 0.2 mg/ml protein and a final volume 

of 100 µl. The buffer was adjusted to pH values from 5 to 9 in 0.5 steps using 0.1 M NaOH. 

The samples were filled into a 96 well plate and 0.5 µl of the fluorescent dye Sypro Orange 

diluted 1:10 in DMSO was added to each well resulting in a final dye dilution of 1:2000. 

Subsequently, the well plate was heated starting from 25°C which was held stable for 

15 seconds to 95°C using a heating slope of 4%. Fluorescence excitation was performed at 

488 nm and emission was detected from 625 to 710 nm during the measurement.  

After analysis, the emission of each sample was plotted against the respective temperature and 

the first derivative of this function was calculated. The maxima of this derivation can be 

assigned to the unfolding temperatures of the antigen binding fragment and the hinge-CH-

region [38,40]. 

2.3.4. pH measurement 

The pH values of the samples were adjusted and measured using a pH meter Lab phenomenal 

pH 1000 L (VWR International GmbH, Darmstadt, Germany) equipped with an InLab Micro 

pH electrode (Mettler-Toledo GmbH, Giessen, Germany) before and after incubation. For the 

adjustment of the buffer’s pH value, a glass pH-electrode pHenomenal
®
 221 (VWR 

International GmbH, Darmstadt, Germany) was used. The electrodes were calibrated weekly 

by a two point calibration using technical buffer pH 4 and pH 7 (VWR International GmbH, 

Darmstadt, Germany). 
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2.3.5. Dynamic light scattering (DLS) 

Particle size distributions of the protein samples were measured using a Delsa™ Nano HC 

Particle Analyzer (Beckman Coulter®, Inc., Fullerton, CA, USA) at 25°C. Every 

measurement consisted of three individual runs comprising 200 accumulations each. 60 µl of 

the different samples were analyzed in a glass micro-cuvette (Beckman Coulter®, Inc., 

Fullerton, CA, USA). The intensity size distribution, the hydrodynamic diameter and the 

polydispersity index (PdI) were obtained and compared with regard to potential aggregates in 

nanometer size range formed during incubation. 

2.3.6. High performance size exclusion chromatography (SEC) 

To analyze the stability and purity of the protein samples by SEC, the samples were diluted to 

a final concentration of approximately 1 mg/ml and centrifuged at 4400 x g for 30 min at 5°C 

(Eppendorf Centrifuge 5804 R, Rotor A-4-44, Eppendorf AG, Hamburg, Germany).  

The supernatants were transferred into 1.5 ml vials with 100 µl glass vial inserts and analyzed 

using a VWR Hitachi LaChromUltra
TM

 HPLC system equipped with a diode array detector 

and a 7.8 mm x 300 mm TSK-Gel
®
 G3000SWXL column as well as a TSK-Gel

®
 SWXL 

Guard column (both Tosoh Bioscience, Stuttgart, Germany).  

A 150 mM potassium phosphate buffer, pH 6.5, was used as mobile phase. 20 µl of each 

sample were injected and separated at a flow rate of 0.4 ml/min for 40 min at room 

temperature. The chromatographic data were recorded at 210 nm using a UV-Vis diode array 

detector and evaluated using the Agilent EZChrom Elite software (Agilent Technologies, Inc., 

Pleasanton, CA, USA).  

2.3.7. Cation exchange chromatography (CEX) 

Immediately after SEC, mAb samples were analyzed for their charge heterogeneity using a 

VWR Hitachi LaChromUltra
TM

 HPLC system equipped with a diode array detector and a 

4 mm x 250 mm PROPAC
®
 WCX-10 analytical column (P/N 054993) as well as a 4 x 50 mm 

PROPAC
®
 WCX-10G guard column (both Dionex

®
 Corporation, Thermo Fisher Scientific, 

Inc., Sunnyvale, CA, USA). 10 µl of each sample were injected and separated at a flow rate of 

1.0 ml/min for 52 min at room temperature. A gradient of mobile phases A (20 mM sodium 

acetate, pH 5.6) and B (20 mM sodium acetate, 240 mM sodium chloride, pH 5.6) was used. 

The percentage of B increased from 20% (0 min) to 40% (2 min) to 80% (52 min). The 

column was regenerated after each run by 100% mobile phase B for 4.9 min and re-

equilibrated using 80% A and 20% B for another 20 min prior to analysis of the next sample 

[41]. The data were recorded at 280 nm and 214 nm, respectively, using a UV-Vis diode array 
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detector and evaluated using the Agilent EZChrom Elite software (Agilent Technologies, Inc., 

Pleasanton, CA, USA).  

To define variants of hUK-66 which possess a C-terminal lysine charge heterogeneity, 150 µl 

of the anti-Isa A antibody at a concentration of 1 mg/ml were treated with 1 µl 

carboxypeptidase B at a concentration of 5 mg/ml (Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany), incubated for 15 min, and analyzed as described above.  

Deamidation of hUK-66 was achieved by addition of 10% ammonium carbonate and 

incubation at 37°C for 48 h. After 24 h, an aliquot of 75 µl was removed and stored at -80°C. 

The final concentrations of mAb and ammonium carbonate were 1 mg/ml and 1%, 

respectively [42]. 
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3. Results and discussion 

3.1. Characterization of hUK-66 

3.1.1. Determination of the isoelectric point of hUK-66 

For the determination of the isoelectric point (pI) of hUK-66, the net charges of the protein at 

different pH values have been assessed to identify the pH value at which the net charge was 

zero. The net charge of a protein in solution can be estimated by measuring the zeta potential, 

which is defined as the potential difference between the medium and the stationary layer of 

fluid surrounding the particle and containing the counter ions of the buffer [43]. 

Although the analyzed pH range was relatively narrow, the zeta potentials differed 

significantly. hUK-66 was positively charged in the acidic pH range (pH 6.25) and negatively 

charged in basic regions (pH 8) (Figure 1).  

 

Figure 1: Measured zeta potentials of hUK-66 at different pH values. The intersection with the x-axis 

determines the pI of this protein.  

At pH 7, the intersection point with the x-axis, the net charge of the protein was zero 

representing the isoelectric point of hUK-66. At this pH value, the aggregation propensity of 

hUK-66 is assumed to be highest due to reduced charge repulsion [4,22,44]. Therefore, pH 7.0 

was avoided for the formulation of hUK-66. However, at pH values far away from the 

protein’s pI the protein molecules not only are characterized by reduced thermodynamic 

stability but also are prone to undergo chemical degradation [4,5,13,22]. Hence, optimal 

formulation stability is frequently achieved at pH values about one unit above or below the 
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protein’s pI [18]. Accordingly, pH 6 or pH 8 could be chosen as formulation pH. However, 

under basic conditions susceptibility to deamidation is higher than at pH 6 [13]. 

3.1.2. Determination of the unfolding temperature of hUK-66 at different pH values 

Thermal unfolding was analyzed at a broad pH range since the unfolding temperature is 

increased when a formulation condition thermodynamically stabilizes the protein [5,39].  

Monoclonal antibodies can unfold at two different domains. Regarding an IgG molecule, 

Vermeer et al. found that the Fab region starts to unfold at lower temperatures than the 

Fc region [40,45]. For detection of the unfolding, non-covalent extrinsic dyes like SYPRO 

Orange are convenient tools. These dyes show minor fluorescence in a hydrophilic 

environment but high fluorescence upon interaction with hydrophobic regions, such as the 

surface of proteins after unfolding or aggregation [38,46]. As the fluorescence intensity of the 

dye sample mixtures was analyzed over a broad temperature range, the unfolding temperature 

could be determined as maximum of the first derivative of the emission intensity-temperature 

curve. Both domains showed the lowest unfolding temperature at pH 7.5 with approximately 

80°C for unfolding of the hinge-CH and approximately 70°C for Fab unfolding (Figure 2). 

Additionally, at pH 5 the antibody started to unfold at a low temperature, as well. Hence, these 

pH values represented the conditions where hUK-66 was thermodynamically most instable. In 

contrast, at pH 5.5 and pH 6 hUK-66 featured highest unfolding temperatures of both domains 

(82°C for hinge-CH and 72°C for Fab region).  

 

Figure 2: Unfolding temperature of two domains of hUK-66 at different pH values. The pH with the 

highest unfolding temperature indicates the pH value at which the protein is thermodynamically most 

stable. 
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3.1.3. Identification of lysine variants of hUK-66 

Monoclonal antibodies often exhibit charge heterogeneity which can be caused by variations 

in C-terminal lysine content [47–49]. To identify potential lysine variants of hUK-66, the 

antibody sample was treated with carboxypeptidase B, an exopeptidase, which specifically 

cleaves C-terminal lysine residues. Comparing the CEX chromatograms of hUK-66 before 

and after enzyme treatment, the peaks at 27 min and 29 min have disappeared (Figure 3). It 

was, therefore, concluded that these peaks represented variants containing one (27 min) or two 

(29 min) terminal lysine residues on their heavy chains, respectively. In addition, the area 

under the major peak increased correspondingly indicating that this peak could be assigned to 

the variant with no terminal lysine [42,47–50]. 

 

Figure 3: Chromatographic profile of hUK-66 before (solid grey line) and after (dotted blue line) 

treatment with carboxypeptidase (lysine cleavage). 

  



CHAPTER III – Development of a stable formulation for hUK-66 

76 

 

3.1.4. Forced degradation under basic conditions 

Degradation was forced by the addition of ammonium carbonate to identify changes in the 

chromatographic profile of hUK-66 associated to deamidation, a prevalent protein degradation 

mechanism [5,10]. Thus, asparagine residues (neutral amino acid) were converted to aspartic 

acid residues (acidic amino acid). This resulted in an increase of acidic variants compared to 

the CEX-chromatogram of the mAb without treatment while the main peak area decreased 

(Figure 4), indicating chemical degradation by deamidation [10,49]. 

 

Figure 4: Chromatographic profile of hUK-66 before (solid grey line) and after (dotted blue line) 

treatment with ammonium carbonate (deamidation). 
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3.2. Purity and storage stability of the drug substance 

Bulk drug substance of hUK-66 was analyzed by SEC, resulting in 91% monomer content, 

1.5% aggregates and 7% degradation products (Figure 5A). Freezing at -80°C and thawing at 

room temperature did not result in a significant change of mAb purity underlining its stability 

(Figure 5B). Hence, storage of samples at -80°C was not expected to result in aggregation of 

the antibody enabling collection of stability samples and storage at -80°C until side-by-side 

analysis of the entire sample set. 

 

Figure 5: SEC-Chromatogram of hUK-66 in PBS before (solid grey line) and after (dotted blue line) 

one freeze-thaw cycle (A). The main peak depicts the percentage of monomer in the sample. 

Subsequent peaks can be assigned to degradation products whereas prior eluted peaks represent 

aggregates as recognizable in the magnification of the chromatogram (B). 

For characterization of the drug substance stability, hUK-66 was stored at 2-8°C over 

4 months in PBS and analyzed with regard to formation of aggregates or degradation products 

using SEC. After 4 months of incubation at 2-8°C in PBS, the protein content of the drug 

substance was preserved well since the total peak area showed only small variation from 

4.45∙10
8
 to 4.67 ∙10

8
 A.U.∙min. Hence, no considerable loss due to insoluble aggregates 

removed by centrifugation before analysis or adsorption to containers during storage was 

detected (Figure 6A). A decrease of 0.7 percentage points of soluble aggregates was observed 

during storage at 2-8°C in PBS which led to the conclusion that no substantial aggregation 

occurred during storage (Figure 6D). 
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Figure 6: Stability of hUK-66 drug substance in PBS at 2-8°C over 4 months. Total peak area (A), 

relative percentage of monomer (B), degradation products (C), and soluble aggregates (D) are shown 

over incubation time. 

However, the percentage of monomer decreased by approximately 5 percentage points 

(Figure 6B) from 88% to 83% accompanied by an increase of degradation products of 

approximately 6 percentage points (Figure 6C and Figure 7) after 4 months. Hence, 

degradation was more pronounced than aggregation when hUK-66 was stored in PBS at 

2-8°C. Altogether, the drug substance showed good stability in PBS providing a valuable 

basis for further development of a stabilizing formulation for hUK-66 while simultaneously 

leaving space for optimization regarding protection against degradation and aggregation 

during processing, transportation and storage. 
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Figure 7: SEC-Chromatogram of hUK-66 drug substance in PBS before (solid grey line) and after 

(dotted blue line) incubation at 2-8°C over 4 months. 
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3.3. pH screening study 

Besides the definition of the protein concentration and the dosage form (e.g. liquid or freeze-

dried), the selection of the pH value is one of the most relevant parameters for defining a 

formulation [18]. Thus, formulation development is frequently started with determination of 

the optimal formulation pH value [10] based on detailed characterization of the protein. The 

formulation pH should be adjusted not only in a range preserving the antibody from chemical 

degradation, e.g. due to deamidation (basic/acid pH) and oxidation (acidic pH), but also 

should be as close as possible to the physiological pH of 7.2 to guarantee local tolerability and 

reduce injection pain [10,18]. Based on analyzed pI and unfolding temperatures, pH 6 

appeared to be the most appropriate center-point for a pH stability study. For confirmation of 

this expected optimal formulation pH, the stability of hUK-66 was evaluated at different pH 

values centered around pH 6. For this purpose, the mAb was incubated at pH 5, 5.5, 6, 6.5, 

and 7 at 25°C and 40°C for 4 and 8 weeks, respectively and analyzed afterwards.  

Another important aspect is the choice of a suitable buffering agent. Citrate buffer is suspected 

to cause injection pain when applied subcutaneously [18,51], while phosphate as well as 

succinate buffer are supposed to lead to a pH shift by selective crystallization of buffer 

components upon freezing [10,15,18]. Furthermore, acetate buffers are not recommended for 

lyophilization because of evaporation as acetic acid, resulting in pH shift or loss of excipient. 

Histidine buffer was chosen as formulation buffer for hUK-66 as it is commonly used for both 

liquid and freeze-dried IgG formulations [15,18,33]. Furthermore, histidine has a pKa of 6.0 

and hence allowed for sufficient buffer capacity at a pH of 6.0 ± 1.0 [10,33]. 
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3.3.1. Stability of formulation pH during incubation 

All pH values stayed constant over the whole period of 8 weeks (Figure 8). Small variations 

observed were probably due to measuring inaccuracies. 

 

Figure 8: Change of pH after incubation at 25°C (A) and 40°C (B) for 4 (grey bars) and 8 (light grey 

bars) weeks compared to initial adjusted pH (dark blue bars) as well as after freezing/thawing (white 

bars). 
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3.3.2. Determination of hUK-66 concentration after incubation by UV-assay 

To detect a potential loss of protein during storage, the concentrations of the pH screening 

samples were determined by UV-absorption at 280 nm (Figure 9). Protein concentrations 

were ranging between 0.96 and 1.20 mg/ml after incubation at 25°C or 40°C for up to 8 weeks 

at the different pH values. The slight variations to the initial concentrations of approximately 

1.10 mg/ml were probably caused by measuring inaccuracies. Furthermore, protein 

concentrations might have been influenced by solvent evaporation and/or adsorption to glass 

vials and stoppers causing small deviations from the initial values. In conclusion, incubation at 

different pH values had no considerable effect on protein concentration. 

 

Figure 9: Change in concentration of hUK-66 at different pH values after incubation at 25°C (A) and 

40°C (B) for 4 (grey bars) to 8 (light grey bars) weeks and after freezing/thawing (white bars) 

compared to initial adjusted pH (dark blue bars) determined by UV-absorption at λ = 280 nm.  
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3.3.3. Analysis of aggregates by DLS 

The protein stability can be characterized by analyzing the formation of aggregates as protein 

aggregation is probably the most common manifestation of protein instability [25]. Improper 

formulation conditions can favor partial unfolding or refolding of the protein which may result 

in aggregation [1]. For analyzing the size of formed aggregates in the nanometer range, 

particle size distributions and polydispersity indices of hUK-66 were measured after 

incubation at different pH values for 8 weeks at 25°C and 40 °C (Figure 10).  

The polydispersity index (PdI) is a parameter characterizing the size distribution width of the 

particle collective. Applying a scale from 0 to 1, low PdI values such as 0.1 represent narrow 

size distribution within the sample whereas higher PdIs are considered to indicate 

polydispersity [52]. The PdIs obtained for all analyzed samples were distinctly below 0.2, 

therefore a relative monodisperse distribution of hUK-66 and a lack of aggregates could be 

assumed for all pH conditions (Figure 10). 

 

Figure 10: Polydispersity index (PdI) of hUK-66 at the different pH values after incubation for 8 

weeks at 25°C (grey bars) and 40°C (light grey bars) in comparison to the initial sample (dark blue 

bar) analyzed by dynamic light scattering.  
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3.3.4. Analysis of aggregates, monomer and degradation products by SEC 

Furthermore, the loss of monomer and hence the formation of soluble aggregates and 

degradation products during storage of the mAb at the different pHs was evaluated using size 

exclusion chromatography (SEC).  

Based on the total peak area obtained by SEC analysis, hUK-66 content could be assessed for 

all storage conditions (Figure 11). Due to centrifugation prior to chromatography, insoluble 

precipitates and particles were removed. Therefore, the slight loss of protein that occurred 

after 4 and 8 weeks at pH 5 and 6.5 may be assigned to formation of insoluble aggregates.  

 

Figure 11: Total peak area of hUK-66 at the different pH values after incubation for 4 (filled bars) and 

8 weeks (striped bars) at 25°C (grey) and 40°C (light grey) in comparison to the initial amount of 

hUK-66 (dark blue bar) analyzed by SEC.  

On the other hand, at pH 5.5 and pH 6 the total peak area and therefore the concentration of 

anti-IsaA mAb stayed constant compared to the initial protein content. Following, no loss 

caused by formation of insoluble aggregates could be observed. Additionally, almost no 

formation of soluble aggregates was observed over the incubation period at both temperatures 

(Figure 12). This indicated a very good stability in the chosen histidine buffer and 

corroborated the DLS results. Nevertheless, the amount of degradation products increased at 

all pH values during incubation at 40°C. Especially at pH 5, substantial formation of 

degradation products was observed at elevated storage temperature. 
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Figure 12: Relative percentage of monomer (grey), aggregates (dark blue) and degradation products 

(light grey) of hUK-66 after storage for 8 weeks at 25°C (A) and 40°C (B) at different pH values.  
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3.3.5. Analysis of protein variants using CEX 

To monitor stability and heterogeneity of the mAb as well as protein deamidation and the 

variety of degradation products at the different pH values, cation exchange chromatography 

(CEX) was used. The protein was separated by charge using this chromatographic method, 

hence acidic variants were eluting before basic ones. 

At 25°C storage temperature, the protein stability was preserved quite well as the area of the 

main peak remained relatively constant over 8 weeks (Figure 13A). Nevertheless, a clear 

formation of acidic variants at pH 7 accompanied with loss of main peak and basic variants 

could be noticed. In contrast, at 40°C significant degradation of the main peak and 

corresponding formation of acidic variants occurred for all pH values (Figure 13B). However, 

at pH 5.5 and pH 6 the extent of degradation was reduced compared to the other pH values 

whereas at pH 7 the main peak was almost fully degraded. 

 

Figure 13: Relative percentage of main peak, basic, and acidic variants of hUK-66 at different pH-

values after storage for 8 weeks at 25°C (A) and 40°C (B).  

As observed in forced degradation under basic conditions during characterization of hUK-66 

in chapter 3.1.4, increased peaks in the region of acidic variants according with decreased 

main peak may be due to deamidation. Especially for pH values above pH 6, deamidation is a 

likely cause for the development of acidic variants as seen before (Figure 4). Furthermore, for 

proteins in general deamidation is the most frequently occurring chemical degradation process 

[13].  

Looking at the chromatographic profiles of the different hUK-66 formulations after 8 weeks at 

40°C, particularly at pH 5 a clear peak in the area of acidic variants stood out correlating with 

the emergence of a specific degradation product as demonstrated by SEC results (Figure 14 
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and Figure 12). Additionally, the area of the main peak of hUK-66 was clearly decreased for 

all pH values compared to the mAb at pH 6 before incubation (Figure 14). Most notably, at 

pH 7, the determined pI of hUK-66, the main peak was almost completely degraded. 

 

Figure 14: Chromatographic profiles of the different formulations of hUK-66 after 8 weeks at 40°C.  

 

3.3.6. Conclusions from pH screening for the development of a stable hUK-66 

formulation 

Overall, considering that the storage temperature of the drug product most likely will be 

2-8°C, hUK-66 showed good stability in 50 mM histidine buffer in the accelerated stability 

study as no major changes occurred at 25°C for up to 8 weeks for a formulation pH range 

from 5 to 7. 

However, if the mAb was stored under elevated temperatures (40°C) stability was reduced at 

all pH values, though to different extents (Table 4). Summarizing the results from all 

analytical methods (Table 4), pH 6 proved to be a well applicable pH value for formulation of 

hUK-66, corresponding well with the results of the pI determination and the analysis of 

unfolding temperatures at different pH values. 
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Table 4: Summarized results of analytical characterization of hUK-66 at different formulation pH after 

incubation for 8 weeks at 40°C compared to the initial mAb before incubation. (+) denotes for results 

comparable to initial hUK-66 whereas impairments of the results are graded in (-) minor and (- -) 

major. 

Formulation pH of hUK-66 5.0 5.5 6.0 6.5 7.0 

pH stability + + + + + 

Concentration stability (UV) + + + + + 

Monodispersity of size distribution (DLS) + + + + + 

Aggregates (SEC) + + + + + 

Degradation products (SEC) - - - - - - 

Acidic variants (CEX) - - - - - - - - 

Insoluble aggregates (SEC, CEX) - + + - - 

 

In addition, also pH 5.5 seemed to be suitable for the development of a parenteral formulation 

for anti-IsaA monoclonal antibody to guarantee the stability of the protein during storage, 

corroborating the DSF results. At both pH values, degradation products and acidic variants as 

well as insoluble aggregates (detectable in loss of total peak area) did not form in the same 

extent as at other pH values. This is in accordance with the fact that for most antibodies 

weakly acidic conditions proved to be optimal [10]. However, a formulation pH close to the 

physiologic pH of 7.2 is considered favorable regarding local tolerability and injection pain. 

Furthermore, the risk of methionine residue oxidation increases with lower pH value. 

Therefore, pH 6 was defined as reasonable formulation pH value for hUK-66 [18]. 

Nevertheless, based on the results for evaluating optimal pH value, hUK-66 formulation 

required further improvement regarding stability against degradation but also against 

aggregation during processing, transportation, and storage. 
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3.4. Long-term stability of liquid and lyophilized hUK-66 formulations 

After definition of the optimal formulation pH and buffer, further formulation development 

regarding dosage form and stabilizing excipients was necessary to define a pharmaceutically 

acceptable formulation.  

To evaluate the influence of the dosage form on stability of hUK-66, liquid and lyophilized 

formulations were prepared in histidine buffer at pH 6, incubated at refrigerated conditions 

(2-8°C) for 9 months, and compared regarding their stabilizing potential based on analytical 

characterization. Stability of liquid formulations was additionally analyzed at accelerated 

conditions (25°C).  

Simultaneously, variations of excipients within the respective formulations were included in 

the long-term formulation screening to find the overall optimal formulation for hUK-66. 

Regarding the choice of excipients, the nonionic surfactant polysorbate 20 was used for both 

liquid and lyophilized formulations as stabilizer against aggregation due to interfacial stresses. 

However, its potential to induce aggregates upon long-term storage needed to be observed 

[13,25,26]. Furthermore, polyols are frequently included as stabilizing excipients 

[5,9,13,22,27–30]. While for the liquid formulation, the best of the three different stabilizers 

mannitol, trehalose, and sucrose was evaluated for stabilization of hUK-66 in the formulation 

study, sucrose was chosen for lyophilization since it is a common starting point for 

formulation development in combination with polysorbate for freeze-drying [15,20]. 

However, the effect of additional mannitol or glycine on stability of hUK-66 during 

lyophilization and subsequent storage was analyzed in the long-term formulation study as both 

are known as bulking agents in diluted protein systems which crystallize during lyophilization 

and form a strong lyophilization cake [15,21].  

For evaluation of hUK-66 stability, different analytical methods were applied. SEC and DLS 

were carried out to detect and characterize aggregates as well as fragments. UV-Vis 

spectroscopy was used to monitor changes in protein concentration and CEX was applied to 

monitor chemical degradation of the mAb due to change in charge heterogeneity. 

  



CHAPTER III – Development of a stable formulation for hUK-66 

90 

 

3.4.1. Stability of formulation pH 

Since changes in the pH can lead to aggregation or degradation and proteins are only stable 

over a narrow pH range, the pH values of the different formulations were measured after 

defined time points of the long-term formulation study [5]. For all liquid formulations, the 

adjusted pH value (pH 6) remained constant for 9 months incubation at accelerated (25°C) and 

real storage conditions (2-8°C) (Figure 15A). In addition, also freeze-drying and subsequent 

storage of the lyophilized formulations at 2-8°C for 9 months did not result in a change of the 

formulation pH (Figure 15B). 

 

Figure 15: Change in pH of liquid (A) and lyophilized (B) hUK-66 formulations after incubation at 

2-8°C (grey bars) or 25°C (light blue bars) for 3 months (patterned bars), 6 months (striped bars), and 

9 months (empty bars) compared to the respective initial adjusted pH (dark blue bars). 

3.4.2. Stability of hUK-66 concentration  

After reconstitution of the lyophilized samples, the reduction of all initial protein 

concentrations in comparison to later time-points was prominent (Figure 16B). This was 

probably due to dilution of initial samples since the same reconstitution volumes as for later 

time-points of the respective formulation were added, although the cakes of all initial samples 

had already become liquid only during short term storage at room temperature after removing 

from the storage at -80°C. Supposedly, this was caused by presence of moisture, as Carpenter 

et al. already pointed towards the “unexpected danger” of moisture transfer from the stopper 

to the cake during storage of lyophilizates [15]. The variations among the concentrations of 

the lyophilized formulations and the discrepancy to the intended concentration of 40 mg/ml 

could be explained by inaccuracy during reconstitution with less than 50 µl water along with 

potential loss of protein due to adsorption at stoppers and vials. 
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Figure 16: Change in concentration of hUK-66 in liquid (A) and lyophilized (B) formulations after 

incubation at 2-8°C (grey bars) or 25°C (light blue bars) for 3 (patterned bars), 6 (striped bars), and 9 

(empty bars) months compared to initial formulation (dark blue bars) calculated based on absorption of 

the protein samples at λ = 280 nm.  

Furthermore, no distinct trend within the concentrations of the liquid formulations was 

recognizable. Slightly more variation in concentration could be observed for liquid 

formulations stored at refrigerated conditions compared to ambient conditions (Figure 16A). 

Particularly mannitol revealed a distinct decrease in concentration after 9 months storage at 

2-8°C. However, no statistical analysis could be performed since only single samples could be 

analyzed in this study due limited availability of material. 

3.4.3. Stability of hUK-66 monomer 

Using dynamic light scattering, not only the size of soluble protein aggregates can be analyzed 

but also the relative size distribution evaluated by monitoring the polydispersity index (PdI). 

Furthermore, the different formulations can be analyzed without requiring sample preparation 

like dilution as long as they are optically clear [3].  

For liquid and lyophilized formulations of hUK-66, PdIs were below 0.3 over the entire 

storage time indicating almost monomodal distribution of particle sizes (Figure 17A and B). 

Hence, the measured hydrodynamic diameters represented the average sizes of hUK-66 in the 

respective formulations (Figure 17C and D). Whereas liquid formulations containing 

trehalose and sucrose exhibited initial particle sizes of approximately 13 nm, the addition of 

mannitol resulted in particles more than twice the size (Figure 17C). It can be assumed that 

the presence of mannitol either promoted dimer or oligomer formation of hUK-66 or led to 

changes in viscosity of the protein sample influencing size measurements by DLS [52]. Since 

the presence of small soluble aggregates regarding mannitol formulations could not be 
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confirmed by SEC, dilution of the samples required for UV and HPLC analysis as well as 

mechanical agitation during processing could have led to dissolution of the agglomerated 

monomer molecules as seen before [3]. Hence, the aggregates observed for fluid mannitol 

formulations would have been reversible. Otherwise, the fact that aggregation was not 

affirmed by SEC corroborated the assumption that mannitol changed the sample viscosity 

leading to deviations in size measurement by DLS. However, after lyophilization and 

incubation up to 6 months, DLS analysis of reconstituted mannitol samples displayed mean 

hydrodynamic diameters of 16 nm (Figure 17D) indicating no aggregation just like sucrose 

only and glycine formulations but contradicting the viscosity hypothesis. In contrast, after 

9 months incubation increased particle size was detected. Hence, the only conclusion which 

can be drawn from these measurements is that mannitol seemed to produce slightly inferior 

results in size distribution analysis by DLS compared to sucrose only and glycine 

formulations. 

 

Figure 17: Polydispersity indices and hydrodynamic diameter of liquid (A, C) and lyophilized (B, D) 

formulations after incubation at 2-8°C (grey bars) or 25°C (light blue bars) for 3 (patterned bars), 6 

(striped bars), and 9 months (empty bars) compared to initial formulation (dark blue bars) analyzed by 

dynamic light scattering.  



CHAPTER III – Development of a stable formulation for hUK-66 

93 

 

Using size exclusion chromatography, quantification supplemental to detection of aggregates 

as well as degradation products and monomer content is enabled [3]. The total peak areas 

analyzed by SEC confirmed the results of the UV analysis regarding protein concentration of 

the formulations (Figure 18A and B). Almost no loss of monomer was observed for liquid 

and lyophilized formulations at 2-8°C (Figure 18C). Only trehalose led to slightly diminished 

monomer content after 9 months storage at 2-8°C.  

 

Figure 18: Total peak area and monomer content of liquid (A, C) and lyophilized (B, D) formulations 

after incubation at 2-8°C (grey bars) or 25°C (light blue bars) for 3 (patterned bars), 6 (striped bars), 

and 9 (empty bars) months compared to initial formulation (dark blue bars) analyzed by SEC. 

Liquid formulations with mannitol and sucrose showed a decreasing trend of monomer 

proportion over incubation time accompanied by a correlating increase of degradation 

products particularly when stored at 25°C (Figure 18C and Figure 19C). In contrast, the 

addition of trehalose revealed very inconsistent results with already strong formation of 

degradation products after 9 months at 2-8°C. Lyophilization in presence of sucrose only and 

additional mannitol prevented the formation of degradation products slightly more efficiently 

than glycine (Figure 19D).  
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Figure 19: Relative percentage of aggregates and degradation products of liquid (A, C) and lyophilized 

(B, D) formulations after incubation at 2-8°C (grey bars) or 25°C (light blue bars) for 3 (patterned 

bars), 6 (striped bars), and 9 (empty bars) months compared to initial formulation (dark blue bars) 

analyzed by SEC. 

Interestingly, fewer aggregates were detected after initial sample preparation for lyophilized 

formulations compared to liquid formulations (Figure 19A and B). This observation was 

attributed to different ultra-filtration processes of hUK-66 during sample preparation for both 

dosage forms which led to different extent of aggregation [8]. However, some of the 

aggregates initially contained in the liquid formulations dissociated during storage up to 

3 months. While the content of aggregates stagnated during further incubation for mannitol 

and sucrose, storage in presence of trehalose lead to a further decrease of aggregates over time 

at refrigerated conditions and to an increase at ambient conditions. In contrast, for all 

lyophilized samples no distinct variation of the aggregation content was observed. Overall, 

hUK-66 manifested as more susceptible to degradation than to aggregation.  

To get a better insight into the degradation of the different formulations and dosage forms, the 

samples were analyzed using CEX to monitor their charge heterogeneity during long-term 
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storage (see chapter 3.1.4) [53]. Changes in the main peak of the different formulations and 

both, acidic as well as basic, variants over time correlated with each other in aqueous 

conditions. The distinct decrease of the basic variants’ summarized peak area during storage at 

2-8°C over 9 months was accompanied by an increase of the main peak and the summarized 

peak area of acidic variants (Figure 20A, C, and E). 

Particularly for trehalose, the correlation of basic and acidic variants was apparent. After an 

initial high content of basic variants of approximately 40% but only 10% acidic variants, 

9 months incubation of the trehalose formulation at 2-8°C resulted in inversion of the 

proportions with 44% acidic variants and 0% basic variants. Accordingly, the main peak 

increased by 6 percentage points from 50% to 56%. Hence, for the fluid formulations 

conversion of hUK-66 basic variants occurred primarily into acidic variants along with 

incubation in aqueous environment.  

Elevated storage temperatures of 25°C dramatically increased the formation of acidic variants 

in the liquid formulations and thus favored the chemical degradation of the protein potentially 

by deamidation. Whereas during incubation at 2-8°C the content of acidic variants increased 

only by up to 3 percentage points from 12% to 15% after 9 months for the liquid formulations 

of mannitol and sucrose, incubation at 25°C led to an substantially increased acidic variant 

content of 27% for mannitol and 47% for sucrose after 9 months. However, formation of 

acidic variants induced by high-temperature during accelerated stability studies need to be 

interpreted cautiously since deamidation can be preferentially accelerated with increasing 

temperature [10].  

In contrast, lyophilization preserved the initial ratios of main peak, acidic and basic variants 

very well (Figure 20B, D, and F). No distinct changes of the main peak could be detected for 

the lyophilized samples over 9 months storage at 2-8°C for all formulations. After 9 months, 

the level of acidic variants increased in presence of glycine by 1.3 percentage points whereas 

the presence of mannitol or no additional excipient led to constant levels of chemical 

degradation products.  
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Figure 20: Relative percentage of main peak, acidic, and basic variants of liquid (A, C, E) and 

lyophilized (B, D, F) formulations after incubation at 2-8°C (grey bars) or 25°C (light blue bars) for 3 

(patterned bars), 6 (striped bars), and 9 (empty bars) months compared to initial formulation (dark blue 

bars) analyzed by CEX. 
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3.4.4. Conclusions from long-term stability study for hUK-66 formulation development 

Summarizing the results of the long-term formulation screening, hUK-66 proved to be 

relatively stable in a formulation consisting of polysorbate, polyol and histidine buffer at pH 6 

in both dosage forms, liquid and lyophilized, for up to 9 months at the intended storage 

conditions of 2-8°C.  

Physical instabilities due to aggregation during handling, freeze-drying, and storage could be 

minimized by addition of polysorbate (Table 5). However, it was concluded that hUK-66 is 

sensitive to chemical degradation particularly in aqueous environments. Storage at elevated 

temperatures exacerbated deamidation in liquid formulations. In contrast, lyophilization 

protected hUK-66 quite efficiently from chemical degradation by minimizing hydrolytic 

reactions due to removal of water [9].  

With respect to these observations, the formulations can be ranked as follows: lyophilized 

formulations were superior to liquid formulations because of prevention of chemical 

degradation of the protein. Within the liquid formulations, the presence of trehalose was less 

successful regarding stabilization of hUK-66 against deamidation than mannitol or sucrose 

since immense formation of acidic variants was observed already at 2-8°C after 9 months. The 

content of acidic variants increased by 32 percentage points for the trehalose formulation 

compared to only 3 percentage points for mannitol and sucrose. Mannitol was slightly inferior 

to sucrose and trehalose regarding particle size after formulation preparation detected by 

dynamic light scattering in the concentrated samples. Within the lyophilized samples, the 

supplemental components mannitol and glycine could not improve the stability of hUK-66 in 

comparison to sucrose alone, which is in accordance with prior observations [10].  

Since only as many excipients as necessary should be used for protein stabilization [15], the 

best formulation for the monoclonal antibody hUK-66 consisted of sucrose and polysorbate in 

histidine buffer at pH 6 and optimal dosage form stability was observed for lyophilizates.  

Since the developed formulation for hUK-66 lead to vanishingly small aggregate formation 

over the long-term stability study of 9 months, the shelf life of hUK-66 cannot be estimated as 

the slope of the regression line revealed no statistically significant difference from zero. 

Incubation studies needed to be prolonged until a pronounced aggregation can be measured 

for the assessment of the shelf life of hUK-66.  
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Table 5: Overview of the results of the different formulations of hUK-66 after incubation for 3, 6, and 

9 months compared to the initial mAb before incubation. (+) denotes for results comparable to initial 

hUK-66 whereas impairments of the results are graded in (-) minor and (- -) major. 

Formulation of mAb 
Liquid 

Mannitol 

Liquid, 

Trehalose 

Liquid, 

Sucrose 

Lyo, 

Sucrose 

only 

Lyo, 

Glycine 

Lyo, 

Mannitol 

pH stability + + + + + + 

Concentration 

stability 
+ + + + + + 

Monodispersity (DLS) - + + + + - 

Insoluble aggregates 

(SEC) 
+ + + + + + 

Aggregates (SEC) + - + + + + 

Degradation products 

(SEC) 
- - - - + - + 

Acidic variants (CEX) - - - - + - + 

Basic variants (CEX) - - - - + + + 
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4. Summary and conclusion 

The goal of this study was to develop a formulation for hUK-66 stabilizing its native protein 

conformation against numerous stresses occurring during final production steps, processing, 

shipping, and long-term storage of the biopharmaceutical product. 

Since every protein has individual stabilization demands, detailed knowledge of its distinctive 

physicochemical properties is important for stabilization [15]. Hence, hUK-66 

characterization regarding drug substance stability, possible degradation profiles, isoelectric 

point (pI), and thermal stability at different pH values paved the way for formulation 

development. High unfolding temperatures of the two antibody domains at pH 5.5 and pH 6 

indicated stabilizing conditions for hUK-66. Considering these results and hUK’s pI of pH 7, 

pH 6 was selected as an adequate pH-value for conducting a formulation pH screening. In a 

short-term storage stability study over 8 weeks, the pH for hUK-66 in histidine buffer was 

optimized in a range from pH 5 to 7 regarding mAb stability in relation to pH and elevated 

temperature under accelerated and stressed conditions. Under stressed conditions at 40°C the 

mAb turned out to be highly predisposed for deamidation in aqueous surroundings over the 

whole pH range. Particularly at both ends of the analyzed pH range (pH 5 and 7), the mAb 

was susceptible to degradation into acidic variants whereas at pH 5.5 and 6 chemical 

degradation was reduced compared to the other conditions. 

As degradative reactions can be slowed in a dried state by restricting protein conformational 

mobility and reducing hydrolytic reactions due to removal of water [9,15], lyophilization of 

hUK-66 was assessed in terms of stabilizing capability in comparison to aqueous liquid 

formulation for the selected formulation pH of 6 in a long-term stability study over 9 months.  

The evaluation of the influence of different excipients (polysorbate, sucrose, mannitol, 

trehalose, and glycine) on the formation of aggregates and degradation products dependent on 

the dosage form revealed that all analyzed formulations prevented formation of aggregates for 

both liquid and lyophilized formulations which was probably attributable to the presence of 

polysorbate. However, only freeze-drying and subsequent storage as dried solid at 2-8°C 

protected the antibody from chemical degradation. The addition of bulking agents like 

mannitol or glycine was not required to obtain a stable lyophilized formulation. 

Thus, it was concluded that for stabilization of hUK-66, lyophilization in histidine buffer, pH 

6, in combination with the two stabilizing excipients sucrose and polysorbate 20 is 

recommended to be applied to achieve a protection of the protein’s native structure and hence 

its therapeutic activity throughout the formulation process as well as long-term storage at 

2-8°C. 



CHAPTER III – Development of a stable formulation for hUK-66 

100 

 

References 

[1] S. Frokjaer, D.E. Otzen, Protein drug stability: a formulation challenge., Nat. Rev. Drug 

Discov. 4 (2005) 298–306. doi:10.1038/nrd1695. 

[2] A.S. Rosenberg, Effects of protein aggregates: an immunologic perspective., AAPS J. 8 

(2006) E501–7. doi:10.1208/aapsj080359. 

[3] H. Mahler, W. Friess, U. Grauschopf, S. Kiese, Protein aggregation: pathways, 

induction factors and analysis., J. Pharm. Sci. 98 (2009) 2909–34. 

doi:10.1002/jps.21566. 

[4] W. Wang, S. Nema, D. Teagarden, Protein aggregation-pathways and influencing 

factors., Int. J. Pharm. 390 (2010) 89–99. doi:10.1016/j.ijpharm.2010.02.025. 

[5] W. Wang, Instability, stabilization, and formulation of liquid protein pharmaceuticals., 

Int. J. Pharm. 185 (1999) 129–88. doi:10.1016/S0378-5173(99)00152-0. 

[6] S.J. Shire, Formulation and manufacturability of biologics., Curr. Opin. Biotechnol. 20 

(2009) 708–14. doi:10.1016/j.copbio.2009.10.006. 

[7] J. den Engelsman, P. Garidel, R. Smulders, H. Koll, B. Smith, S. Bassarab, et al., 

Strategies for the assessment of protein aggregates in pharmaceutical biotech product 

development., Pharm. Res. 28 (2011) 920–33. doi:10.1007/s11095-010-0297-1. 

[8] J.S. Bee, T.W. Randolph, J.F. Carpenter, S.M. Bishop, M.N. Dimitrova, Effects of 

surfaces and leachables on the stability of biopharmaceuticals., J. Pharm. Sci. 100 

(2011) 4158–70. doi:10.1002/jps.22597. 

[9] S.J. Shire, Z. Shahrokh, J. Liu, Challenges in the development of high protein 

concentration formulations., J. Pharm. Sci. 93 (2004) 1390–402. doi:10.1002/jps.20079. 

[10] W. Wang, S. Singh, D.L. Zeng, K. King, S. Nema, Antibody structure, instability, and 

formulation., J. Pharm. Sci. 96 (2007) 1–26. doi:10.1002/jps.20727. 

[11] J.F. Carpenter, T.W. Randolph, W. Jiskoot, D.J.A. Crommelin, C.R. Middaugh, G. 

Winter, et al., Overlooking subvisible particles in therapeutic protein products: gaps 

that may compromise product quality., J. Pharm. Sci. 98 (2009) 1201–5. 

doi:10.1002/jps.21530. 

[12] V. Filipe, A. Hawe, H. Schellenkens, W. Jiskoot, Aggregation and Immunogenicity of 

Therapeutic Proteins, in: W. Wang, C.J. Roberts (Eds.), Aggreg. Ther. Proteins, John 

Wiley & Sons, Inc., Hoboken, NJ, USA, 2010. doi:10.1002/9780470769829. 

[13] M.C. Manning, D.K. Chou, B.M. Murphy, R.W. Payne, D.S. Katayama, Stability of 

protein pharmaceuticals: an update., Pharm. Res. 27 (2010) 544–75. 

doi:10.1007/s11095-009-0045-6. 

[14] S.P. Hertel, G. Winter, W. Friess, Protein stability in pulmonary drug delivery via 

nebulization., Adv. Drug Deliv. Rev. 93 (2015) 79–94. doi:10.1016/j.addr.2014.10.003. 

[15] J.F. Carpenter, M.J. Pikal, B.S. Chang, T.W. Randolph, Rational design of stable 

lyophilized protein formulations: some practical advice., Pharm. Res. 14 (1997) 969–

75. doi:10.1023/A:1012180707283. 

[16] T. Arakawa, S.J. Prestrelski, W.C. Kenney, J.F. Carpenter, Factors affecting short-term 

and long-term stabilities of proteins., Adv. Drug Deliv. Rev. 46 (2001) 307–26. 

doi:10.1016/S0169-409X(00)00144-7. 



CHAPTER III – Development of a stable formulation for hUK-66 

101 

 

[17] L.L. Chang, M.J. Pikal, Mechanisms of protein stabilization in the solid state., J. 

Pharm. Sci. 98 (2009) 2886–908. doi:10.1002/jps.21825. 

[18] H.-C. Mahler, G. Borchert, H.L. Luessen, Protein Pharmaceuticals: Formulation, 

Analytics and Delivery, 1st ed., Editio Cantor Verlag für Medizin und 

Naturwissenschaften GmbH, Aulendorf, Germany, 2010. 

[19] M.J. Pikal, K.M. Dellerman, M.L. Roy, R.M. Riggin, The effects of formulation 

variables on the stability of freeze-dried human growth hormone., Pharm. Res. 8 (1991) 

427–36. 

[20] N. Radmanovic, T. Serno, S. Joerg, O. Germershaus, Understanding the freezing of 

biopharmaceuticals: first-principle modeling of the process and evaluation of its effect 

on product quality., J. Pharm. Sci. 102 (2013) 2495–507. doi:10.1002/jps.23642. 

[21] M.J. Pikal, Freeze drying, in: Encycl. Pharm. Technol. Third Ed., Taylor & Francis 

Group, LLC, 2002. doi:10.1081/E-EPT3-100001712. 

[22] E.Y. Chi, S. Krishnan, T.W. Randolph, J.F. Carpenter, Physical stability of proteins in 

aqueous solution: mechanism and driving forces in nonnative protein aggregation., 

Pharm. Res. 20 (2003) 1325–36. doi:10.1023/A:1025771421906. 

[23] H.-C. Mahler, R. Müller, W. Frieβ, A. Delille, S. Matheus, Induction and analysis of 

aggregates in a liquid IgG1-antibody formulation., Eur. J. Pharm. Biopharm. 59 (2005) 

407–417. doi:10.1016/j.ejpb.2004.12.004. 

[24] B.S. Chang, B.S. Kendrick, J.F. Carpenter, Surface-induced denaturation of proteins 

during freezing and its inhibition by surfactants., J. Pharm. Sci. 85 (1996) 1325–30. 

doi:10.1021/js960080y. 

[25] W. Wang, Protein aggregation and its inhibition in biopharmaceutics., Int. J. Pharm. 

289 (2005) 1–30. doi:10.1016/j.ijpharm.2004.11.014. 

[26] W. Wang, Y.J. Wang, D.Q. Wang, Dual effects of Tween 80 on protein stability., Int. J. 

Pharm. 347 (2008) 31–8. doi:10.1016/j.ijpharm.2007.06.042. 

[27] S.N. Timasheff, The control of protein stability and association by weak interactions 

with water: how do solvents affect these processes?, Annu. Rev. Biophys. Biomol. 

Struct. 22 (1993) 67–97. doi:10.1146/annurev.bb.22.060193.000435. 

[28] B.S. Kendrick, B.S. Chang, T. Arakawa, B. Peterson, T.W. Randolph, M.C. Manning, 

et al., Preferential exclusion of sucrose from recombinant interleukin-1 receptor 

antagonist: role in restricted conformational mobility and compaction of native state., 

Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 11917–22. 

[29] J.C. Lee, S.N. Timasheff, The stabilization of proteins by sucrose., J. Biol. Chem. 256 

(1981) 7193–201. 

[30] J.F. Carpenter, J.H. Crowe, The mechanism of cryoprotection of proteins by solutes., 

Cryobiology. 25 (1988) 244–55. 

[31] J.F. Carpenter, J.H. Crowe, T. Arakawa, Comparison of solute-induced protein 

stabilization in aqueous solution and in the frozen and dried states., J. Dairy Sci. 73 

(1990) 3627–3636. doi:10.3168/jds.S0022-0302(90)79065-0. 

[32] S. Ohtake, Y. Kita, T. Arakawa, Interactions of formulation excipients with proteins in 

solution and in the dried state., Adv. Drug Deliv. Rev. 63 (2011) 1053–73. 

doi:10.1016/j.addr.2011.06.011. 

 

 



CHAPTER III – Development of a stable formulation for hUK-66 

102 

 

[33] B. Chen, R. Bautista, K. Yu, G. a Zapata, M.G. Mulkerrin, S.M. Chamow, Influence of 

histidine on the stability and physical properties of a fully human antibody in aqueous 

and solid forms., Pharm. Res. 20 (2003) 1952–60. 

doi:10.1023/B:PHAM.0000008042.15988.c0. 

[34] N.K. Jain, I. Roy, Effect of trehalose on protein structure., Protein Sci. 18 (2009) 24–

36. doi:10.1002/pro.3. 

[35] B. Oesterreich, B. Lorenz, T. Schmitter, R. Kontermann, M. Zenn, B. Zimmermann, et 

al., Characterization of the biological anti-staphylococcal functionality of hUK-66 

IgG1, a humanized monoclonal antibody as substantial component for an 

immunotherapeutic approach., Hum. Vaccin. Immunother. 10 (2014) 926–37. 

doi:10.4161/hv.27692. 

[36] ExPASy ProtParam tool, Accessed:23-04-2013, Http://web.expasy.org/protparam/. 

(2013). www.expasy.org. 

[37] H.T.S. Britton, R.A. Robinson, CXCVIII.—Universal buffer solutions and the 

dissociation constant of veronal., J. Chem. Soc. (1931) 1456–1462. 

doi:10.1039/JR9310001456. 

[38] F.H. Niesen, H. Berglund, M. Vedadi, The use of differential scanning fluorimetry to 

detect ligand interactions that promote protein stability., Nat. Protoc. 2 (2007) 2212–21. 

doi:10.1038/nprot.2007.321. 

[39] M.A.H. Capelle, R. Gurny, T. Arvinte, High throughput screening of protein 

formulation stability: Practical considerations., Eur. J. Pharm. Biopharm. 65 (2007) 

131–148. doi:10.1016/j.ejpb.2006.09.009. 

[40] A.W.P. Vermeer, W. Norde, A. van Amerongen, The unfolding/denaturation of 

immunogammaglobulin of isotype 2b and its F(ab) and F(c) fragments., Biophys. J. 79 

(2000) 2150–2154. doi:10.1016/S0006-3495(00)76462-9. 

[41] Dionex Corporation, Monitoring Monoclonal Antibody Stability by Cation-Exchange 

Chromatography, Application Note 128 (http://www.dionex.com/en-us/webdocs/4473-

AN128-Monitoring-Monoclonal-Antibody-02Feb07-LPN1052-01.pdf), Sunnyvale, 

CA, USA. (2009) 1–7. 

[42] Dionex Corporation, Monitoring Monoclonal Antibody Heterogeneity by Cation-

Exchange Chromatography, Application Note 127 (http://www.dionex.com/en-

us/webdocs/4470-AN127-Cation-Exchange-Chromatography-02Feb09-LPN1047-

01.pdf), Sunnyvale, CA, USA. (2009) 1–5. 

[43] S. Yadav, J. Liu, S.J. Shire, D.S. Kalonia, Specific interactions in high concentration 

antibody solutions resulting in high viscosity., J. Pharm. Sci. 99 (2010) 1152–68. 

doi:10.1002/jps.21898. 

[44] A. Hawe, W. Friess, Development of HSA-free formulations for a hydrophobic 

cytokine with improved stability., Eur. J. Pharm. Biopharm. 68 (2008) 169–182. 

doi:10.1016/j.ejpb.2007.04.018. 

[45] A. Hawe, M. Wiggenhorn, M. van de Weert, J.H.O. Garbe, H.-C. Mahler, W. Jiskoot, 

Forced degradation of therapeutic proteins., J. Pharm. Sci. 101 (2012) 895–913. 

doi:10.1002/jps.22812. 

[46] A. Hawe, M. Sutter, W. Jiskoot, Extrinsic fluorescent dyes as tools for protein 

characterization., Pharm. Res. 25 (2008) 1487–99. doi:10.1007/s11095-007-9516-9. 

 

 



CHAPTER III – Development of a stable formulation for hUK-66 

103 

 

[47] R.J. Harris, Processing of C-terminal lysine and arginine residues of proteins isolated 

from mammalian cell culture., J. Chromatogr. A. 705 (1995) 129–34. 

doi:http://dx.doi.org/10.1016/0021-9673(94)01255-D. 

[48] B. Antes, S. Amon, A. Rizzi, S. Wiederkum, M. Kainer, O. Szolar, et al., Analysis of 

lysine clipping of a humanized Lewis-Y specific IgG antibody and its relation to Fc-

mediated effector function., J. Chromatogr. B. Analyt. Technol. Biomed. Life Sci. 852 

(2007) 250–6. doi:10.1016/j.jchromb.2007.01.024. 

[49] X. Kang, J.P. Kutzko, M.L. Hayes, D.D. Frey, Monoclonal antibody heterogeneity 

analysis and deamidation monitoring with high-performance cation-exchange 

chromatofocusing using simple, two component buffer systems., J. Chromatogr. A. 

1283 (2013) 89–97. doi:10.1016/j.chroma.2013.01.101. 

[50] M. Weitzhandler, D. Farnan, J. Horvath, J.S. Rohrer, R.W. Slingsby, N. Avdalovic, et 

al., Protein variant separations by cation-exchange chromatography on tentacle-type 

polymeric stationary phases., J. Chromatogr. A. 828 (1998) 365–72. 

doi:10.1016/S0021-9673(98)00521-4. 

[51] T. Laursen, B. Hansen, S. Fisker, Pain perception after subcutaneous injections of 

media containing different buffers., Basic Clin. Pharmacol. Toxicol. 98 (2006) 218–21. 

doi:10.1111/j.1742-7843.2006.pto_271.x. 

[52] M. Gaumet, A. Vargas, R. Gurny, F. Delie, Nanoparticles for drug delivery: the need 

for precision in reporting particle size parameters., Eur. J. Pharm. Biopharm. 69 (2008) 

1–9. doi:10.1016/j.ejpb.2007.08.001. 

[53] R. Bischoff, B. Barroso, Liquid Chromatography, in: W. Jiskoot, D.J.A. Crommelin 

(Eds.), Methods Struct. Anal. Protein Pharamceuticals., American Association of 

Pharmaceutical Scientists, Airlington, USA, 2005: pp. 277–329. 

 

 

 

 

 



 



 

CHAPTER IV 

 

NEBULIZATION OF THE HUMANIZED MONOCLONAL 

ANTIBODY UK-66 – PHYSICOCHEMICAL STABILITY 

AND IN VIVO EFFICACY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unpublished manuscript.  



CHAPTER IV – Nebulization of hUK-66 – Physicochemical stability and in vivo efficacy 

106 

 

Abstract 

To deliver proteins via the lung, generation of an inhalable aerosol is required. However, 

during the process of nebulization the air-liquid interface is substantially increased exposing 

biomolecules to intensive interfacial stress. Therefore, the previously developed hUK-66 

formulations were studied for their suitability to stabilize the antibody during air-jet 

nebulization. Considering the large sample volumes required for nebulization, an in vitro 

surrogate method simulating the nebulization stress was developed in order to reduce drug 

substance consumption. A formulation of hUK-66 comprising sucrose and polysorbate 20 

proved to preserve the protein stability during the preliminary study as well as the real 

nebulization process. Furthermore, it was shown that nebulization had no adverse effect on the 

chemical stability of the antibody. Finally, the immunotherapeutic efficacy of the hUK-66 

formulation administered via inhalation was proven by prolonged survival of mice infected 

intranasally with S. aureus. For this in vivo study a special set up to enable aerosol delivery to 

mice being awake and breathing normally has been developed. An additional advantage of 

this setup was nose-only exposure which reduced the disadvantages of whole body exposure 

such as adsorption over the skin and large amount of aerosol needed. Altogether, multiple 

nebulization and intense recirculation of the protein solution within the reservoir had no major 

effect on conformational stability of the antibody. Hence, the hUK-66 formulation proofed to 

be stable during nebulization. Furthermore, its immuno-therapeutic potential in treating 

S. aureus infections effectively when administered pulmonary was demonstrated in this study. 
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1. Introduction 

The market withdrawal of the first inhalable insulin product Exubera
®
 in 2008, after only 

2 years of commercial distribution due to low patient’s compliance, disappointing sales, and 

suspicions about favoring lung cancer, led to concerns and hesitation in the research and 

development of pulmonary delivery of biopharmaceuticals. In the following time, research in 

this field had been significantly reduced and the few clinical trials on macromolecules for 

pulmonary delivery were suspended [1].  

However, pulmonary delivery of proteins is still attractive for other indications. 

Biopharmaceuticals normally are administered via the parenteral route since oral delivery is 

characterized by low drug absorption and results in inactivation due to gastrointestinal 

enzymes as well as adverse pH conditions in the gastrointestinal tract [2–6]. The advantage of 

pulmonary over parenteral administration is the non-invasive way of application improving 

patient comfort by avoiding injection pain [2]. Based on the large surface area of alveoli, the 

short diffusion path through the thin alveolar epithelium into the blood circulation without 

first-pass effect, and the elevated blood perfusion of the lung, proteins have a higher systemic 

absorption rate in the lung compared to other non-invasive routes like sublingual, oral, nasal, 

or transdermal administration [1,3–5,7,8]. Additionally, inhalation of biopharmaceuticals is a 

convenient way to treat lung diseases more effectively and safely due to induction of high 

local concentrations at the desired site of action and reduction of side effects by lowered 

systemic drug exposure [1,4,5,9]. 

Therefore, in the last years pulmonary delivery of proteins is regaining attention. Even the 

systemic delivery of insulin via the lung made a promising comeback by the market launch of 

Afrezza
®
 by Mannkind Corporation and Sanofi in the United States in February 2015. 

Learning from the failure of Exubera
®
 and its limitations, the inhaler size was reduced and the 

bioavailability of rapid acting insulin increased. In clinical studies, no severe safety issues 

were detected. Furthermore, the Technosphere
®
 technology where insulin is precipitated from 

solution onto diketopiperazine carrier particles, enabled adequate aerosol particle size 

distribution as well as rapid absorption and elimination [1,10,11].  

Since drug delivery to the lung is always accomplished by inhalation of an aerosol, a 

formulation suitable for aerosolization is required to deliver proteins to the lung. There are 

three possibilities to generate the aerosol for drug inhalation: Nebulizers and pressurized 

metered dose inhalers (pMDIs) for liquid formulations as well as dry powder inhalers (DPIs) 

for solid formulations [5,8,9]. Every delivery device has its own advantages and drawbacks, 

which were reviewed in detail by several authors [4–9,12]. Although nebulization has some 
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limitations such as relatively large volume of drug solution associated with lengthy 

application per inhalation, its advantages regarding pulmonary protein delivery are 

convincing. While the dried state needed for DPI is able to stabilize the protein against 

chemical degradation such as hydrolysis or deamidation, liquid formulations are easier, 

cheaper, and faster to develop since no further process steps such as drying are required 

[9,12]. The application of nebulizers is convenient for patients who have problems using 

MDIs and DPIs (such as children and elderly people) and it is suitable when formulation of 

the drug into MDI or DPI is difficult. Regarding this study, the most important benefit is the 

ability to conveniently deliver drugs to mechanically ventilated patients through nebulization 

unlike the other inhaler types which require some kind of coordination of breathing and 

aerosol generation [4,8,9]. Therefore, most biopharmaceuticals that are currently developed 

for inhalation are intended for nebulization [9,12]. The predominant challenge for formulation 

development therefore is efficient stabilization of proteins during the aerosolization process. 

Especially the high air-liquid interface generated during nebulization may detrimentally affect 

protein stability and was already shown to lead to aggregation and loss of activity for several 

proteins [13–16]. Furthermore, protein stability is endangered by solvent evaporation, 

recirculation, and multiple atomization of the protein solution within the air-jet nebulizer 

reservoir [17,18]. Hence, an optimized formulation is required for each individual protein and 

applied nebulization technique to preserve the activity of biopharmaceuticals.  

In this study, the ability of the previously developed hUK-66 formulations (Chapter III: 

Development of a stable formulation for the humanized monoclonal antibody UK-66) to 

stabilize the antibody during air-jet nebulization was examined. Considering the limited 

availability of the antibody and the entailed costs, an in vitro surrogate method simulating the 

nebulization stress was developed in order to reduce drug substance consumption. The best-

performing formulation of this pre-study was submitted to nebulization and its protein 

stabilizing potential was compared to non-formulated hUK-66. To assess the effect of the 

nebulization process onto the antibody, the residual protein in the nebulizer reservoir after 

nebulization as well as the generated aerosol were analyzed. For this purpose, an aerosol 

collection apparatus was developed to transfer the aerosol into a liquid state and enable 

thereby analysis by standard methods.  

Since the main reason for protein destabilization during nebulization is the generation of a 

large air-liquid interface during atomization of the protein solution into a fine mist, so far only 

aggregate formation due to unfolding at the interface has been studied [12]. However, also 

chemical destabilization, e.g. through oxidation, may occur during nebulization [12]. 
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Therefore, the collected aerosol and the mAb solution from the reservoir were analyzed with 

regards to chemical degradation in this study. 

Finally, to assess the activity and efficacy of the aerosolized hUK-66 formulation an in vivo 

nebulization set up was developed. To date, only few in vivo studies on mice regarding 

pulmonary protein delivery have been conducted [19–21]. In some of these studies, a 

microsprayer was used for intratracheal aerosol delivery enabling direct administration of a 

controllable amount of protein into the lower respiratory tract of anaesthetized mice. 

However, narcotics frequently result in respiratory depression causing slow and shallow 

breathing contrary to natural breathing behavior. Hence, for the efficacy study of hUK-66 we 

aimed to develop a nose-only exposure system for physiologically breathing mice 

circumventing the disadvantages of whole body exposure like adsorption via the skin and 

large amount of aerosol needed. 
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2. Materials and methods 

2.1. Materials 

hUK-66, a humanized monoclonal antibody (mAb) of the IgG1 subclass, targeting the 

immunodominant staphylococcal antigen A (IsaA) on the surface of Staphylococcus aureus 

[22], was provided in a concentration of 2.8 mg/ml or 9.81 mg/ml in 1 x PBS buffer, pH 7.4, 

by the Institute for Molecular Infection Biology (University of Wurzburg, Germany). 

L-Histidine (Reagent Plus® ≥ 99% (TLC)), sucrose (BioUltra, for molecular biology, 

≥99.5%), D-mannitol (BioXtra, ≥98%), and polysorbate 20 (PS 20) were purchased from 

Sigma-Aldrich (Steinheim, Germany) and employed as formulation excipients. Sodium 

fluorescein was purchased from Sigma Aldrich (Steinheim, Germany). Ultrapure water was 

used throughout the study (Milli-Q Synthesis Ultrapure Water Purification System, EMD 

Millipore Corporation, Billerica, USA). 

2.2. Preparation of hUK-66 formulations 

For preparation of the mAb bulk solution, hUK-66 drug substance was dialyzed against 

50 mM histidine buffer (pH 6) and concentrated to approximately 13 mg/ml using an 

Amicon
®
 stirred ultrafiltration cell 8010 (EMD Millipore Corporation, Billerica, MA, USA). 

The cell was equipped with a 50 kDa ultrafiltration membrane disk filter (25 mm, PALL
®

 Life 

Sciences Corporation, Ann Arbor, MI, USA).  

Stock solutions of 1% PS 20 and 1 M sugar or sugar alcohol in 50 mM histidine, mAb bulk 

solution, and the formulation buffer itself were combined to obtain formulations containing 

8.5 mg/ml hUK-66, 0.04% polysorbate 20 (PS 20), and 270 mM mannitol or sucrose, 

respectively (Table 1). For preparation of the reference formulation, the drug substance was 

diluted to a final concentration of 8.5 mg/ml hUK-66 in PBS, pH 7.4. The formulations were 

sterile filtered using sterile syringe filter units under LAF (0.2 µm, PES membrane, 13 mm 

diameter, Nalge Nunc International Corporation, Rochester, USA).  

Table 1: Overview of applied hUK-66 formulations. 

Formulation PBS Sucrose Mannitol 

Excipients 
PBS  

(pH 7.4) 

Histidine 

buffer (pH 6) 

0.04 % 

PS 20 

270 mM 

Sucrose 

Histidine 

buffer (pH 6) 

0.04 % 

PS 20 

270 mM 

Mannitol 
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2.3. Mechanical shaking stress 

0.65 ml polypropylene tubes (SafeSeal micro tubes, Sarstedt AG & Co, Nümbrecht, Germany) 

filled with 320 µl aliquots of the respective formulations were fixed horizontally on a shaking 

device (Eppendorf Thermomixer, Eppendorf AG, Hamburg, Germany). Filling the tubes to 

50% provided sufficient air for the formation of a large, constantly renewing air-water 

interface during agitation. Shaking was performed at room temperature applying a speed of 

1450 rpm for an overall shaking time of 8 h. After the defined shaking stress intervals of 

15 min, 1 h, as well as 8 h, triplicates of each formulation were drawn and stored at 2-8°C. 

Due to limited availability of hUK-66, only single samples were prepared for all initial 

reference solutions.  

2.4. Nebulization of hUK-66 

Nebulization of the protein formulations was conducted using a Pari LC Sprint Star fine 

droplet nebulizer with a red nozzle attachment in combination with a Pari Boy N compressor 

(both PARI GmbH, Starnberg, Germany) providing an aerosol droplet size of 2.2 µm mass 

median diameter (MMD) [23]. Considering the minimum fill volume of 2 ml, the reservoir 

was loaded with 2 to 4 ml hUK-66 formulation or reference sample, respectively. After 

operating the nebulization device for 10 min, the influence of nebulization on stability of the 

protein solution in the reservoir was analyzed. For aerosol characterization experiments, 

fluorescein sodium was supplementary added as internal standard to the hUK-66 formulation 

at a concentration of 2 µg/ml. The recovery as well as stability in the aerosol was analyzed 

after 5 min operation.  

2.5. Aerosol collection for characterization 

Analytical characterization of the aerosol required a conversion into fluid state. Therefore, a 

reflux condenser system [16,24] was combined with a glass impinger based on the set up used 

in the European Pharmacopoeia (Ph. Eur. 2.9.18) as well as by Khatri et al. [25] for aerosol 

collection (Figure 1). The reflux condenser (Figure 1, a) was cooled to -5°C using a 

precooled mixture of 50% ethylene glycol and 50% water. A round bottom flask (Figure 1, b) 

and an ensuing washing flask (Figure 1, c) were filled with 5 and 10 ml histidine buffer, 

respectively, representing first and second collection stage. The generated aerosol was drawn 

through the collection apparatus by an applied vacuum. The aerosol which condensed on the 

walls of the reflux condenser dropped into the round bottom flask (collection stage 1; 

Figure 1, b). In contrast, aerosol which was not condensed by the reflux condenser either 

deposited in the histidine buffer filled in collection stage 1 or, depending on droplet size, was 
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directed through the collection medium in the washing flask (collection stage 2; Figure 1, c). 

After nebulization, the system was rinsed with 5 ml of buffer. The samples drawn from the 

nebulizer reservoir, collection stage 1, and 2 were analyzed with regard to mAb stability and 

recovery in comparison to the initial formulation. The formulation nebulized for analysis of 

mAb stability in the aerosol, contained 2 mg/ml hUK-66 due to limited availability of 

material. As the collection process included dilution and the protein concentration may have 

been changed further by degradation, 2 µg/ml fluorescein sodium (FS) was included as 

internal standard in the formulation for calculation of collection recovery. The recovery of the 

internal standard fluorescein sodium in the collection stages was determined by measuring the 

fluorescence intensity of the collected samples placed into a 96 well plate at an excitation 

wavelength of 490 nm and emission wavelength of 515 nm using a LS 50 B Fluorescence 

Spectrometer (Perkin Elmer, Waltham, MA, USA). The percentage recovery of the nebulized 

protein was assessed by SEC. 

 

Figure 1: Setup for aerosol collection: Combination of a reflux condenser system and a two-stage 

impinger consisting of (a) a reflux condenser, (b) a round bottom flask = collection stage 1, and (c) a 

washing flask = collection stage 2. 
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2.6. In vivo study 

2.6.1. Calculation of required mAb formulation concentration 

According to literature [26,27], the drug dose delivered to mice can be estimated by the 

following equation: 

𝐷𝑜𝑠𝑒 =  
𝐴𝑒𝑟𝑜𝑠𝑜𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑚𝑖𝑛𝑢𝑡𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 ∙ 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒

𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
 (1) 

The respiratory minute volume can be substituted with the tidal volume and the respiratory 

rate. 

𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑚𝑖𝑛𝑢𝑡𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑇𝑖𝑑𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 ∙ 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑟𝑎𝑡𝑒 (2) 

Considering the desired dose and exposure time as well as the respiratory characteristics of 

mice, the required aerosol concentration of the antibody can be calculated by: 

𝐴𝑒𝑟𝑜𝑠𝑜𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐷𝑜𝑠𝑒 ∙ 𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑟𝑎𝑡𝑒 ∙ 𝑇𝑖𝑑𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 ∙ 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒
 (3) 

According to this equation, to obtain the desired dose of 5.5 mg/kg after 10 min nebulization, 

an hUK-66 aerosol concentration of 0.423 µg/ml is required assuming an average body weight 

of 20 g and a respiratory rate of 163 per minute with a tidal volume of 0.16 ml for an ordinary 

mouse [26].  

𝐴𝑒𝑟𝑜𝑠𝑜𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
5.5

𝑚𝑔
𝑘𝑔

∙ 0.02𝑘𝑔

163 𝑚𝑖𝑛−1 ∙ 0.16 𝑚𝑙 ∙ 10 𝑚𝑖𝑛
= 0.423 µ𝑔/𝑚𝑙 (4) 

Knowing the antibody concentration in the aerosol, the concentration of the whole nebulized 

solution in the aerosol was required for determination of the initial antibody concentration in 

the liquid formulation to be nebulized. To estimate the mass of nebulized solution per ml 

aerosol, the output rate and the flow of the applied nebulizer were required. For this purpose, 

the output rate was determined gravimetrically by measuring the weight of the nebulizer 

before and after nebulization of water for 10 min and found to be 0.2 g/min. To assess the 

volume nebulized per minute, the aerosol was introduced by a tube into a 5 l beaker which 

was filled with water and fixed upside down into a water bath. The volume of the air which 

replaced the water during operation for 1 min was determined to be 4 l resulting in a flow of 

approximately 4 l/min for the applied nebulizer. Incorporating these two nebulizer 

performance characteristics, the concentration of the nebulized solution in the aerosol can be 

calculated: 

𝑂𝑢𝑡𝑝𝑢𝑡 𝑟𝑎𝑡𝑒

𝐹𝑙𝑜𝑤
=  

0.2
𝑔

𝑚𝑖𝑛

4
𝑙

𝑚𝑖𝑛

= 0.05 
𝑔

𝑙
= 0.05 

𝑚𝑔

𝑚𝑙
= 50 

µ𝑔

𝑚𝑙
 (5) 
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Hence, to obtain a mAb mass of 0.42 µg per ml aerosol, the nebulized solution consisted of 

0.42 µg mAb in 0.05 mg formulation: 

ℎ𝑈𝐾 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑛𝑒𝑏𝑢𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

=  
0.42 µ𝑔 ℎ𝑈𝐾

0.05 𝑚𝑔 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

= 8.46
µ𝑔

𝑚𝑔
= 8.5 

µ𝑔

µ𝑙

= 8.5 
𝑚𝑔

𝑚𝑙
  

(6) 

In conclusion, the initial formulation for nebulization required a hUK-66 concentration of 

8.5 mg/ml to generate an aerosol concentration which results in a theoretical whole body dose 

of 5.5 mg/kg.  

2.6.2. In vivo nebulization setup 

Based on the setup used by Rudolph et al [28,29], an acrylic glass cylinder with holes for 10 

perpendicularly attached 50 ml tubes was built (Figure 2). The ends of the cylinder were 

conically tapered with apertures for connecting the nebulizer as well as for aerosol outflow at 

the bottom. A perforated plate at the entrance of the cylindrical tube helped to generate a 

uniform flow of the aerosol. The mice were placed face first separately into 50 ml 

polypropylene tubes (Sarstedt AG & Co, Nürnbrecht, Germany) with cut-off tips. These 

modified tube tips were only big enough for mouth and nose to minimize dermal exposure of 

the mice to the aerosol [30]. A small whole in the caps of the tubes enabled a flow-through of 

the aerosol.  

 

Figure 2: Nebulization array setup for simultaneous treatment of up to 10 mice with therapeutic 

aerosol. To allow clear identification of all setup details, the two leftmost and rightmost tubes were 

removed. 
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2.6.3. In vivo animal study of nebulized hUK-66 efficacy  

The animal studies were approved by the Ethics Committee of the Lower Franconia 

authorities. Prior to the experiments, animals were acclimatized for at least 7 days. Female 

Balb/c mice (average age 6 weeks, weight 17-21 g) (Charles River, Sulzfeld, Germany) were 

sedated by inhalational anesthesia using isoflurane for subsequent intranasal infection with 

20 µl of Staphylococcus aureus Newman at a concentration of 1∙10
10

 CFU/ml. Hence, the total 

infection dose was 2∙10
8
 CFU bacteria per mouse. After an incubation interval of 3 h, infected 

mice were treated by inhalation of nebulized hUK-66 formulations (n = 20) while control 

mice received nebulized blank formulations without mAb (n = 20). 2 ml hUK-66 was 

nebulized within 10 min to obtain a final dose of 5.5 mg/ kg. The mice were kept for another 

10 min within the nebulization box to ensure inhalation of the entire nebulized mAb dose. The 

animals were kept in ventilated cages supplied with filtered air and food as well as water 

available ad libitum in a 12 h light/12 h dark cycle. Survival rate and body weight of infected 

mice after treatment with nebulized hUK-66 was monitored over 3 days. 
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2.7. Analytical methods 

2.7.1. Concentration and turbidity measurements using UV-Vis spectroscopy 

UV-visible absorbance spectroscopy was performed using a Genesys 10s UV-Vis 

spectrophotometer (Thermo Fisher Scientific Corporation, Waltham, USA). Volumes of 

200-400 µl of each sample were analyzed in a 0.5 ml disposable cuvette (UVette®, Eppendorf 

AG, Hamburg, Germany) with a path length of 10 mm. UV-visible absorbance spectra were 

recorded from 200 to 800 nm using intervals of 1 nm. To determine the antibody 

concentration, an extinction coefficient of 1.475 ml∙mg
-1

∙cm
-1

 for absorption at 280 nm was 

used which was calculated based on the amino acid sequence using ExPASy [31]. Turbidity of 

the undiluted samples was assessed by measuring the optical density at 350 nm since protein 

absorption is negligible at this wavelength [32].  

2.7.2. Dynamic light scattering (DLS) 

Particle size distributions of the undiluted protein samples were measured using a Delsa™ 

Nano HC Particle Analyzer (Beckman Coulter®, Inc., Fullerton, CA, USA) at 25°C. Every 

measurement consisted of three individual runs comprising 200 accumulations each. 60 µl of 

the different samples were analyzed in a glass micro-cuvette (Beckman Coulter®, Inc., 

Fullerton, CA, USA).  

2.7.3. High performance size exclusion chromatography (SEC) 

For analyzing the stability and purity of the protein samples by SEC, the samples were diluted 

to a final concentration of approximately 1 mg/ml and centrifuged at 4400 x g for 30 min at 

5°C (Eppendorf Centrifuge 5804 R, Rotor A-4-44, Eppendorf AG, Hamburg, Germany). The 

supernatants were transferred into 1.5 ml vials with 100 µl glass vial inserts and analyzed 

using a VWR Hitachi LaChromUltra
TM

 HPLC system equipped with a diode array detector 

and a 7.8 mm x 300 mm TSK-Gel
®
 G3000SWXL column as well as a TSK-Gel

®
 SWXL 

Guard column (Tosoh Bioscience, Stuttgart, Germany). A 150 mM potassium phosphate 

buffer, pH 6.5, was used as mobile phase. 20 µl of each sample was injected and separated at a 

flow rate of 0.4 ml/min for 40 min at room temperature. The chromatographic data were 

recorded at 210 nm using a UV-Vis diode array detector and evaluated using the Agilent 

EZChrom Elite software (Agilent Technologies, Inc., Pleasanton, CA, USA).  
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2.7.4. Cation exchange chromatography (CEX) 

mAb samples were analyzed regarding charge heterogeneity using a VWR Hitachi 

LaChromUltra
TM

 HPLC system equipped with a diode array detector and a 4 mm x 250 mm 

PROPAC
®
 WCX-10 analytical column as well as a 4 x 50 mm PROPAC

®
 WCX-10G guard 

column (Dionex
®
 Corporation / Thermo Fisher Scientific, Inc., Sunnyvale, CA, USA). 10 µl 

of each sample were run for 52 min at a flow rate of 1.0 ml/min at room temperature. A 

gradient of mobile phases A (20 mM sodium acetate, pH 5.6) and B (20 mM sodium acetate, 

240 mM sodium chloride, pH 5.6) was used. The percentage of B was increasing from 20% 

(0 min) to 40% (2 min) to 80% (52 min). The column was regenerated after each run by 100% 

mobile phase B for 4.9 min and re-equilibrated using 80% A and 20% B for another 20 min 

prior to analysis of the next sample [33]. The data were recorded at 280 nm and 214 nm, 

respectively, using a UV-Vis diode array detector and evaluated using the Agilent EZChrom 

Elite software (Agilent Technologies, Inc., Pleasanton, CA, USA). 

2.7.5. Statistical analysis 

For analysis of the statistical significance of the survival data, the Gehan-Breslow-Wilcoxon 

test was applied using GraphPad Prism, Version 6.0 (GraphPad Software, Inc., La Jolla, CA, 

USA). 

Data of the individual samples were analyzed for statistically significant differences in size, 

polydispersity indices, turbidity, monomer, aggregates, or degradation product content over 

incubation time by one-way analysis of variance (ANOVA) using multiple comparisons 

versus control by the Holm−Sidak method for comparison of multiple groups. Overall, a 

significance level of 0.05 was applied (OriginPro 9, OriginLab Corporation, Northampton, 

MA, USA). 
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3. Results and discussion 

3.1. Aerosol formulation screening using surrogate interfacial stress method 

Previous studies concerning formulation development for hUK-66 revealed chemical and 

physical stability of the antibody during quiescent refrigerated storage in presence of certain 

stabilizing excipients (Chapter III: Development of a stable formulation for the humanized 

monoclonal antibody UK-66). To evaluate if these formulations were also capable of 

stabilizing the antibody against the interfacial stress occurring during nebulization, a surrogate 

method was applied, which aimed at simulating the nebulization stress and reducing drug 

substance consumption. Hertel et al. demonstrated that agitation of protein samples at elevated 

temperatures leads to similar degradation levels as nebulization [34]. In the study of Hertel et 

al., shaking at 30°C for 10 min in half-filled micro tubes resulted in the best correlation to 

nebulization stress occurring during vibrating mesh nebulization. However, the jet nebulizer 

used in the present study does not result in increased reservoir temperatures up to 30-35°C in 

contrast to the vibrating mesh nebulizer used by Hertel et al. Instead, prolonging the shaking 

time at a temperature of 25°C resulted in good correlation to aggregation induced by 

nebulization in the high-throughput study of Hertel et al., as well. Therefore, in our study two 

hUK-66 formulation candidates as well as hUK-66 in PBS (reference formulation) were 

agitated for 15 min, 1 h, and 8 h at 25°C in half-filled micro tubes. Formulation candidates 

contained 0.04% PS 20 and 270 mM sugar or sugar alcohol (mannitol or sucrose, 

respectively) in 50 mM histidine buffer, pH 6.  

For protein aggregation evaluation, solution turbidity was used as indicator being able to 

reveal both soluble and insoluble aggregation with good sensitivity in contrast to SEC [32,34]. 

Agitation of the protein formulations at room temperature resulted in an increasing albeit not 

significant trend in turbidity of the hUK-66 reference formulation over shaking time 

(Figure 3). This might indicate a propensity to aggregation of the protein in PBS. Similar 

effects have been previously reported for several other therapeutic proteins [34,35]. In 

contrast, both hUK-66 formulations exhibited constant turbidity levels throughout the 

mechanical stressing. Potentially, this can be primarily attributed to the presence of PS 20, 

known as stabilizer against surface induced aggregation [35]. 
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Figure 3: Influence of surrogate stress on turbidity of hUK-66 formulation candidates (sucrose, 

mannitol) in comparison to the reference formulation (PBS) over agitation time analyzed by UV-Vis 

absorption measurements at λ = 350 nm. (n=3; ±S.D. except initial samples).  

DLS results confirmed the observations regarding aggregation propensity of the PBS 

formulation of hUK-66 made by turbidity analysis. Analyzed polydispersity indices (PdIs) 

were below 0.15 for all formulations, demonstrating a quite monodisperse particle size 

distribution. However, an increasing albeit not statistically significant trend of PdI values and 

hydrodynamic diameters was observed for hUK-66 in PBS over agitation time while hUK-66 

in presence of excipients presented constant results (Figure 4).  

 

Figure 4: Effect of exposing hUK-66 formulations to mechanically increased air-water interface on 

homogeneity of particle size distribution within the samples (polydispersity index; PdI) (A) and 

hydrodynamic diameter of the protein in the respective formulations (B) analyzed by DLS.  

Figure 5 depicts the effects of the surrogate interfacial stress method on stability of hUK-66 

regarding monomer content, aggregation, and degradation of the different formulations 

analyzed by SEC as a function of agitation time. The presence of PS 20 and additional sucrose 
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or mannitol proved to stabilize the antibody against aggregation and degradation due to 

mechanical stress. In contrast, PBS alone resulted in a slight decreasing trend of monomer 

content during agitation accompanied by an increasing trend of aggregates and degradation 

products. However, it has to be noted that even the non-formulated mAb did not aggregate to 

a large extent as the amount of remaining monomer of 96% stayed very close to the initially 

measured monomer content of 96.6%. Significance of the trend to aggregation and 

degradation of the reference formulation could not be analyzed since only single initial 

samples were prepared due to limited availability of hUK-66. 

 

Figure 5: Effect of surrogate interfacial stress on monomer (A), aggregates (B), and degradation 

product content (C) in different hUK-66 formulations during agitation stress time as assessed by SEC. 

Since hUK-66 had shown to be prone to deamidation in aqueous conditions in previous 

studies (Chapter III: Development of a stable formulation for the humanized monoclonal 

antibody UK-66), the propensity for chemical degradation during agitation was analyzed 

using CEX. For neither the reference formulation (PBS) nor the candidate formulations, an 

increasing tendency of acidic variants due to agitation was observed (Figure 6). Hence, this 

study revealed that the mechanical agitation stress did not lead to chemical degradation of this 
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antibody. Therefore, the increasing trend in degradation products detected by SEC was not 

attributable to formation of acidic variants as detected by CEX. 

 

Figure 6: Analysis of chemical degradation of the main peak (A) into acidic (B) and basic (C) variants 

in different hUK-66 formulations due to surrogate interfacial stress over agitation time using CEX.  

From the accelerated stress testing it was concluded that interfacial stress occurring during 

nebulization may lead to aggregation of non-formulated hUK-66, albeit to a minor extent, 

underlining the necessity of proper formulation. Both candidate formulations were capable of 

protecting the antibody against aggregation. This can be accredited to the congruent presence 

of the surfactant PS 20, a well-known stabilizer against surface induced aggregation [36]. The 

sugar sucrose and the sugar alcohol mannitol did not differ in their stabilizing potential for 

hUK-66 during agitation. Since sucrose proved to be the superior stabilizer of the native 

protein conformation during lyophilization and long-term storage (Chapter III: Development 

of a stable formulation for the humanized monoclonal antibody UK-66), sucrose was chosen 

as the most promising formulation for nebulization studies. Furthermore, this formulation 

fulfilled the requirements for inhalable drug formulations since its pH value of pH 6 is kept 

within the ideal range for pulmonary delivery of pH 5 to 8 [9].  
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3.2. Impact of nebulization on stability of hUK-66 

After determination of a qualified formulation for nebulization of hUK-66 based on interfacial 

stress testing, the influence of the actual nebulization process on stability of the antibody was 

assessed to verify and evaluate the stabilizing potential of the developed formulation. After 

nebulization of the chosen formulation candidate (sucrose) using a jet nebulizer, protein 

samples were collected from the nebulizer reservoir as well as from the aerosol collection 

apparatus and analyzed regarding monomer content, aggregation, and chemical degradation. 

3.2.1. Characterization of mAb solution in the reservoir of the air-jet nebulizer 

Although the decreasing temperature of the solution in the reservoir of an air-jet nebulizer due 

to solvent evaporation over nebulization time might appear to be favorable, protein stability is 

endangered by solvent evaporation, recirculation, and multiple atomization of the protein 

solution within the nebulizer reservoir [17,18]. Only aerosol droplets of adequate size are 

escaping the nebulizer while larger droplets are retained by baffles and are redirected into the 

fluid reservoir [18]. Before leaving the nebulizer as aerosol, a protein molecule undergoes the 

process of nebulization on average up to 15 times amplifying the risk to unfold and aggregate 

due to exposure to a large air-liquid interface [6]. Therefore, the effect of nebulization process 

on hUK-66 formulation was assessed by comparing samples from the nebulizer reservoir after 

nebulization with initial hUK-66 formulations.  

Since turbidity analysis is said to be more sensitive than HPLC for early detection of 

aggregate formation [32], the optical density at 350 nm of the protein solutions from the 

reservoir was assessed revealing relatively low turbidity levels of 50 to 65 mAU and hence no 

indication for strong formation of insoluble aggregates for all samples (Figure 7A). Analyzing 

concentration changes, an increase of the protein concentration within the reservoir by on 

average 10% was observed, a common effect of air-jet nebulization (Figure 7B) [9]. The 

simultaneously increased amount of excipients per volume of the hUK-66 formulation caused 

by the solvent evaporation might have influenced the optical characteristics and hence the 

turbidity. This would explain the higher turbidity values after nebulization of the formulation 

in contrast to those of the reference without additional excipients. 
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Figure 7: Effect of nebulization process on turbidity (A) and concentration (B) of hUK-66 formulation 

in the reservoir (sucrose 1 and 2) in comparison to the reference (PBS 1 and 2) analyzed by UV 

absorption measurements at 350 nm or 280 nm, respectively. Since nebulization of hUK-66 

formulation (sucrose) and reference (PBS) were only performed twice due to limited availability of 

hUK-66, measurement results of every single nebulization were plotted. 

DLS measurements resulted for all samples in PdI values below 0.1 with hydrodynamic 

diameters of 13 to 14 nm indicating a monomodal particle size distribution and no formation 

of oligomers or large aggregates (Figure 8). However, a direct comparison of hUK-66 

samples before and after nebulization suggested a slight increase of turbidity, size, and PdI of 

the analyzed formulation within the reservoir while no trend was observed for non-formulated 

hUK-66. Although PBS exhibited already higher initial PdI values than the formulation 

samples, the increase in PdI and mean size, which indicated aggregation propensity, 

compromised the results of the surrogate stress formulation screening. 

 

Figure 8: Hydrodynamic diameter (A) and PdI values (B) of different hUK-66 formulations within the 

reservoir before (dark blue bars) and after (grey bars) nebulization as assessed by DLS. Standard 

deviations of the inherent 3 runs of one DLS measurement per sample were plotted. 
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SEC analysis showed neither a loss of monomer nor a formation of soluble aggregates or 

degradation products for the two hUK-66 formulation samples in the reservoir after 

nebulization for 10 minutes (Figure 9A, C, and E). As demonstrated by the CEX results, 

exposure to interfacial stress caused by recirculation in the reservoir had no adverse effect on 

the chemical stability of the antibody (Figure 9B, D, and F). 

Altogether, the enormous stress created by multiple nebulization and intense recirculation of 

the protein solution within the reservoir did not result in pronounced aggregation or 

degradation of the antibody, neither for the developed hUK-66 formulation nor for the 

hUK-66 PBS reference. This demonstrated a high general stability of the antibody hUK-66. 

Hence, the majority of the protein was leaving the nebulizer in a stable folded natural state. 

However, for the chosen formulation it could not be absolutely excluded that some by 

recirculation unfolded or even aggregated protein molecules were nebulized in a repeated 

aerosolization step during the nebulization process.  
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Figure 9: Effect of recirculation of protein solution in nebulizer reservoir during nebulization process 

on physical and chemical stability of hUK-66 formulation (sucrose 1 and 2) and reference (PBS 1 and 

2) regarding monomer as well as main peak content (A and B) and formation of aggregates (C), 

degradation products (E), acidic variants (D), as well as basic variants (F) as analyzed by SEC (A, C, 

E) and CEX (B, D,F). 
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3.2.2. Characterization of nebulized mAb aerosol 

In order to evaluate the influence of the actual nebulization process on stability of nebulized 

protein, the aerosol was collected. After nebulization, a combination of a two stage impinger 

and a reflux condenser was applied for collection of the aerosol to enable characterization of 

the liquid using established analytical methods. 

Since protein concentration might be affected by degradation, efficiency of aerosol collection 

using this setup was assessed using an independent internal standard (fluorescein sodium, FS). 

40% of the initially nebulized hUK-66 formulation containing FS were collected by the 

combined impinger-reflux condenser set up. 88% of this collected aerosol were recovered in 

the second collection stage. However, collection efficiencies for collection by a two stage 

impinger or a reflux condensation system were reported to be above 90% [16,37]. This 

indicates an enormous loss of aerosol. Since only 12% were collected in the first collection 

stage, some protein might still be adsorbed to the glassware and rinsing with 5 ml buffer 

probably did not result in complete collection of all protein condensed in the reflux condenser. 

Nevertheless, analysis of the collected nebulized hUK-66 formulation using dynamic light 

scattering revealed a slight increase in PdI values after nebulization (Figure 10). These results 

indicate the presence of particles of various sizes within the sample after nebulization. The 

hUK-66 formulation sample drawn from the reservoir after nebulization showed a high PdI of 

0.4 and a large mean hydrodynamic diameter. Regarding DLS analysis, it is well known that 

the presence of few single very large particulates distorts light scattering measurements and 

hence can bias the results gained for mean hydrodynamic diameter (cumulant diameter) [38]. 

From the intensity size distribution it can be seen that the main peak remained constant (contin 

diameter for polydisperse samples). However, regarding the collected aerosol samples even 

the main peak size of the contin results was elevated compared to the non-nebulized hUK-66 

formulation. Considering the concurrently increased PdI values, the results indicate a presence 

of some oligomers and larger aggregates since DLS can only resolve particle populations that 

differ in size by at least factor 3 [39,40].  
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Figure 10: Comparison of hydrodynamic diameter (A) and PdI values (B) of hUK-66 formulation 

samples before nebulization (initial) and after nebulization collected from the reservoir or collection 

stage 1 and 2 as assessed by DLS. 

Since SEC analysis required centrifugation of the samples to remove insoluble aggregates and 

particulates, only soluble aggregates were detectable. Whereas the mAb within the reservoir 

maintained a constant percentage of monomer, aggregates, and degradation products 

compared to the non-nebulized initial sample, no soluble aggregates were detected in the 

collected mAb aerosol (Figure 11). This might be attributed to the small percentage of 

aggregates and the strong dilution of the accumulated nebulized mAb within the collection 

stages. Therefore, contained aggregates potentially were not detectable using SEC due to their 

low concentration. 

 

Figure 11: Monomer recovery (light grey), aggregate formation (dark blue), and degradation (mid 

grey) of hUK-66 formulation after nebulization (reservoir, collection stages 1, and 2) compared to 

initial sample.  
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Looking at the SEC chromatograms of the hUK-66 formulation before and after nebulization, 

not only the strong dilution of the nebulized antibody gathered in the collection stages is 

apparent but also the up-concentration of mAb within the reservoir due to nebulization with 

constant aggregate and degradation product levels (Figure 12).  

 

Figure 12: Overlay of SEC chromatographs of hUK-66 formulation before nebulization (black) and 

after nebulization from the reservoir (grey) as well as collection stage 1 (light blue) and 2 (dark blue).  

However, the collection procedure might have distorted the stability of hUK-66 since the mAb 

is subjected to surface stress during collection by adsorption and condensation to the glass 

surface of the reflux condenser in the upper stage and by bubbling of the aerosol through the 

medium in the lower collection stage 2. Comparing different collection methods, Hertel 

showed that protein was degraded after collection using impinger or condenser even without 

being nebulized before [41]. In addition, particulates from the collection apparatus or the 

medium might bias the results since sterility could not be guaranteed during aerosol 

collection. Therefore, it can be concluded that the formulation containing sucrose and PS 20 

was able to preserve hUK-66 stability after nebulization to an acceptable degree considering 

that polydispersity was only slightly increased after nebulization. 
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3.3. hUK-66 in vivo efficacy study 

3.3.1. Evaluation of nebulization setup providing good inhalation conditions  

So far, in vivo pulmonary delivery of proteins to rodents is mainly done by anesthesia 

followed by instillation or intratracheal aerosolization [20,21,26] since in these cases the 

delivered dose is well controlled and directly deposited in the lower respiratory tract. 

Particularly the instillation process is easy and quick to perform, few equipment is required, 

and only small amounts of sample are needed [42,43]. However, instillation leads to 

inhomogeneous pulmonary distribution with low reproducibility whereas aerosol can 

distribute uniformly even into the peripheral alveolar region [41,42,44]. To introduce 

therapeutic drugs to the lung, the physiological way of passive inhalation by normally 

breathing non-anesthetized mammals is preferred since it represents a more realistic scenario 

for the therapy of humans even though the anatomy of the respiratory tract of rodents and 

humans is very different [26]. Passive inhalation can be accomplished by the use of a whole 

body exposure chamber. Nevertheless, this is impaired by potential drug absorption across the 

skin as well as the gastrointestinal tract and the large space required to saturate with aerosol 

[26]. A more efficient way is nose-only aerosol exposure where the contact of the aerosol with 

the animal is mostly concentrated to the snout. Hacha et al. showed effective pulmonary 

delivery by air-jet nebulization of anti-IL 13 mAb Fab’ fragments to mice using the nose-only 

inExpose™ system (SCIREQ Scientific Respiratory Equipment Inc, Montreal, Canada) [19]. 

To save acquisition costs and leave space for individual optimization, in this study an in vivo 

array nebulization set up for pulmonary delivery of therapeutic biopharmaceutics was 

constructed based on the setup used by Rudolph et al. [28,29]. It allowed easy and equal 

inhalation of the generated aerosol by up to 10 mice simultaneously.  

Since narcotics lead to respiratory depression causing slow and shallow breathing contrary to 

natural breathing behavior, the animals were placed in the constructed cylindrical array setup 

for nebulization without anesthesia. Dermal exposure of the mice to the aerosol [30] was 

minimized by using tubes with cut-off tips big enough for mouth and nose of the mice but 

tight enough to prevent leaving the tube (Figure 13). The nebulization array box was arranged 

horizontally since a more homogenous flow and distribution of the aerosol was observed 

compared to the vertical setup used by Rudolph et al [28].  
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Figure 13: Set up for in vivo nebulization. A homogenous aerosol flow is presented to the animals 

while exposure is mainly concentrated to noses and beaks of the mice. 

 

3.3.2. Survival of infected mice after treatment with nebulized hUK-66 

The way to in vivo efficacy studies was paved by the evaluation of the hUK-66 formulation 

containing sucrose and PS 20 which proved to preserve hUK-66 stability during nebulization 

(chapter IV.3.2.) and hence promised the delivery of bioactive antibody in an aerosolized 

state. Additionally, the development of the nose-only array nebulization set up enabled 

optimal experimental conditions to analyze the effect of nebulization of hUK-66 to mice 

infected with S. aureus. This antibody targets the immunodominant staphylococcal antigen A 

(IsaA) on the surface of Staphylococcus aureus [22] and facilitates the fight against 

staphylococcal infections by the immune system. Its “parent” murine antibody UK-66P 

already proved to activate phagocytes and promote bacteria killing in vivo in an intravenous 

infection and therapy setup [45]. The further developed humanized version hUK-66 

demonstrated similar binding specificity as well as biological activity to that of UK-66P in in 

vitro experiments and induced significant killing activity in blood sample tests [22]. Since 

infection with S. aureus is one of the main causes of nosocomial pneumonia and mechanically 

ventilated patients are particularly susceptible to pulmonary infections [46,47], in this study 

hUK-66 was evaluated for its therapeutic efficacy when delivered pulmonary to mice via 

nebulization. 3 h after intranasal infection with S. aureus, 10 mice at a time received a dose of 

5.5 mg/kg hUK-66 by passive inhalation for 10 minutes. Their survival after 3 days was 

compared to a control group which inhaled a placebo formulation without mAb under the 

same conditions. This experiment was repeated once with identical parameters and the results 
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are shown in Figure 14. Nebulized hUK-66 provided a significant survival benefit compared 

to the control (P = 0.004; Gehan-Breslow-Wilcoxon test). At the study endpoint after 3 days, 

65% of the animals treated with pulmonary delivered hUK-66 survived the S. aureus infection 

whereas only one out of four animals from the control group was still alive. Hence, hUK-66 

demonstrated its immunotherapeutic potential in treating S. aureus infections effectively when 

administered pulmonary. 

 

Figure 14: Survival of mice infected with S. aureus Newman (infection dose 2∙10
8
 CFU) after therapy 

with nebulized hUK-66 compared to an untreated control group (n = 20, data from two independent 

studies on different days, 10 mice for verum group and control group each).  
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4. Summary and conclusion 

To deliver proteins via the lung, generation of an inhalable aerosol is required. However, 

during the process of nebulization the protein solution is dissipating into multiple small 

droplets magnifying the air-liquid interface tremendously and exposing the biomolecules to an 

intensive interfacial stress. The goal of this study was to stabilize the antibody hUK-66 against 

this destructive influence by developing a suitable formulation. Since a large sample volume 

is needed for nebulization in general, a surrogate method to simulate air-jet nebulization stress 

was applied for evaluation of a suitable formulation in order to save drug substance. A 

formulation in histidine buffer at pH 6 comprising the excipients polysorbate 20, a well-

known stabilizer against surface induced aggregation, and sucrose prevented aggregation of 

hUK-66 during vigorous shaking over up to 8 h and hence provided a promising basis for 

successful stabilization during nebulization. To assess the influence of the actual nebulization 

process on protein stability in this formulation, the remaining protein in the nebulizer reservoir 

was easily accessible for analysis whereas for the collection of the aerosol a special apparatus 

was needed. The combination of stage impinger and reflux condenser revealed some 

disadvantages during aerosol collection. It probably induced protein degradation through 

adsorption and condensation to the glass surface and bubbling of the aerosol through the 

medium. Condensation of the aerosol directly into 2 ml polypropylene tubes as shown in 

recent studies by Hertel et al. [48] appears to be more appropriate. Nevertheless, the analyzed 

formulation of hUK-66 proved to preserve the protein stability adequately during 

nebulization. Furthermore, in this study it was shown that nebulization had no adverse effect 

on the chemical stability of an antibody which had not been analyzed yet [12]. Altogether, 

multiple nebulization and intense recirculation of the protein solution within the reservoir had 

no major effect on conformation stability of the antibody. Finally, the immunotherapeutic 

efficacy of the nebulized antibody hUK-66 to prolong survival of mice infected intranasally 

with S. aureus was proven. For this in vivo study a special nose-only exposure set up to enable 

aerosol delivery to mice being awake and breathing normally was developed successfully.  

Hence, the stability of hUK-66 in an optimized formulation during nebulization as well as its 

immunotherapeutic potential in treating S. aureus infections effectively when administered 

pulmonary were demonstrated in this study. 
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Abstract 

In this study, sensor surface functionalization allowing the repetitive use of a sensing device 

was evaluated for antibody-based detection of living bacteria using an optical planar Bragg 

grating sensor. To achieve regenerable immobilization of bacteria specific antibodies, the 

heterobifunctional cross-linker N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) was 

linked to an aminosilanized sensor surface and subsequently reduced to expose sulfhydryl 

groups enabling the covalent conjugation of SPDP-activated antibodies via disulfide bonds. 

The immobilization of a capture antibody specific for Staphylococcus aureus on the sensor 

surface as well as specific binding of S. aureus could be monitored, highlighting the 

applicability of optical sensors for the specific detection of large biological structures. 

Reusability of bacteria saturated sensors was successfully demonstrated by cleaving the 

antibody along with bound bacteria through reduction of disulfide bonds and subsequent re-

functionalization with activated antibody, resulting in comparable sensitivity towards 

S. aureus.  
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1. Introduction 

Detection methods for pathogens, microorganism, and other biological specimens are in great 

demand in the field of life sciences and clinical diagnostics, in particular in the context of 

infectious diseases. Especially for ubiquitous and often persistent pathogens such as 

Staphylococcus aureus, immediate detection and identification is crucial for the proper choice 

of medical treatment allowing to avoid systemic spreading and persistence of the infection as 

well as development of antibiotic resistance [1]. Biosensors promise to improve pathogen 

detection, providing a wide field of application and permitting sensitive, specific, and rapid 

analysis of diverse specimens [2–4]. Specifically, label-free optical biosensors such as planar 

Bragg grating sensors (PBGs), among others, emerged as alternatives to traditional clinical 

analysis methods, allowing to reduce costs, improve handling and avoid labeling [5–9].  

Highly selective detection of pathogens may be achieved by immobilizing target-specific 

antibodies on the surface of the sensing region of PBGs [3]. Binding of complementary 

antigens to the antibody-modified sensor surface changes the refractive index in proximity of 

the sensing grating and leads to a detectable spectral shift of the reflected Bragg wavelength 

[9].  

Several authors have evaluated antibody modified sensors for the detection of biological 

entities including bacteria [2–5,7,10–13]. However, in most studies antibodies were covalently 

attached to the sensor surface, permitting only single use or requiring laborious and/or harsh 

cleaning procedures prior to subsequent analysis. In contrast, reusable sensors would not only 

reduce installation time, costs, and preparatory work but would also minimize waste and 

consumption of resources. Towards this end, antibody conjugation through interaction of the 

Fc part of antibodies with protein A or G would represent a straightforward approach, 

allowing regeneration of the sensor through cleavage of protein A/G-antibody interaction, e.g. 

by incubation in acidic guanidine solution [3–5,14,15]. But, both costs and high molecular 

weight of the linker molecules represent significant drawbacks of this strategy. To alleviate 

these disadvantages and to improve sensor reusability, we developed antibody modified PBGs 

using low molecular weight cleavable linkers and tested their sensing capabilities towards 

different bacterial strains. This paper describes the synthetic strategy used for conjugation of 

antibodies to the sensor surface by cleavable linkers, provides evidence for successful linker 

and antibody conjugation based on sensor response, and presents the results of an initial proof-

of-concept study employing antibody modified PBGs for repetitive specific detection of 

S. aureus. 
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2. Materials and methods  

2.1. Materials 

All applied chemicals were at least of analytical grade unless stated otherwise. The cross-

linker N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) was sourced from Thermo 

Fisher Scientific Inc. (Rockford, IL, USA). DMSO (Dimethyl sulfoxid, 99.9%, Bio Reagent), 

APTES ((3-Aminopropyl) triethoxysilane) as well as DTT (DL-Dithiothreitol, ≥98% (TLC), 

≥99.0% (titration)) were obtained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). 

UK-66, a monoclonal antibody (mAb) targeting the immunodominant staphylococcal antigen 

A (IsaA), was provided by the Institute for Molecular Infection Biology (University of 

Wurzburg, Germany), where also the bacterial strains Staphylococcus aureus Newman 

wildtype and Escherichia coli 536 were cultivated [16]. The cell densities were adjusted to 

3∙10
10

 CFU/ml in 3 ml PBS before use.  

2.2. Planar Bragg grating sensor 

The sensors are based on a periodic refractive index perturbation in an optical waveguide 

which reflects a particular wavelength. The spectral position of the reflected Bragg 

wavelength (λB) is determined by the period of the refractive index perturbation Λ and the 

effective refractive index neff. In this study, a PBGs was used which was fabricated with the 

direct writing technique [17,18]. Initially, the integrated waveguide and the Bragg gratings 

had been isolated from the environment by a silica layer. To allow interaction of the 

evanescent field with the surrounding medium, which is essential for the detection of changes 

of the refractive index, the cladding layer above the sensing grating was partially removed by 

hydrofluoric etching. Subsequently, the sensor surface was coated with a high refractive index 

titanium dioxide layer. Since the covering layer above the other grating remained unchanged, 

preventing the evanescent field of this buried grating to interact with the environment, its 

reflected Bragg wavelength could be used as a reference signal to detect temperature 

fluctuations during measurements. By connecting a single mode (SM) fiber to the PBGs using 

UV curable glue, both gratings could be simultaneously monitored during the experiments. A 

detailed description of the fabrication process of the PBGs can be found elsewhere [19–22]. 

Figure 1 illustrates the structure of the planar sensor chip, including a cross-section indicating 

the interaction of the evanescent field with a surrounding medium.  
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Figure 1: Illustration of the composition and the operation principle of a silica based optical planar 

Bragg grating sensor. 

A Bragg meter, consisting of a tunable laser diode, emitting a wavelength spectrum in the 

telecommunication range around 1550 ± 40 nm, a circulator, and a photodiode were used for 

the interrogation of the planar Bragg grating sensors. The sensing system exhibited a sampling 

rate of 2 Hz and a resolution of 1 pm. Prior to each experiment, the sensor was equilibrated at 

the respective starting conditions until a stable baseline was observed for at least 5 minutes. 

2.3. Modification of the sensor surface with S. aureus specific antibody 

To prepare the sensor surface for subsequent conjugation steps, the PBGs were first 

functionalized by aminosilanization. After cleaning the sensor surface with PBS and acetone, 

the PBGs were immersed in 3 ml 2% (V/V) APTES in acetone for approximately 60 min and 

rinsed with acetone to remove excess APTES solution. The formed aminosilane layer was 

cured at 60°C for 105 min. For immobilization of the monoclonal antibody on the sensor 

surface, the heterobifunctional cross-linker SPDP was used (Figure 2) [23–25]. Both, mAb 

and sensor surface were separately modified with SPDP (Figure 2, Ia and Ib). SPDP solution 

was freshly prepared (5.2 mg/ml in DMSO) and mixed with mAb solution (10 mg/ml in PBS, 

pH 7.4) at a molar ratio of approximately 12.5:1. The mixture was allowed to react at room 

temperature for 30 min and the modified mAb was purified from reaction byproducts and 
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excess SPDP by gel filtration into PBS containing 10 mM EDTA (PBS-EDTA) using Illustra 

NAP-25 columns (GE healthcare, Buckinghamshire, UK).  

The sensor was incubated in a 1:21 mixture of SPDP (10 mM in DMSO) and PBS-EDTA, 

pH 7.4, for 30 min at room temperature and subsequently immersed in PBS-EDTA to remove 

reaction byproducts and excess SPDP. The SPDP-modified sensor surface was incubated in 

50 mM DTT for 45 min to generate free sulfhydryl groups (Figure 2, II) and immersed in 

PBS-EDTA to remove excess DDT as well as reaction byproducts. Finally, the sulfhydryl-

activated sensor surface was incubated with SPDP-activated mAb solution for at least 18 h at 

4°C (Figure 2, III) and non-conjugated mAb was removed by immersion in PBS-EDTA. The 

mAb modified sensor was stored in PBS-EDTA until use. The process of the mAb 

conjugation onto the sensor surface was monitored by recording the sensor response during 

each functionalization step. Prior to each modification, the sensor was equilibrated in PBS-

EDTA until a stable baseline signal was obtained. The binding of the single reagents onto the 

sensor surface was analyzed by observation of absolute Bragg wavelength shift.  

 

 

 

Figure 2: Schematic illustration of the strategy for coupling anti-IsaA antibodies to the functionalized 

sensor surface using SPDP as a cross-linker. 
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2.4. Real-time detection of antibody-bacteria interaction  

To evaluate the response of antibody modified sensors in the presence of S. aureus or E. coli, 

absolute wavelengths shifts were recorded. After equilibration in PBS-EDTA, an antibody-

functionalized sensor was exposed to an E. coli cell suspension (3∙10
10

 CFU/ml) for 5 min and 

subsequently re-immersed into PBS-EDTA. After equilibration of the monitored signal, the 

same sensor was incubated in a S. aureus bacteria suspension (3∙10
10

 CFU/ml) for 90 min to 

analyze the selective binding of S. aureus to the mAb-modified sensor surface. Subsequently, 

the sensor was rinsed with PBS-EDTA to remove any unbound bacteria. A second mAb-

modified sensor was immersed directly in S. aureus bacteria suspension (3∙10
10

 CFU/ml) for 

60 min to investigate the absolute wavelength shift caused by the binding of S. aureus without 

the influence of unspecifically adsorbed E. coli. As a control for unspecific binding to the 

aminosilanized sensor surface, the response of a sensor without attached antibody toward both 

bacteria strains was investigated. The control sensor was initially exposed to E. coli for 20 min 

and afterwards regenerated using 5 M NaCl for 10 min before incubation with S. aureus for 

60 min (both at 3∙10
10

 CFU/ml).  

2.5. Regeneration of the sensor 

For practical application of the sensing device, reusability of the SPDP-modified sensor is a 

crucial requirement and was investigated in detail. The bacteria saturated sensor was 

incubated in 50 mM DTT for 30 min (Figure 3) while the shift of the sensor signal was 

recorded [26]. After regeneration of sulfhydryl groups, the sensor was incubated with SPDP-

modified mAb overnight (about 20 h) at 4°C to re-functionalize the sensor surface with fresh 

mAb (Figure 3). To demonstrate the functionality of the regenerated sensor, the response to 

the S. aureus bacteria suspension (3∙10
10

 bacteria/ml) was analyzed. 

 

Figure 3: Schematic illustration of the sensor regeneration with DTT induced cleavage of the disulfide 

bond between the sensor surface and bacteria-saturated antibodies as well as renewed immobilization 

of activated mAb onto the sensor surface. 
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3. Results and discussion 

3.1. Sensor functionalization  

The sensor surface was functionalized by formation of a self-assembled aminosilane 

monolayer using APTES [27,28] enabling subsequent reaction with SPDP (Figure 2, Ia). 

SPDP is a heterobifunctional cross-linker featuring an amine-reactive part represented by the 

N-hydroxysuccinimide (NHS) ester as well as a sulfhydryl-reactive part represented by a 

2-pyridyldithio group [29–31]. In this study, SPDP was used to cross-link primary amines of 

the antibody to the aminated sensor surface. For this, both, amino groups of the antibody and 

of the sensor surface were modified separately with SPDP (Figure 2, Ia and Ib). The binding 

of SPDP altered the refractive index on the sensor surface resulting in a positive shift of the 

reflected Bragg wavelength by approximately 800 pm over 50 min (Figure 4A). 

Concurrently, the reference peak wavelength remained constant indicating a constant 

temperature during the binding process. Subsequently, the sensor surface was treated with 

DTT to generate free sulfhydryl groups by releasing pyridine-2-thione (Figure 2, II). 

Cleaving of pyridine-2-thione caused a reduction of the refractive index, resulting in a 

negative wavelength shift of 40 pm over 25 min (Figure 4B). Finally, a SPDP-modified 

antibody, which specifically recognizes the IsaA epitope on S. aureus, was covalently attached 

to free sulfhydryl groups on the sensor surface forming disulfide bonds (Figure 2, III). The 

immobilization of antibodies could be monitored in real-time through a steady and significant 

shift of the reflected Bragg wavelength of 300 pm over 50 min (Figure 4C).  

 

Figure 4: Monitoring of sensor surface functionalization: (A) binding of SPDP to the aminosilanized 

sensor surface, (B) cleavage of disulfide bonds using DTT exposing sulfhydryl-groups, and 

(C) conjugation of SPDP modified antibody onto the surface.  
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3.2. Specific detection of S. aureus 

The antibody-functionalized sensors were exposed to different bacteria suspensions in PBS to 

test their ability to specifically detect S. aureus. The real-time response of the sensor during 

incubation with S. aureus is shown in Figure 5A. The immediate and steady shift of the 

reflected Bragg wavelength of over 110 pm during 55 min was associated with the binding 

interaction between S. aureus, containing the surface antigen IsaA, and the anti-IsaA antibody 

immobilized on the sensor surface [16]. In contrast, immersing anti-IsaA antibody-

functionalized sensor in an E. coli suspension of the same concentration resulted in a constant 

sensor signal (Figure 5B). From the shift of the temperature reference peak when transferring 

the sensor from PBS to the bacteria suspension, it was apparent that the temperature of the 

bacteria suspensions was higher than pure PBS but decreased slightly during incubation. 

Taking into account the negative wavelength shift of 5 pm induced by the temperature 

fluctuations, a slight positive net shift of the sensing signal in the presence of E. coli resulted. 

However, when returning the sensor into PBS solution, an instantaneous minimal negative 

shift of the sensing signal was observed indicating desorption of unspecifically bound E. coli. 
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Figure 5: Bragg wavelength shifts of a mAb modified sensor resulting from exposure to (A) S. aureus, 

(B) E. coli and of an aminosilanized sensor to (C) S. aureus and (D) E. coli. 

In summary, incubation of mAb-modified sensors with E. coli led to minimal, unspecific and 

reversible adsorption of bacteria to the sensor surface. When the same sensor was 

subsequently exposed to S. aureus, a significant shift of the reflected wavelength was 

observed, indicating specific binding of S. aureus to the antibody-modified sensor surface 

even after exposure to E. coli (Figure 6). 
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Figure 6: Sensor response to incubation with S. aureus following incubation with E. coli. 

To demonstrate that the immobilization of anti-IsaA antibody on the sensor surface was a 

necessary prerequisite for specific detection of S. aureus, both, E. coli and S. aureus 

suspensions were introduced to an aminosilane coated sensor without conjugated antibody 

(Figure 5C and 5D). A slow increase of the reflected wavelength of approximately 40 pm 

over 60 min was observed in the case of S. aureus suspension (Figure 5C), while immersion 

in E. coli suspension resulted in a shift of approximately 13 pm in the first 5 minutes and 

remained constant thereafter (Figure 5D). The positive Bragg wavelength shift observed for 

both bacteria suspensions may be explained by attractive electrostatic interaction between 

negatively charged surface of bacteria and the positively charged aminosilanized sensor 

surface [28,32]. It is interesting to note that E. coli was shown to exhibit a lower adsorption 

rate to positively charged surfaces than S. aureus in the study by Gottenbos et al., potentially 

explaining the less distinct amplitude shift of the sensor signal in the case of E. coli [32]. 

Furthermore, E. coli showed faster desorption than S. aureus in the same study [32]. Hence, 

the constant sensor signal observed after only 5 minutes may be interpreted as a result of the 

balance between adsorption and desorption of E.coli on the aminosilanized sensor surface. 

These control experiments suggest that wavelength shifts observed for antibody-modified 

sensors were not due to unspecific adsorption of bacteria to the sensor surface but resulted 

from specific antibody-antigen interaction with S. aureus.  

We would like to emphasize that the sensitivity of modified PBGs described herein is not yet 

up to par with alternative optical sensing principles and requires further optimization. A 

similar PBG was described by Bhatta et al., where mAbs were immobilized via interaction 

with protein A/G and used for the detection of E. coli and other biological agents [3]. In this 

report, E. coli were successfully detected at 4.6∙10
8
 CFU/ml, suggesting higher sensitivity of 
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this sensor. However, the intention of the study of Bhatta et al. and ours was to show the 

feasibility of bacteria detection with mAb-modified PBGs and both studies did not determine 

the limit of quantification or limit of detection of sensors. Further improvement of the 

sensitivity of mAb-modified PBGs for bacteria detection might be achieved through 

optimization of several sensor-related parameters in future studies. The oriented 

immobilization of mAbs on the sensor surface was shown to be conducive for sensitivity since 

random conjugation may result in steric hindrance and hence loss of binding capacity 

[12,33,34]. Among other strategies, oriented antibody immobilization may be achieved 

through oxidation of carbohydrates in the Fc part and subsequent reductive amination [35]. 

Antibody surface density is another critical parameter closely related to mAb orientation. It 

has been shown that an optimum mAb density exists, above which steric hindrance results in 

reduced sensitivity. On the other hand, too low mAb density limits sensitivity due to sub-

optimal binding capacity [36,37]. Sensitivity improvements could also be achieved through 

direct conjugation of Fab’ fragments, allowing to reduce molecular weight of mAbs while 

achieving oriented conjugation via disulfide bridges between the Fab fragment and SPDP- 

modified sensor surface [38,39].  

It should also be noted that antibody selection critically affects performance and reliability of 

the sensing principle. On the one hand, high selectivity for the target microorganism is 

required and on the other hand different strains of target bacteria should be detected with 

comparable efficiency. Lastly, mutation of surface features of the target microorganism may 

reduce detection efficiency. S. aureus specific anti-IsaA antibody used herein to our current 

knowledge fulfills these requirements. It has been shown that the targeted IsaA antigen is 

involved in the cell wall metabolism of S. aureus, and is regarded as standard housekeeping 

protein, resulting in lower likelihood of mutation compared to virulence associated antigens 

[40,41]. Furthermore, IsaA is found conserved in all sequenced S. aureus strains and efficient 

binding of anti-IsaA antibody to major clinical lineages was shown [16,42].  
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3.3. Regeneration of the sensor  

Finally, the feasibility of PBGs regeneration after cleavage of bacteria-saturated antibody was 

studied. The disulfide-containing cross-linker between the antibody and the sensor could be 

cleaved by incubation with DTT resulting in an instantaneous distinct shift of the reflected 

wavelength by approximately 250 pm over 30 min (Figure 7A). DTT exhibited a higher 

refractive index compared to PBS-ETDA leading to a steep increase of the wavelength shift 

after immersion into DTT solution and a comparable decrease during the transition back to 

PBS-EDTA (Figure 7A). For regeneration of the S. aureus specific sensor, SPDP-modified 

antibody was conjugated to the sensor surface via free sulfhydryl groups as described above, 

resulting in a positive shift of the sensor signal by approximately 350 pm over 30 min 

(Figure 7B). The functionality of the regenerated sensor was verified by real-time monitoring 

of capture of S. aureus. Incubation of the regenerated sensor with S. aureus suspension 

resulted in a positive reflected wavelength shift of approximately 120 pm within 60 min 

confirming comparable binding of S. aureus before and after sensor regeneration (Figure 7C). 

 

Figure 7: Regeneration of a bacteria saturated sensor by (A) cleaving of the disulfide bond between the 

cross-linker and the antibody along with bound bacteria using DTT, (B) coupling of fresh activated 

antibody to the sensor surface, and (C) detection of S. aureus using the regenerated planar Bragg 

grating sensor. 
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4. Conclusion 

Anti-IsaA antibody modification of aminosilanized PBGs can be used to specifically and 

selectively detect S. aureus. Furthermore, the individual steps during antibody conjugation to 

the sensor surface are associated with distinct changes of the sensor signal, allowing real-time 

monitoring of surface modifications. The disulfide-containing cross-linker employed herein 

allows cleavage of bacteria-saturated antibodies from the sensor surface and simple 

regeneration of the sensor through incubation with SPDP-activated antibody, resulting in 

similar sensitivity towards S. aureus after regeneration. 

These results confirm the applicability of established bioconjugation techniques in the context 

of bacteria-specific PBGs, allowing for straightforward, inexpensive sensor surface 

modification. Compared to alternative conjugation strategies based on avidin-streptavidin or 

protein A/G interaction, the conjugation technique employed herein not only reduces costs and 

improves sensor ruggedness but also allows regeneration of the sensor and reduces cross-

linker molecular weight, potentially promoting broad application and future sensitivity 

improvements, respectively. While proof-of-concept has been confirmed, the low sensitivity 

of the current sensor limits its applicability. We anticipate that the combination of established 

methods for sensitivity enhancement of optical sensors with the inexpensive, regenerable 

surface functionalization established herein will ultimately lead to reusable antibody-based 

sensors with high sensitivity. 
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CONCLUSION AND OUTLOOK 

The emergence of bacterial resistance against conventional antibiotics is an increasing 

challenge in treatment of infectious diseases. This is also affecting the standard antibiotic 

therapy of MRSA pneumonia by vancomycin and linezolid. High clinical failure rates were 

reported for the systemic use of vancomycin [1]. This is presumably caused by its poor lung 

penetration [2,3] and the increasing systemic concentration of antibiotic that is required to 

treat MRSA due to resistance development [1,2]. Thus, higher vancomycin dosages are 

required which are, however, associated with enhanced incidence of nephrotoxicity [4]. 

Linezolid is associated with drug interaction issues causing adverse events and increased risk 

for development of resistance as well [3,5]. Therefore, the demand for new antimicrobial 

drugs or therapeutic options is high but the development of novel antibiotics is diminishing 

distinctly. A promising approach for the screening of new antibiotic entities is represented by 

the novel isolation chip technology which enables high-throughput cultivation of previously 

undescribed microbial soil organism [6–8]. Application of this method recently resulted in the 

discovery of teixobactin establishing a new class of lipid II binding antibiotics with activity 

against MRSA [7–9]. However, teixobactin’s efficacy in treatment of MRSA pneumonia in 

clinical trials is yet to be evaluated. Nevertheless, further application of this cultivation 

method for screening of even more new antibiotics seems highly promising. The 

cephalosporines ceftaroline and ceftobiprole exhibit in vitro activity against MRSA and have 

already been approved for pneumonia therapy [10]. Therefore, large well-planed clinical trials 

studying the efficacy in treating MRSA pneumonia for both cephalosporins could help to 

improve the antibiotic treatment spectrum for pulmonary MRSA infections. However, 

development of new antibiotics alone cannot handle the serious problem of escalating 

antibiotic resistance. Instead, innovative and efficient delivery strategies for the available 

drugs as well as new therapeutic strategies are required. Local delivery of aerosolized drugs to 

the site of infection by inhalation enables increased local drug levels, shorter application 

times, reduced systemic side effects, improved clinical efficacy, and decreased resistance 

development especially when combined with systemic antimicrobial therapy [11–14]. 

Whereas for cystic fibrosis nebulization of antibiotics is already commonly applied [13,15–

17], in treatment of pneumonia only off-label use of aerosolized antibiotics is reported [17]. 

Therefore, large clinical trials specifically analyzing the outcome of MRSA pneumonia 

therapy after inhalation of antibiotics are required to document an important progress in 

pneumonia therapy. However, not all antibiotics are easily transferable into a suitable 
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formulation for nebulization. To overcome this issue and to further improve drug delivery 

efficiency, antibiotics can be encapsulated into nanometer sized drug delivery systems [18]. 

Nanoparticle complexes (nanoplexes) prepared by self-assembly of a drug and an oppositely 

charged polyelectrolyte allow higher drug loading than ordinary nanoparticles, increased 

bioavailability, and enhanced solubility of poorly water-soluble drugs [18].  

In chapter II of this thesis, we used isothermal titration calorimetry (ITC) along with 

supplemental analytical methods as a versatile screening tool for optimal preparation 

conditions for nanoplex formation of ciprofloxacin and dextran sulfate regarding salt type and 

ionic strength [19]. This analytical set up might find useful application in further studies to 

enable preparation of nanoplexes for MRSA therapy. Particularly linezolid seems to be a 

rational candidate for nanoplex formation owing to its poor water-solubility [20,21]. Similar 

to ciprofloxacin, linezolid is reported to be positively charged at low pH values [21] probably 

enabling self-assembly with a negatively charged polyelectrolyte to overcome its solubility 

issues. However, detailed studies are required to assess the nanoplex formation conditions and 

the potential therapeutical benefit of linezolid nanoplexes. Since nanoplexes enable liquid 

formulations of poorly water-soluble antibiotics, they should be analyzed for their suitability 

to be nebulized regarding aerosol characteristics and drug stability in subsequent studies.  

A further possibility to increase therapeutic outcome of local antibiotic therapy by liposomal 

encapsulation has been discussed by reviewing latest achievements in local antibiotic drug 

delivery in chapter I of this thesis. Liposomal drug delivery systems are worth to be examined 

closely for MRSA pneumonia therapy by inhalation since they can facilitate sustained drug 

release, decreased dosing frequency, as well as improved mucus penetration [22]. 

Furthermore, nebulized liposomal drug delivery systems have already shown to increase 

vancomycin concentration in the lung compared to aerosolized vancomycin solution providing 

an encouraging basis for further investigations [23]. Additionally, expansion of the studies to 

lipid-polymer hybrid nanoparticles can be included in subsequent research to improve 

physical robustness of the drug delivery system [24,25]. 

Immunotherapeutic therapy using antibodies specifically directed against the infection 

triggering pathogen is another approach to combat MRSA pneumonia which has been 

discussed in this thesis [26,27]. A lyophilized formulation for hUK-66, an antibody directed 

against bacterial cell surface components of S. aureus with immunogenic characteristics, was 

developed to stabilize this protein against typical stresses occurring during production or shelf 

life and to enable efficacious drug application. To treat lung diseases by antibodies, 

nebulization is a promising way to yield high drug concentrations at the site of action since 
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penetration from blood circulation into lung tissue is impaired by the high molecular size of 

these macromolecules [28].  

In chapter IV the developed formulation was also shown to be capable of protecting stability 

of hUK-66 during nebulization using an air-jet nebulizer. Most importantly, it proved to 

prolong survival of mice infected with S. aureus after application via inhalation in an in vivo 

study. Despite these notable results, there is still room for improvement in protein 

stabilization. Therefore, it would be interesting to supplement this study by using vibrating 

mesh nebulizers since these nebulizers proved to preserve protein stability better than air-jet 

nebulizers. Advantages of mesh nebulizers over air-jet nebulizers are the avoidance of 

multiple aerosolization and recirculation of protein molecules within the nebulizer, portability, 

faster nebulization rate, higher lung deposition, minimal residual volume, and minimized 

solvent evaporation [29–31]. The possible inherent heating of the mesh device jeopardizing 

protein stability can be controlled by active cooling of the device [30]. Furthermore, potential 

for optimization of the in vivo studies might be provided by repeated application of the 

nebulized antibody in treatment of pneumonia. Earlier preliminary studies of multiple hUK-66 

application via inhalation failed due to numerous debilitating narcoses of the animals. In this 

thesis, a special setup was successfully developed overcoming the drawbacks of narcosis. 

Application of this setup enables mostly nose only nebulization to awake and normally 

breathing mice. Hence, a new foundation for a resume of in vivo studies evaluating multiple 

mAb nebulizations has been established. This potentially paves the way for further 

improvements in therapy of pneumonia by nebulized antibodies.  

Especially the combination of several approaches seems to be effective for treatment of 

infectious diseases caused by multi-drug resistant bacteria and hence might present a rational 

subject for future investigations. The guideline for therapy of nosocomial pneumonia by the 

American Thoracic Society already considers the use of aerosolized antibiotics adjunctive to 

systemic treatment as reasonable but calls for further research in the use of aerosolized 

antibiotics [32]. A recent study which combined systemic and local treatment of VAP caused 

by several multi-drug resistant pathogens revealed highly promising results encouraging 

future clinical trials for the evaluation of the combination of systemic and aerosolized 

antibiotics in treatment of MRSA pneumonia [33]. In addition, combining antibiotics with 

immunotherapeutic antibodies can be of great interest for MRSA pneumonia therapy. This has 

been demonstrated by the use of antibody-vancomycin conjugates targeting intracellular 

bacteria which resulted in more efficient treatment of bacteria in mice than plain vancomycin 

[34]. Moreover, for treating lung infections and reducing the risk of antibiotic resistance 



CONCLUSION AND OUTLOOK 

158 

 

development, systemic antibiotics might be applied along with local administration of 

hUK-66. In addition, the alternating use of nebulized antibiotics and antibodies would be also 

conceivable. Finally, a combined application of several antibodies with different effector 

functions such as activation of the host immune system, opsonization, antimicrobial activity, 

and toxin neutralization presents a promising scenario to combat MRSA [35]. A first step in 

this direction could be provided by concomitant therapy using hUK-66, which opsonizes 

S. aureus and hence activates bacterial killing by the immune system, in addition to an anti-

alpha-hemolysin mAb, which neutralizes toxins generated by S. aureus [36]. Furthermore, 

antibodies targeting other immunodominant structures or virulence factors are developed to 

reduce the bacterial burden during infection. Further development of these antibodies for 

combined application with hUK-66 might be promising. 

Besides the application of effective drugs, an important aspect for efficient and rapid therapy 

of pneumonia is the immediate detection and identification of the infection triggering 

pathogens to enable proper selection of medical treatment. In chapter V of this thesis, 

selective detection of S. aureus could be achieved by immobilizing target-specific hUK-66 

antibodies on the surface of an optical planar Bragg grating sensor. Furthermore, a sensor 

surface functionalization has been evaluated allowing the repetitive use of this sensing device 

for antibody-based detection of living bacteria to improve sensor reusability and reduce 

installation time, costs, as well as preparatory work [37]. However, the sensitivity of the 

modified PBGs described herein is not yet competitive compared to alternative optical sensing 

principles and requires further optimization. This might be achieved by oriented antibody 

immobilization through oxidation of carbohydrates in the Fc part and subsequent reductive 

amination [38] since random conjugation may result in steric hindrance and hence loss of 

binding capacity [39–41]. Sensitivity might also be improved through direct conjugation of 

Fab’ fragments, which allows the reduction of mAbs’ molecular weight while oriented 

conjugation could be achieved via disulfide bridges between the Fab fragment and SPDP-

modified sensor surface [42,43]. In addition, the transfer of this reusable surface 

functionalization technique to other optical sensing principles might be an opportunity to 

enhance detection limits. Potential optical sensors are fiber-based devices such as, e.g., fiber 

Bragg gratings, nanofiber loops, or fiber-optic couplers [44]. A different approach to improve 

S. aureus detection by optical biosensors could be the development of planar polymer sensor 

chips functionalized with the capture antibody hUK-66 providing the benefit of being 

disposable and low-cost to avoid cross-sensitivity and to reduce preparatory work. Suitable 

materials could be polymethylmethacrylate (PMMA) and cyclic olefin copolymers (COP) 
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which have already proven to be applicable for the production of optical fiber biosensors [45–

47]. A potential starting point for antibody immobilization onto these polymers might be 

represented by an anthraquinone-linker [48–50].  

In conclusion, the current state of the art in therapy of pneumonia caused by MRSA has been 

reviewed and inherent problems and challenges have been discussed in this thesis. 

Furthermore, potential solutions for the increasing issue of antibiotic resistance have been 

assessed such as drug delivery systems, local drug delivery by nebulization and 

immunotherapeutic approaches. Additionally, a reusable detection method for fast 

identification of infection triggering pathogens has been evaluated. Hence, this thesis paves 

the way for further studies regarding MRSA pneumonia therapy by local drug delivery of 

antibiotics, immunotherapeutic drugs or combinations of both.  
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LIST OF ABBREVIATIONS 

BAL   Bronchioalveolar lavage 

BSA   Bovine serum albumin 

CAP   Community-acquired pneumonia 

CEX   Cation exchange chromatography 

CFU   Colony-forming unit 

CIP   Ciprofloxacin 

DLS   Dynamic light scattering 

DS   Dextran sulfate 

E. coli   Escherichia coli 

ELF   Epithelial lining fluid 

FcRN   Neonatal Fc receptor 

FS   Fluorescein sodium 

HAP   Hospital-acquired pneumonia 

HPLC   High performance liquid chromatography 

IsaA   Immunodominant staphylococcal antigen A 

ITC   Isothermal titration calorimetry 

LAF   Laminar air flow 

mAb   Monoclonal antibody 

MIC   Minimum inhibitory concentration 

MRSA   Methicillin- resistant Staphylococcus aureus 

PBG   Planar Bragg grating 

PBS   Phosphate buffered saline 

PS 20   Polysorbate 20 

PdI   Polydispersity index 

pI   Isoelectric point 

S. aureus  Staphylococcus aureus 

S.D.   Standard deviation 

SEC   Size exclusion chromatography 

UV   Ultraviolet 

VAP   Ventilator-associated pneumonia 

VIP   Vasoactive intestinal peptides  
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